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Rice growth and development occur in several distinct stages: a seedling stage, a
vegetative stage, a reproductive stage, and maturity. Throughout these stages, rice is
frequently subjected to various biotic stresses, such as diseases, pests, and weeds, as well
as abiotic stresses, including extreme temperatures, drought, waterlogging, salinity, heavy
metals, and nutrient deficiencies. These stressors negatively impact rice yield and quality to
varying degrees, resulting in significant annual economic losses for the global rice industry.
Consequently, developing rice varieties with enhanced adaptability remains necessary.

Among biotic stresses, disease is a primary threat in rice cultivation, with rice blast,
sheath blight, and rice false smut numbering among the most detrimental. The main strate-
gies for disease control include using disease-resistant cultivars and chemical interventions.
In resistance breeding, combining multiple resistance genes can widen disease resistance
and improve overall crop resilience. Peng et al. [1] successfully introduced three resistance
genes, Pigm, Pi48, and Pi49, into the photothermosensitive male-sterile line Chuang5S
using marker-assisted selection (MAS) and the RICE10K SNP chip. This approach allowed
the rapid breeding of an enhanced line that retained a genetic profile similar to that of
Chuang5S. The resulting rice varieties demonstrated improved blast resistance without
compromised yields or agronomic traits, indicating the promising potential of using gene
stacking to provide broad-spectrum disease resistance in rice breeding.

Lesion-mimic mutants (LMMs) in rice, often associated with hypersensitive response
(HR), are significantly influenced by environmental factors such as temperature, light, and
humidity. Certain chloroplast maculoid mutants activate defense responses, augmenting
disease resistance. Liu et al. characterized the rice spot-like mutant sp/42, which is asso-
ciated with SPOTTED LEAF42 (SPL42). This gene encodes porphobilinogen deaminase
(PBGD), an enzyme crucial in the porphyrin biosynthesis pathway during chlorophyll syn-
thesis. Mutations in SPL42 reduced PBGD activity, altering the expression of several genes
involved in chlorophyll biosynthesis and defense responses. The spl42 mutant displayed
red-brown spotted leaves, reduced chlorophyll and carotenoid contents, and an abnormal
leaf ultrastructure [2]. These findings explain SPL42’s role in chlorophyll synthesis and leaf
development in rice, providing insights helpful for enhancing rice yield and quality.

Weeds in paddy fields constitute a major biological stressor for rice cultivation, and
waterlogging treatment is a common strategy for weed management. Developing flood-
resistant rice varieties is therefore essential for effective weed management and can decrease
reliance on pesticides. Kostylev et al. [3] successfully incorporated the SublA gene for long-
term waterlogging tolerance into economically viable rice varieties, using anther culture
to produce dihaploids resilient to extended waterlogging. Evaluation of these samples
revealed that certain samples exhibited rapid expansion of the first leaf and enhanced
nutrient accumulation under flooded conditions, indicating enhanced flood resistance.
These results contribute valuable genetic resources for rice breeding, helping to produce
varieties with improved flood tolerance.
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Rice is also significantly impacted by abiotic stressors, particularly extreme tempera-
tures, waterlogging, and high salinity. The optimal temperatures for rice vary across growth
stages, and deviations from these optimal temperatures can severely affect rice develop-
ment. The maximum temperature during the rice-filling period should not exceed 35 °C.
Elevated temperatures during this stage accelerate the accumulation of stored substances in
seeds, resulting in grain-filling defects and reductions in yield and quality. Li et al. [4] stud-
ied the effects of high temperatures on seed development and successfully cloned OsLEA1D,
a gene that responds to high temperatures. Expressed in rice endosperm, OsLEA1b encodes
a protein involved in the heat stress response during grain filling. The oslealb mutant ex-
hibited an abnormal starch grain structure, a white endosperm phenotype, and significant
reductions in grain weight and the number of grains per panicle. The starch composition
also changed in the mutant, with fewer short-chain starches and more long-chain starches,
especially under high temperatures. This study demonstrates OsSLEA1b’s regulatory role in
starch synthesis under high-temperature conditions, impacting rice quality and yield.

Mesocotyl elongation, crucial for waterlogging resilience during the seedling stage,
helps establish deep sowing tolerance and enhances drought resilience in directly seeded
rice. Varieties with longer mesocotyls can better break the soil, reducing anaerobic stress
and increasing emergence and survival rates. Feng et al. [5] studied mesocotyl length in
the Rice Diversity Panel 1 (RDP1) and Hanyou 73 (HY73) recombinant inbred lines (RILs)
under dark germination conditions. They then employed genome-wide association studies
(GWAS) of RDP1 and linkage mapping of HY73 RIL to identify genetic loci associated with
mesocotyl elongation. Dynamic RNA sequencing was used to further validate the candidate
genes, integrating phenotypic and genomic data to inform future rice breeding. This
research provides insights into genetic factors influencing mesocotyl elongation, offering
guidance for developing rice varieties with enhanced adaptability.

Soil salinization poses a significant challenge regarding rice yield and quality, ne-
cessitating insights into molecular mechanisms that enhance salt tolerance for breeding
purposes. The CIPK gene family has been shown to play diverse roles in modulating salt
tolerance, with OsCIPK24 being linked specifically to this trait. Recent findings made by
Zhou et al. [6] demonstrated that OsCIPK9 knockout mutants exhibited improved salt
tolerance, while overexpressing OsCIPK9 resulted in heightened salt sensitivity. This study
also found that OsCIPK9 interacts with OsSOS3, suggesting the former’s regulator role in
salt-related transporters. RN A-seq data showed a pronounced OsCIPK9 response to salt
stress, likely through downstream salt tolerance genes. These findings demonstrate that
OsCIPK9 functions as a negative regulator of salt tolerance, offering insights for further
research on salt tolerance mechanisms in rice. CRISPR technology could expedite assess-
ments of other OsCIPK family genes, contributing to the development of a clearer picture
of the regulatory pathway for rice salt tolerance.

YT521-B homology (YTH) domain proteins are essential for rice growth and environ-
mental stressor responses, particularly in RNA modifications like N6-methyladenosine
(m6A), which are crucial for gene regulation. In a recent study, Ma et al. [7] used CRISPR-
Cas9 to generate YTH-deficient rice mutants, which displayed reduced plant heights, fewer
spikelets per panicle, and lower setting rates and grain weights, indicating YTH protein’s
importance in rice growth and development. Additionally, certain YTH protein mutants
exhibited variable tolerance to saline-alkali stress, demonstrating the YTH protein’s role in
stress response.

The cyclic nucleotide-gated channel (CNGC) family significantly modulates plant
immunity and abiotic stress responses. Wang et al. [8] identified 16 CNGC genes in rice,
examining their chromosomal locations, physicochemical properties, and subcellular local-
ization. By analyzing haplotype (gcHap) diversity across 3010 genomes, the researchers
explored genetic variation and selection pressures acting on CNGC genes in rice popula-
tions. Their study reveals the advantageous alleles of OsCNCGs that may enhance rice yield
and abiotic stress tolerance, marking these alleles as key resources for future rice breeding.
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Heading date is an important agronomic trait that affects rice maturity, adaptability,
and yield. Identifying genes associated with heading date can improve rice’s regional and
seasonal adaptability. Despite numerous quantitative trait loci (QTLs) linked to heading
date, few have been successfully cloned. Sohail et al. [9] used 76 chromosome segment
substitution lines (CSSLs) derived from Zhonghui9308 (ZH9308) and XieqingzaoB (XQZB)
to identify 14 QTLs associated with heading date, including a fine-mapped gHD7b on
chromosome 7. Their results showed that the gHD7b*27B allele was non-functional at the
Ghd7 locus, while the gHD7 pZHI308 31lele was functional. The functional Ghd7 allele can
extend the heading date in early-maturing varieties, potentially enhancing yield. Con-
versely, the non-functional Ghd7 allele can accelerate maturation in late-maturing varieties.
Additionally, several rice heading date genes also regulate abiotic stress responses, such as
salinity and alkalinity tolerance.

The substantial advancements made over the past decade have broadened our un-
derstanding of rice responses to biotic and abiotic stresses. Breeding resistant varieties
remains an effective solution to these challenges. Using well-characterized germplasm
resources and marker-assisted selection (MAS) to introduce resistance genes has been
effective in breeding programs. Consequently, the investigation of genes and haplotypes
that have adapted to diverse environments provides valuable genetic resources for breed-
ing additional resistant varieties. Recently, gene-editing and high-throughput sequencing
technologies—such as Kompetitive Allele Specific PCR (KASP), whole-genome sequencing,
targeted sequencing, and single-nucleotide polymorphism (SNP) breeding chips—have
been widely employed, accelerating the development of resistant varieties and reducing
breeding timelines.

This Special Issue aims to provide a comprehensive overview of advancements in
the resistance of rice to biotic and abiotic stresses, covering recent research on molecular
breeding and germplasm improvement. We believe that the articles and insights discussed
here will provide readers with relevant knowledge of resistance resources with which to
sustainably increase crop yields—a necessity for ensuring future food security. Combin-
ing modern biotechnology with traditional breeding methods, these studies offer action-
able strategies for addressing stress-related challenges in rice production and supporting
sustainable agriculture.
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Abstract: Flower development, as the basis for plant seed development, is principally conserved
in angiosperms. At present, a number of genes regulating flower organ differentiation have been
identified, and an ABCDE model has also been proposed. In contrast, the mechanism that regulates
the development of the sterile lemma remains unclear. In this study, we identified and characterized
a rice floral organ mutant, M15, in which the sterile lemma transformed into a lemma-like organ.
Positional cloning combined with a complementary experiment demonstrated that the mutant
phenotype was restored by LONG STERILE LEMMA1/(G1). G1 was expressed constitutively in
various tissues, with the highest expression levels detected in the sterile lemma and young panicle.
Gl is a nucleus-localized protein and functions as a homomer. Biochemical assays showed that G1
physically interacted with OsMADSI both in vitro and in vivo. Interestingly, the expression of G1
in M15 decreased, while the expression level of OsMADS]1 increased compared with the wild type.
We demonstrate that G1 plays a key role in sterile lemma development through cooperating with
OsMADSI. The above results have implications for further research on the molecular mechanisms
underlying flower development and may have potential applications in crop improvement strategies.

Keywords: ALOG; DUF640; empty glume; floral organ; protein interaction

1. Introduction

Flower development is one of the most significant events in plants’ transition from
vegetative to reproductive growth. Based on analyses of flower mutants of Antirrhinum ma-
jus and Arabidopsis thaliana, the ABC model was proposed to explain how genes determine
the identity of the floral meristem and control floral organ differentiation [1]. In recent
years, this model has been further supplemented and developed into the ABCDE model
and successfully applied to a variety of plants including rice [2-5].

Rice (Oryza sativa), as a staple food for more than half of the population, is one of the
most important crops in the world. The development of rice floral organs is closely related
to the number of grains per panicle and affects the rice yield. The inflorescence of rice is
named a panicle, with a spikelet as its structural unit. A typical rice spikelet comprises one
fertile floret, two empty glumes (also called sterile lemmas) and two rudimentary glumes,
and the floret consists of one lemma, one palea, two lodicules, six stamens and one pistil
(Figure 1A,C) [6]. Recently, a number of genes belonging to the ABCDE model that control
the development of rice floral organs were identified and characterized in rice, most of
which belong to the MADS box gene family [7].

Plants 2024, 13, 505. https:/ /doi.org/10.3390/plants13040505 5
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Figure 1. The spikelet structures of wild-type (WT) and mutant (M15) rice. (A-D) Phenotypes of
WT (A,C) and M15 (B,D) spikelets at the heading stage. (E-J) Scanning electron microscope analysis
of WT (E-G) and M15 (H-J) lemmas and sterile lemmas. RG: rudimentary glume; LE: lemma; LO:
lodicule; PA: palea; PI: pistil; SL: sterile lemma; ST: stamen. Scale bars = 2 mm (A-D), 500 um (E,H),
100 um (F,I), and 50 um (G,)).

Plant MADS box transcription factors are MIKC-type proteins, including highly con-
served MADS (M) box DNA-binding domain, intervening (I) domain, keratin-like (K) do-
main and C-terminal (C) domain [8]. The rice A-function gene, Degenerative palea/OsMADS15,
determines the characteristics of the lemma and palea [9]. OsMADS2, OsMADS4 and SU-
PERWOMAN1(SPW1)/OsMADS16 belong to B-class genes. Both OsMADS2 and OsMADS4
interact with OsMADS16 to regulate the development of the lodicule and stamen [10,11].
Two C-class genes, OsMADS3 and OsMADS58, belong to the AGAMOUS (AG) subfamily.
OsMADS3 plays a key role in regulating stamen development, and OsMADS58 mainly
functions in the development of the carpel [12]. Rice OsMADS13 and OsMADS?21, as the ho-
mologs of Arabidopsis SEEDSTICK (STK) and FLORAL BINDING PROTEIN (FBP), are two
D-class genes. OsMADS13 regulates the ovule identity specification and also has a function
in floral meristem determinacy [13,14]. OsMADS21 has lost the ability to determine ovule
identity during evolution [13]. To date, at least five E-class genes have been identified in rice,
including OsMADS1/LEAFY HULL STERILE1 (LHS1), OsMADS5, OsMADS7, OsMADSS8
and OsMADS34/(PANICLE PHYTOMER2)PAP? [15-18]. OsMADS1/LHS1 mainly specifies
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the identity of the lemma and palea and the development of the inner floral organ [19,20].
OsMADS?7 and OsMADSS, two homologs of Arabidopsis SEPALLATA3 (SEP3), are shown
to be involved in floral development redundantly [16]. OsMADS34 has versatile functions
in lemma/palea, lodicule, stamen, carpel and spikelet development [21].

The rice floret is flanked by a pair of glume-like organs which are regarded as vestigial
organs of two lower florets during the evolution of Oryza. The glume-like organs, which
are called empty glumes or sterile lemmas in different publications in the rice literature,
are not usually observed in the spikelets of maize and wheat [22]. The ectopic expression
of rice OsMADS] causes spikelet alteration with elongated sterile lemmas [23]. The loss
of function of OsMADS34 leads to large sterile lemmas [24]. In addition to two E-class
genes, OsMADS1 and OsMADS34, the LONG STERILE LEMMA1(G1)/Elongated empty glume
(ELE) gene is also involved in the development of sterile lemmas [22,25]. GI/ELE encodes
a protein with a domain of unknown function 640 (DUF640), and its mutation results in
a long sterile lemma [22,25]. However, the mechanism of G1 controlling sterile lemma
development remains poorly understood, and whether G1, OsMADS1 and OsMADS34
jointly regulate sterile lemmas remains to be identified.

In this study, as part of our continuous effort to understand the molecular machin-
ery responsible for sterile lemma development in rice, we isolated a novel allele of G1
which confers grain with long sterile lemma. Meanwhile, the functional characteristics of
Gl including expression pattern, subcellular localization, and interacting proteins were
characterized and identified. Our objective was to provide valuable information for un-
derstanding the functions of G1 and OsMADSI in flower development and identities of
sterile lemma.

2. Results
2.1. The M15 Mutant Shows Elongated Sterile Lemmas

In WT spikelets, the length of the sterile lemma was only one-quarter of the lemma/palea
(Figure 1A). We obtained a *°Co-induced rice mutant, M15, which showed long and
large sterile lemmas (Figure 1B). In most spikelets, the two sterile lemmas nearly reached
the length of the lemma/palea. Except for the change in the sterile lemma, the lemma,
palea, stamen, pistil and lodicule of the M15 mutant were not significantly different from
those of the WT (Figure 1C,D), suggesting that the M15 mutation specifically affects the
development of the sterile lemma. Furthermore, scanning electron microscopy was applied
to compare the surface structures of the spikelet organs of WT and M15 rice (Figure 1E-J).
The epidermal cells of the WT lemma were characterized with rows of round bulges tipped
with sharp projections (Figure 1F), while the surface of the sterile lemma was smooth
(Figure 1G). The surface morphology of the M15 lemma was largely comparable with
the WT (Figure 1I), while the elongated sterile lemma of M15 was transformed into the
lemma or palea, displaying a bulge similar to those in the lemma and palea (Figure 1J).
These results collectively suggested that the sterile lemma in M15 is not only larger but
also mimics the lemma. In addition, compared with the wild type, the grain length of M15
is significantly reduced, while there is no significant change in grain width or thickness
(Figure S1).

2.2. Positional Cloning and Complementation of the Mutated Gene in M15

To identify the mutant locus controlling the long sterile lemma phenotype, M15 was
crossed with the indica variety Dular to produce an F, mapping population. Twenty long
sterile lemma plants and twenty normal individual plants were selected in the F, population
to generate two DNA pools. Then, 170 polymorphic insertion—deletion (InDel) markers
on rice 12 chromosomes were applied to genotype the two pools for preliminary mapping.
The gene was mapped to chromosome 7 between InDel markers 7-1 and 7-2, with genetic
distances of 2.2 ctM and 24.2 cM, respectively (Figure 2A). It has been reported that the G1
gene regulates the development of glumes and is located at 8.8 cM of chromosome 7 [22],
which is included in the markers of 7-1 and 7-2. Therefore, G1 (Os07g0139300) is preferred
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as a candidate gene. Gene sequencing showed that the GI genomic sequences of M15
carried a single nucleotide substitution of guanine (G) to adenine (A) compared with the
WT, leading to a non-synonymous mutation from glycine (G) to aspartic acid (D) at the
107th amino acid (Figure 2B,C). The G1 gene contains only one exon and encodes a protein
composed of 276 amino acid residues that harbors a DUF640 domain in the middle terminus

(Figure 2C).
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Figure 2. Identification of mutated gene and complementation of the M15 mutant. (A) The mutated
gene was mapped to the short arm of chromosome 7 between markers 7-1 and 7-2. cM: centimorgan.
(B) Mutation site and sequence chromatograms in Os07¢0139300. (C) Amino acid sequence of G1.
The DUF640 domain is marked with red font and the amino acids indicate the putative nucleus
localization signal, which is underlined in red. The red asterisk represents that a single nucleotide
substitution of guanine (G) to adenine (A) leads to a non-synonymous mutation from glycine (G)
to aspartate (D). (D) Western blot analysis of G1-GFP fusion proteins from transgenic fragment-
positive lines. The transgenic plants of free GFP were used as controls. L: line. (E) The functional
complementation of the G1 gene completely rescues the sterile lemma appearance. The phenotype of
the sterile lemma in three positive transgenic lines was restored, while the control line still showed
the phenotype of the M15 mutant. Scale bar = 2 mm.

To test whether Os07¢0139300 was responsible for the M15 mutation, a p355:G1-GFP
recombinant plasmid was transferred into the M15 calli. The G1-GFP fusion protein was
detected in positive transgenic lines using anti-GFP antibodies (Figure 2D). The phenotype
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of a sterile lemma in three positive transgenic lines was restored to the WT (Figure 2E),
suggesting that G1-GFP was functional. In summary, the mutation of G1 leads to the long
sterile lemma of M15.

2.3. Expression Patterns of G1 and Subcellular Localization of G1

G1 was highly expressed in the early stage of spikelet development but was relatively
low in seeds, leaves and roots, according to the Rice eFP Browser (http:/ /bar.utoronto.ca/
efprice/, accessed on 4 February 2024, Figure 3A). We then tested the G1 expression pattern
in various organs from the WT using a qRT-PCR. G1 was expressed constitutively in all
tested organs, including the stem, leaf, leaf sheath, lemma, palea, sterile lemma, stamen,
pistil, endosperm and panicle, with the highest expression level detected in the sterile
lemma and panicle (Figure 3B). Further, GI had the highest expression level during early
panicle development, but this dropped dramatically as the spikelets developed from the P1
stage to the P4 stage (Figure 3B).
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Figure 3. Spatiotemporal expression of G1 and subcellular localization of G1. (A) Expression patterns
of G1 based on the rice eFP browser. (B) qRT-PCR analysis of G1 expression in various tissues.
(C) Transient expression of free GFP in N. benthamiana leaves. (D) Transient expression of G1-GFP in
N. benthamiana leaves. G1-GFP protein is located in the nuclei, overlapping with the nucleus marker
D53-mCherry. GFP (green), chlorophyll autofluorescence (red) (C), mCherry (red) (D), bright-field
images, and an overlay of green and red signals are shown. S: stem; L: leaf; LS: leaf sheath; LE: lemma,
PA: palea, SL: sterile lemma, ST: stamen, PI: pistil. These tissues are taken from wild type plants just
undergoing heading. EN: endosperm at 9 days after flowering, P1: 0.5~2 cm panicles, P2: 3~5 cm
panicles, P3: 6 cm panicles, P4: panicles before heading. Data represent means and standard errors of
three replicates. Scale bars = 50 um (C,D).

A WoLF PSORT [26] software analysis revealed that the G1 protein contains a nucleus
localization signal (KKKKRR, Figure 2C). To determine the subcellular localization of G1,
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p355:G1-GFP was expressed in N. benthamiana leaves. Free GFP was distributed evenly in
the cytoplasm and nuclei, whereas G1-GFP fluorescence was detected only in the nuclei
(Figure 3C) and co-localized with red signals from the nucleus marker D53-mCherry
(Figure 3D). Therefore, G1 is a nucleus-localized protein.

2.4. G1 Protein Forms Homodimers

The G1 protein has transcription factor activity, according to the RiceData Browser
(http:/ /www.ricedata.cn, accessed on 4 February 2024). A transactivation assay was then
performed using the full-length sequence and different truncations of G1 fused to the GAL4
DNA-binding domain in the Y2HGold yeast strain. Yeast transformants containing BD-GI1,
BD-G1!1%%, BD-G1227276, BD-G1!72!, BD-G1?271%° and BD-G1179-276 constructs grew well on
an SD-Trp medium, whereas the growth of yeast transformants was completely inhibited
on SD-Trp-His-Ade media (Figure S2). In summary, the G1 protein has no transactivation
activity in yeast. Previous studies demonstrated that transcription factors can form homo-
or heterodimers to function. A yeast two-hybrid assay showed that G1 can interact with
itself (Figure 4A). Furthermore, the G1170-276 region (170-276 amino acid residues) in the C-
terminus, rather than the N-terminus and DUF640, was required for the self-interaction of
G1 (Figure 4A). A GST pull-down assay also confirmed self-interaction in vitro (Figure 4B).
In addition, a BiFC analysis also showed that G1 can physically interact with itself in the
nuclei of leaves from N. benthamiana (Figure 4C). In summary, we concluded that G1 is
capable of forming homodimers.
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Figure 4. G1 forms a homocomplex. (A) Yeast two-hybrid assay showing the interaction between G1
and itself. (B) Pull-down assay showing the direct interaction between GST-G1 and His-G1 in vitro.
(C) BiFC assay showing that G1 interacts with G1 in N. benthamiana leaf cells. Scale bars = 50 um.
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2.5. G1 Interacts with OsMADS1

Previous studies demonstrated that OsMADS1 and OsMADS34 also participate in
the development of sterile lemmas in rice [23,24]. In addition, earlier studies showed that
OsMADS1 and OsMADS34 are localized to the nuclei [24,27]. Therefore, we speculated that
G1, OsMADS1 and OsMADS34 interact with each other. To evaluate this possibility, we
used the yeast two-hybrid assay and found that G1 and G1'7%-?7 interact with OsMADS1
but not with OsMADS34 (Figure 5A). A pull-down assay was performed to confirm the
physical interaction between G1 and OsMADS] in vitro (Figure 5B). A BiFC experiment was
performed to further confirm the interactions in vivo. In the BiFC assay, YFP fluorescence
was produced in N. benthamiana leaves co-infected with Agrobacterium containing cYFP-G1
and nYFP-OsMADS1 or cYFP-OsMADS1 and nYFP-G1 (Figure 5C). These results indicated
that G1 interacts with OsMADSI.
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Figure 5. G1 interacts with OsMADSI. (A) Yeast two-hybrid assay showing the interaction between
G1 and OsMADSI. (B) Pull-down assay showing the interaction between GST-OsMADS] and His-G1
in vitro. (C) BiFC assay showing that G1 interacts with OsMADSI in N. benthamiana leaf cells. Scale
bars = 50 um.

2.6. Expression Patterns of OsMADS1 and OsMADS34 in Rice

To investigate the correlation between gene expression pattern and biological function,
we examined the temporal and spatial expression patterns of OsMADS1 and OsMADS34.
As shown in Figure 6A, OsMADS1 was highly expressed in the lemma, palea, sterile
lemma, pistil and panicle, with low levels of expression in the stem, leaf sheath, stamen
and endosperm. OsMADS34 was highly expressed in the leaf sheath, sterile lemma, pistil
and panicle, with low levels of expression in the stem, stamen and endosperm (Figure 6B).
These results are consistent with the roles of OsMADS1 and OsMADS34 in rice sterile
lemma development.
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Figure 6. Expression patterns of OsMADS1 and OsMADS34 in rice. (A,B) Gene expression levels of
OsMADST1 (A) and OsMADS34 (B) in various rice tissues. S: stem; L: leaf; LS: leaf sheath; LE: lemma,
PA: palea, SL: sterile lemma, ST: stamen, PI: pistil. These tissues are taken from wild-type plants just
undergoing heading. EN: endosperm at 9 days after flowering, P1: 0.5~2 cm panicles, P2: 3~5 cm
panicles, P3: 6 cm panicles, P4: panicles before heading. Data represent means and standard errors
(from at least three independent replicates).

2.7. Loss-of-Function Mutation of G1 Altered the Expression of OsMADS1

To explore the effect of G1 mutation on the expression of G1, OsMADS1 and Os-
MADS34, the expression levels of three genes in the sterile lemmas of WT and M15
were analyzed using a qRT-PCR. The expression of GI in M15 was reduced by nearly
half (Figure 7A), the expression of OsMADS1 was significantly increased up to twofold
(Figure 7B) and the expression of OsMADS34 was almost unchanged compared with the
WT (Figure 7C).
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Figure 7. Expression levels of G1 (A), OsMADS1 (B) and OsMADS34 (C) in the sterile lemmas of
WT and M15. Data represent means and standard errors (from at least three independent replicates).
Data were analyzed using a t-test; ** showed extremely significant difference (p < 0.01).

3. Discussion
3.1. G1 Controls the Specification of the Sterile Lemma

Rice spikelets are composed of one fertile floret, two sterile lemmas and two rudi-
mentary glumes, and the sterile lemmas are located between the fertile floret and the
rudimentary glumes. Some genes not only affect the development of the sterile lemma but
also regulate the development of other flower organs. The AP2-family gene SUPERNUMER-
ARY BRACT (SNB) regulates the transition from spikelet meristem to floral meristem. In
SNB mutant plants, the sterile lemmas in some spikelets are transformed into lemma /palea-
like organs, and the number of stamens and carpels is also altered [28]. In addition to
affecting the number of sterile lemmas, mutations in EXTRA GLUMET1 (EG1) also lead to
the formation of ectopic floral organs in each organ whorl [29]. In nonstop glumes 1 (nsg1)
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mutants, the sterile lemma, palea, rudimentary glume and lodicule were elongated and
transformed into lemma-like and/or a marginal region of the palea-like organs [30]. In
this study, we isolated a long sterile lemma mutant, M15. Positional cloning and transgene
complementation revealed that the mutant phenotype was controlled by G1. Except for the
sterile lemma, the spikelet structure of M15 was complete, and the number and structure of
other flower organs had not changed (Figure 1). Our SEM results further showed that the
elongated sterile lemmas in M15 mimic lemmas (Figure 1). GI in M15 contained a missense
mutation, and a substitution of G to A changed the glycine in the DUF640 domain to
aspartate (Figure 2B,C). An amino acid sequence analysis showed that glycine (G) residue
at amino acid position 107 was highly conserved in G1-related proteins among different
plant species (Figure S3), suggesting that a single amino acid substitution in the DUF640
domain is critical for G1 protein function. Yoshida et al. [22] have reported four GI mutants
with different mutations and named them g1-1, g1-2, g1-3 and g1—4. The whole G1 gene
was deleted in ¢g1-1, and missense and nonsense mutations were examined in g1-2 (G82V,
R117H), g1-3 (G82V, A118V) and g1—4 (68 bp deletion). ele is another GI mutant containing
a missense mutation (G68D) [25]. Therefore, M15 is a new G1/ELE allelic mutant compared
with the mutation sites that have been reported [22,25]. Though the mutations of these
mutants are different, they all result in the same mutant phenotype, indicating that G1
plays an important and conservative role in the development of the sterile lemma. The
ancestor of Oryza has three florets, and the three-floret spikelet hypothesis was confirmed
using the lateral florets 1 mutant [31]. Modern cultivated rice only bears a single fertile floret
within a spikelet, and the two lateral florets degenerated and left only the lemma during
evolution. Here we support the proposition that the rice sterile lemma belongs to a kind of
lemma and palea and has the ability to transform into a lemma when G1 function is lost.

3.2. G1 and OsMADS1 Jointly Regulate Sterile Lemma Development in Rice

OsMADSI plays a critical role in rice floral organ identity specification and floral
meristem determinacy through interacting with B-, C- and D-class proteins. Previous stud-
ies show that OsMADSI interacts with two A-class proteins, OsMADS14 and OsMADS15,
and two E-class proteins, OsMADS7 and OsMADSS [16,32]. In addition, OsMADSI in-
teracts with OsMADS3 and OsMADS58 to control floral meristem activity maintenance
and regulate floral meristem determinacy, respectively [33]. In the present study, our
yeast two-hybrid assay showed that G1 interacted with OsMADSI, and the interaction
region was at the G1 C-terminus (Figure 5A). The BiFC assay revealed that G1 interacted
with OsMADS] in nuclei (Figure 5C). A temporal and spatial expression pattern analysis
showed that both GI and OsMADS1 were expressed abundantly in sterile lemmas and
young panicles (Figures 3B and 6A). In rice, the overexpression of OsMADS] results in
an elongated sterile lemma [23]. Interestingly, the expression of OsMADS1 also increased
in the M15 sterile lemma (Figure 7A). In addition, the functional interaction between G1
and OsMADSI is also strongly supported by phenotypic impacts on the sterile lemma.
Although OsMADS34 is also involved in sterile lemma development [21,24], our yeast
two-hybrid assay (Figure 5A) and qRT-PCR (Figure 7C) showed that there is no direct
relationship between G1 and OsMADS34. These results imply that G1 and OsMADS1 play
simultaneous roles in regulating the development of the sterile lemma.

3.3. Characteristics of G1

Domains of unknown function (DUFs) represent a large number of uncharacterized
proteins [34]. Most DUFs are highly conserved in plants and are critical for plant growth
and development. Rice and Arabidopsis contain 10 genes encoding proteins with DUF640,
also named the ALOG (Arabidopsis LSH1 and Oryza G1) domain [22]. The genes functionally
identified in this family contain rice BEAK-SHAPED GRAIN1 (BSG1), which is involved in
controlling lemma and palea development. The loss of function of BSG1 leads to defects in
lemma and palea expansion, but with a normal sterile lemma [35]. G1 encoded a protein
composed of a conserved DUF640 and specifically regulated the development of the sterile
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lemma (Figures 1 and 2C). G1 is a homolog of rice BLS1 [35], while the changes in flower
organs caused by the mutations of the two genes are completely different. Except for
Arabidopsis, a BLASTP search showed that the homologs of G1 were found in other
plants, including dicot and monocot plants (Figure S4). Moreover, a phylogenetic analysis
indicated that these proteins were distinctly classified into two clades corresponding to
proteins from monocots and dicots. Based on the functions of G1 homologs in Arabidopsis
and rice, as well as the regulation of the sterile lemma and grain length in this study, we
think that Gl is relatively conservative, while its roles in regulating plant development
are diverse.

In this study, G1 was located in the nucleus and can form homodimers (Figures 3D and 4).
In addition, GI was highly expressed in the sterile lemma and the early developmental stage
of the panicle (Figure 3B), implying that G1 may affect the growth of the sterile lemma by
controlling the expression of other genes. Our qRT-PCR assay showed that the expression
level of OsMADS1 was significantly increased in the M15 mutant (Figure 7B). Previous
studies have shown that overexpression of OsMADS] also leads to a long sterile lemma
phenotype [23]. Therefore, we speculate that G1 may act as a suppressor of OsMADS1
to regulate sterile lemma development. Arabidopsis LSH1, a homolog of G1, has been
reported to function as a transcription regulator protein [36]. The G1 protein structure was
predicted using the I-TASSER database (https://zhanggroup.org/I-TASSER, accessed on
4 February 2024), and the predicted result was further analyzed using PyMOL software
(2.5.7). The predicted ligand of G1 was a double-stranded nucleic acid, and the key amino
acid sites of G1 binding to DNA are A105, V113, N153, P154, F155, G256, G257, G258,
G260 and F261 (Figure S5). Collectively, these results support our interpretation that G1 is
involved in transcriptional regulation for sterile lemma growth. In this study, we fused a
GFP tag at the C terminal of G1 and obtained transgenic plants with G1-GFP. Therefore,
in future work, we will use Chip-seq and IP-MS to identify the target genes and other
interacting proteins of G1, respectively, to gain a more comprehensive understanding of
the regulatory network involved in sterile lemma development.

4. Materials and Methods
4.1. Plant Materials

The long sterile lemma mutant M15 was derived from a mutant pool of the rice
variety (Oryza sativa L. ssp. japonica) Kitaake (wild-type, WT) [37]. The mutant was self-
crossed for over 5 generations with a stable phenotype and is considered homozygous.
All rice materials were planted in the experimental field of Yangzhou University under
natural conditions.

4.2. Microscopy

The developing spikelets of WT and M15 rice were separated using tweezers and
an anatomical needle. The lemma, lodicule, palea, pistil, sterile lemma and stamen were
photographed under a Leica EZ4W stereomicroscope. Mature and dry WT and M15 grains
were glued onto aluminum specimen stubs to observe the lemma and sterile lemma using
a Hitachi 5-4800 scanning electron microscope (SEM), following the method described
previously [37].

4.3. Positional Cloning and Transgene Complementation

The M15 mutant was crossed with a wide-compatibility indica variety Dular to obtain
an F, population. Twenty individuals with long sterile lemmas were selected from the F,
population for positional cloning. A bulked segregant analysis (BSA) was used to identify
the markers linked to the M15 long sterile lemma phenotype [37].

For a complementation test, the GI coding sequence without a stop codon was cloned
and inserted into vector pPCAMBIA1305-GFP to produce the recombinant plasmid p35s:G1-
GFP. p35s:G1-GFP and pCAMBIA1305-GFP were introduced into M15 calli using Agrobac-
terium tumefaciens-mediated transformation. Twenty-two independent transgenic lines
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harboring p35s:G1-GFP and 15 independent transgenic lines carrying pCAMBIA1305-GFP
were successfully obtained. The transgenic plants of free GFP were used as a control.

4.4. RNA Isolation, cDNA Synthesis and Quantitative Real-Time PCR Analysis

Total RNA from different rice tissues was extracted using an RNAprep pure plant kit
(Tiangen, Beijing, China) and reverse-transcribed to cDNA using a HiScript III 1st Strand
cDNA Synthesis Kit (Vazyme, Nanjing, China). A quantitative real-time PCR (qRT-PCR)
was performed on a CFX Connect real-time PCR system (Bio-Rad, Hercules, CA, USA)
using the AceQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China). The rice
ACTIN gene was used as an endogenous control. The qRT-PCR primers are listed in
Table S1.

4.5. Protein Extraction and Western Blot

Proteins were extracted in an extraction buffer (50 mM Tris-HCl (pH 8.0), 0.25 M
Sucrose, 2 mM EDTA, 2 mM DTT, 1 mM PMSF) at 4 °C. The Western blot was prepared as
described by Zhang et al. [37].

4.6. Subcellular Localization of G1

To determine the subcellular localization of G1, the empty plasmid pCAMBIA1305-
GFP, p35s:D53-mCherry and p35s:G1-GFP were expressed in Nicotiana. benthamiana leaves
using an Agrobacterium tumefaciens-mediated transformation. The infected tobacco leaves
were cultured at 28 °C for 2-3 days, and the fluorescence signals were then observed using
a Zeiss LSM880 confocal laser microscope.

4.7. Yeast Two-Hybrid Assay

The full-length coding sequences of G1, OsMADS1 and OsMADS34 and truncations of
G1 were cloned into a pGBKT?7 vector. The coding sequences of G1 and OsMADS1 were
cloned into a pGADT?7 vector (Clontech, Palo Alto, CA, USA). Various combinations of plas-
mids were transformed into yeast AH109 competent cells according to the manufacturer’s
instructions (Clontech, Palo Alto, CA, USA). The vectors pGBKT7 and pGADT7 were
expressed in the yeast as negative controls. The PCR primers are listed in Supplementary
Table S1.

4.8. Pull-Down Assay

The coding sequences of GI and OsMADS1 were cloned into a pGEX4T-1 vector
to generate fusion with glutathione S-transferase (GST), and the coding sequence of G1
was then cloned into the pET-32a vector to generate fusion with a His tag. GST-G1, GST-
OsMADSI, GST and His-G1 were transformed into BL21 Rosetta cells to induce protein
expression using 0.5 mM isopropyl-f3-d-thiogalactoside. The total protein concentration
was quantified using a protein purification kit (Beyotime, Shanghai, China). The pull-down
assay was performed as described previously [38]. The proteins were separated on a
10% SDS-PAGE gel and immunoblotted with anti-GST or anti-His antibodies (ABclonal,
Wuhan, China).

4.9. Bimolecular Fluorescence Complementation (BiFC) Assay

The coding sequences of GI and OsMADSI were inserted into a pSAT1-cEYFP vector
to create cYFP-G1 and cYFP-OsMADS1. The coding sequences of G1 and OsMADS1
were also inserted into a pSAT1-nEYFP vector to create nYFP-G1 and nYFP-OsMADSI.
Various combinations of plasmids were then expressed in Nicotiana. benthamiana leaves
as previously described [39]. Yellow fluorescent protein (YFP) fluorescence was observed
using a Zeiss LSM880 confocal laser microscope. The relevant PCR primers are listed in
Supplemental Table S1.

15



Plants 2024, 13, 505

5. Conclusions

In this study, a new G1 allelic mutant with long sterile lemma was identified. GI was
highly expressed in the sterile lemma and young panicle, and its encoding protein was
located in the nucleus. G1 functioned as a homomer and interacted with OsMADS1. The
mutation of G1 led to a decrease in its own expression level and an increase in the OsMADS1
expression level. This study can provide useful information for better understanding the
functions of GI1 and OsMADS] in flower development.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/plants13040505/s1, Figure S1: Phenotypes of WT and M15 seeds;
Figure S2: The transcriptional activation assay of G1 and truncated G1 in yeast cells; Figure S3: Align-
ment of amino acid sequences of G1 protein mutation regions in different plant species; Figure S4:
Phylogenetic analysis of G1 and its homologs; Figure S5: The protein structure analysis of G1;
Table S1: Primers used in this study.
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Abstract: Cyclic nucleotide-gated ion channel (CNGC) gene regulation plays important roles in plant
immune and abiotic stress response. Here, we identified 16 CNGC genes in rice (Oryza sativa).
Then, we analyzed their chromosomal location, physicochemical properties, subcellular localization,
gene functional interaction network, cis-acting elements, phylogenetic relationships, collinearity,
expression in tissues under normal conditions and abiotic stresses, and geng-cds-haplotype (gcHap)
diversity in 3010 gcHaps. As a result, OsCNGC3 (0Os06g0527300) was identified as a gene different
from previous report, and OsCNGC genes were found to play important roles in rice population
differentiation and rice improvement. Our results revealed their very strong differentiation between
subspecies and populations, important roles in response to abiotic stresses, as well as strong genetic
bottleneck effects and artificial selection of gcHap diversity in the modern breeding process of Xian
(indica) and Geng (japonica) populations. The results also suggested that natural variations in most
rice CNGC loci are potentially valuable for improving rice productivity and tolerance to abiotic
stresses. The favorable alleles at the CNGC loci should be explored to facilitate their application in
future rice improvement.

Keywords: rice; cyclic nucleotide-gated ion channel gene; geng-cds-haplotype (gcHap)
diversity; modification

1. Introduction

Cyclic nucleotide-gated channels (CNGC) are widely present in plants and animals,
playing important roles in their growth and development and response to stress. Cyclic
nucleotides (CNMPs) are an important class of signaling molecules, such as 3’5 -cyclic
adenosine monophosphate (CAMP), which is an important component in signaling path-
ways in plants and animal life activities [1]. The CNGC family was first discovered in
plants during the screening of a barley-pasteurized layer expression library for calmodulin
(CaM) [2]. Sixteen members of the CNGC family have been identified in rice [3,4], among
which four members have been cloned and verified. SSS1-D encodes OsCNGC13, a member
of the CNGC family, which enhances fruit setting by promoting the growth of pollen
tubes in the stylar tissue [5]. In Arabidopsis thaliana, AtCNGC7 and AtCNGCS8 proteins
are closely related to 74% amino acid sequence identity and play certain roles in pollen
germination and male fertility [6]. AtCNGC5, AtCNGC6, and AtCNGC9 are required for
the structural growth of root hairs in A. thaliana [7]. OsCNGCJ9 is a positive regulator of
immune response (PTI), and OsCNGC9 overexpression in rice transgenic lines showed
significant enhancement of path-ogen-associated molecular patterns (PAMPs)-triggered
immune response (PTI) and blast resistance include stronger calcium ion flux, higher burst
of reactive oxygen species, and PTI-related gene expression levels [8], whereas in A. thaliana,
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AtCNGC2 and AtCNGC4 are positive regulators of PTI only at specific calcium concentra-
tions (i.e., 1.5 mmol-L-1) [9]. In apple, MdACNGCI1 is probably a negative regulator of plant
resistance to bacterial and fungal pathogens [10]; and in tomato, SICNGC1 and SICNGC14
inhibit rice stripe disease [11]. Moreover, overexpression of OsCNGC9 was also found
to significantly enhance rice resistance to low-temperature stress [12]. OsCNGC14 and
OsCNGC16 positively regulate both heat and cold tolerance in rice, and their loss of function
reduces or eliminates cytoplasmic calcium signaling induced by high or low-temperature
stresses [13]. In Chinese jujube, a ZjCNGC2-mediated ZjMAPK cascade is involved in cold
stress response [14]. In addition, OsCNGC4, OsCNGC5, and OsCNGC8 may be associated
with pollen development [4]. However, it remains to be explored how to target these
CNGC genes for the improvement of crop yield and sustainability. Grain shape has an
important impact on rice yield and its appearance, processing, cooking, and eating quality,
thereby directly affecting the commercial value of rice. In addition, thousand-grain weight
(TGW), a genetically stable trait, is another important factor affecting rice yield [8]. The
factors that determine the TWG include grain length, grain width, and grain thickness [9].
Globally, different countries and regions have different preferences for rice quality traits.
For example, people in South and Southeast Asia, southern China, the USA, and Latin
America prefer long, fine grains with a fluffy and firm texture and medium amylose content.
However, people in northern China, Korea, Japan, and parts of the Mediterranean area
prefer short, round, soft, and sticky rice grains with a low amylose content [10,11].

Rice is one of the most important cereal crops in the world as well as a cereal model
plant with high intraspecific genetic diversity [15,16]. In rice, more than 4600 genes have
been cloned and functionally characterized at the molecular level (https:/ /funricegenes.git
hub.io/ (accessed on 26 September 2023)) [17]. The primary gene pool was found to have
extremely high genomic diversity by sequencing 3010 different rice materials (3KRG) from
89 countries worldwide [18,19]. However, the rapid progress in functional and population
genomic studies in rice has not yet been widely applied to the development of more
efficient breeding techniques. This is due to the fact that there is incomplete information
on the phenotypic effect(s) of cloned genes because most experiments were conducted
in the laboratory instead of breeding target environments, and therefore, the effects of
environmentally interacting genotypes and genetic backgrounds of most cloned genes on
some important agronomic traits are largely uncertain [17]. Moreover, before spending
much effort and funds to study a specific gene of interest, researchers should check whether
similar alleles have been identified or fixed in commercial crop varieties; and if a gene
has been studied for decades, it is unlikely to contribute to a sudden significant increase
in yield [20]. Finally, due to the abundance of natural allelic variations at most loci in
rice populations [19], it remains a great challenge to identify and mine desirable alleles
from rice germplasm resources to improve specific target traits. Among OsCNGC genes,
the functions of many genes still remain unknown. Therefore, it is time-consuming to
understand the function of these genes by gene cloning, and a great challenge is to obtain
the information about these genes needed for breeding without gene cloning.

In this study, we integrated a series of approaches including gene family identification
and gene expression analysis with population genetic analysis of geng-cds-haplotype
(gcHap) diversity in rice populations, developing an efficient strategy to provide important
information on a large number of gene loci needed for future development of new breeding
techniques of rice.

2. Results
2.1. Genome-Wide Identification and Characterization of OsCNGC Genes

OsCNGC genes in the whole rice genome were identified using BLAST, HMM search,
and literature analysis [3,4]. Finally, a total of 16 OsCNGC genes were identified in the
genome. To characterize these OsCNGC genes, we further identified their physical and
chemical features, including their protein length, molecular weight, instability coefficient,
lipolysis index, hydrophilicity index, and subcellular localization. The 16 genes showed
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protein sequence lengths ranging from 243 to 773 amino acids, molecular weights ranging
from 27,613.65 to 88,353.96 Da, and PI (theoretical) ranging from 8.02 to 10.04 with an
average of 9.36 (Table S1). Subcellular localization revealed that all 16 OsCNGC genes
were localized to the plasma membrane or chloroplasts (Table S1). The OsCNGC genes
showed different physicochemical properties, indicating their different biological functions.
Moreover, the 16 genes were distributed on all chromosomes except for chromosomes 7, §,
10, and 11 (Figure 1a). To further reveal the evolutionary and structural characteristics of
OsCNGC genes, we constructed a phylogenetic tree with 16 CNGC genes in rice (japonica),
20 CNGC genes in A. thaliana, 12 CNGC genes in maize, and 19 CNGC genes in Maoyamoya
fruit, which could be classified into groups I, I, III, and IV according to the distance of the
evolutionary relationship, among which group IV could be subdivided into IV-A and IV-B

sub
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Figure 1. Characterization of OsCNGC genes. (a) Chromosomal localization of OsCNGC genes;
(b) Phylogenetic tree of OsCNGCs in rice, Arabidopsis, maize, and Populus trichocarpa; (c) Phyloge-
netic tree, motif prediction, structural domains, and exon-intron structural distributions of Os-CNGC
genes, from the left to the right, respectively; and (d) cis-acting elements of OsCNGC genes.
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OsCNGCs had 14 to 19 motifs, and all contained CAP_ED structural domains, while
the structural domain KLF9_13_N-like superfamily was only found in OsCNGC3 (Figure 1c).
The structure of OsCNGCs was analyzed, and the number of UTRs and CDS was identified
for each gene. The CDS number ranged from 3 to 13, and OsCNGC12 and OsCNGC13 had
more CDSs and a unique structural domain (Figure 1a).

In terms of cis-acting elements, most OsCNGC family members were related to light
response. They also contained elements related to stress response, such as OsCNGC3,
OsCNGC7, OsCNGCS8, OsCNGC9, OsCNGC13, OsCNGC14, OsCNGC15, and OsCNGC16,
which had drought-induced and -related MYB-binding elements (Figure 1d).

2.2. Ka/Ks Ratio Analysis of OsCNGC Homologous Genes

Covariance analysis of the OsCNGC genes showed three pairs of genes, including
OsCNGC2 and OsCNGC4, OsCNGC12 and OsCNGC13, and OsCNGC15 and OsCNGCl16,
(Figure 2), indicating their homology to each other, and each pair was formed due to
gene duplication events. To elucidate the effect of selection pressure on the evolution of
the OsCNGC family, Ka values, Ks values, and Ka/Ks ratio of homologous genes in the
OsCNGC family were calculated. The results showed that the Ka/Ks ratios of the three pairs
of homologous genes were all much lower than 1 (Table 1), indicating that the OsCNGC
family has experienced strong purifying selection during evolution [21].
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Figure 2. Homologous relationship and chromosomal localization of OsCNGC genes. The connected

lines represent a homologous relationship.

Table 1. Ka/Ks ratio of OsCNGC homologous genes.

Gene 1 Gene 2 Ka Ks Ka/Ks
OsCNGC2 OsCNGC4 0.14 0.9 0.16
OsCNGC12 OsCNGC13 0.14 0.82 0.17
OsCNGC15 OsCNGC16 0.14 0.39 0.35

21



Plants 2023, 12, 4089

2.3. Functional Interaction Network Analysis of OsCNGC Genes

Functional interaction network prediction of OsCNGC genes showed that they had
the same interacting proteins, including TPC1 as biportal calcium channel protein 1, and
most of the remaining proteins are members of the protein kinase superfamily (Figure 3).

OsCNGC13 OsCNGCl14 OsCNGCI15 OsCNGCl16

Figure 3. Functional interaction network of the 16 OsCNGC genes. The network summarizes
the predicted association network for a set of specific proteins. Network nodes are proteins. Edges
indicate predicted functional associations. The thickness of the line indicates the confidence prediction
of the interaction. Red proteins in the center represent rice OsCNGC genes or their homologs. The red
line indicates the presence of fusion evidence; the green line: neighborhood evidence; the blue line:
co-expression evidence; the purple line: experimental evidence; the yellow line: text mining evidence;
the light blue line: database evidence; the black line: co-expression evidence.
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2.4. Expression Profiles of OsCNGC Genes in Tissues under Normal Conditions and
Abiotic Stresses

OsCNGC gene expression in tissues under normal conditions was analyzed. Os-
CNGC4, OsCNGC5, and OsCNGC8 showed high expression in flowers; OsCNGC7, OsC-
NGC1, and OsCNGC13 were highly expressed in leaves; and OsCNGC10 and Os-CNGC9
showed high expression in roots and stems, respectively (Figure 4a). Detailed data are
shown in (Figure S1). These results suggest that tissue specificity is an important aspect of
functional differentiation for OsCNGC genes, and the mechanism for the differential ex-
pression patterns of most OsCNGC genes remains unclear. Under different abiotic stresses,
OsCNGC12, OsCNGC11, and OsCNGC15 showed high expression under drought, high-
temperature stress, and low-temperature stress, respectively (Figure 4b), indicating that
these genes play an important role in abiotic stress response.

(a)

OsCNGC4
OsCNGC8
OsCNGC5
OsCNGC14
OsCNGC15
OsCNGC12
OsCNGC10
OsCNGC3
OsCNGCI1
OsCNGC2
OsCNGC6
OsCNGC9
OsCNGC16
OsCNGC7
OsCNGCl1
OsCNGC13

0sCNGC12 2.50

OsCNGC5 ?:gg

OsCNGC4 1.00

OsCNGC10 0.50

0sCNGC3 ?6(.)5()0
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OsCNGCI15 -1.50
OsCNGCl14 TN
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OsCNGCl1
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OsCNGCl

OsCNGC6
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Figure 4. Expression analysis of OsCNGC genes. (a) OsCNGC gene expression in different tissues
including the leaf, root, seedlings, stem, flower, embryo, shoot, meristem, and seed. (b) Expression of
OsCNGC genes under abiotic stresses including drought, salt, flood, heat, cold, and dark.
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2.5. Genetic and Allelic Diversity of OsCNCG Loci in Rice Populations

From the CDS haplotype (gcHap) data from the Rice Genome Project (3KRG), we
obtained the Shannon fairness EH (Table S3). The average gcHaps, main gcHaps, and
EH of the 16 OsCNGC genes were 134.4, 8.4, and 0.222, respectively. However, there
were large variations in genetic diversity among different OsCNGC genes. OsCNGC15
had an EH of 0.491 and 484 gcHaps (Table S3), followed by OsCNGC5 with an EH of
0.438 and 569 gcHaps. OsCNGC6 had the lowest EH of 0.021 and eight gcHaps (Table S3).
The CNGC gene diversity also varied considerably across rice populations. The mean EH
of the 16 OsCNGCs was 0.187 in the Xian population, 0.155 in the Geng population, 0.206 in
the Aus population, and 0.267 in the Bas population. The average and major gcHaps
were 81.7 and 5.5, 39.5 and 4.4, 6.8 and 4.3, and 12.3 and 4.1 in Xian, Geng, Aus, and Bas
populations, respectively (Table S3), indicating that the frequency of gcHaps in OsCNGC
genes is low and rare in most populations.

To understand the variations of OsCNGC genes among major rice populations, we
estimated the genetic identity of Nei (INei) and gcHap data for the 16 polymorphic OsCNGC
genes among all pairs of groups. OsCNGC2, 3, 4, 5, 8, 12, 15 and 16 showed strong XI-GJ
differentiation (INei < 0.2) specificity (Figure 5, Table S4). In addition, the 16 OsCNGC
genes showed strong differentiation in other populations. For example, OsCNGC?2 also
showed strong differentiation in Aus-XI, Aus-GJ, Aus-Bas, and GJ-Bas (Figure 5, Table S4).
It can be inferred that allelic variation at the OsCNGC loci contributes significantly to the
differentiation of major rice populations and the adaptation of different populations to
the environment.

1
0.380 | 0.389 0.384 0.677 OsCNGC10 !
0.450 | 0.550 0.497 0.556 | OsCNGC1 !
0.719 0.556 0.611 OsCNGC7 08
OsCNGC9
oscNecs  °0®
OsCNGC13
0.431 | 0.333 |OsCNGC15 .
0.380 | 0.457 | 0.491 | 0.796 | 0.399 | OsCNGC16
0.177 0.186 0.681 | 0.751 @ 0.723 | 0.714 OsCNGC4 B 02
0.814 0658 | 0.612  OsCNGCS8 i
0.285 0.712 | 0.167 0.807 | 0.449 0.589 | 0.748 @ 0.668 OsCNGC11
0.713 | 0.730 0.701 | 0.800 0.579 | OsCNGC14
0.186 0.385 OsCNGC12
0.407 | 0.220 OsCNGC3
0.787 0.539 | 0.615 | 0.719 | 0.392 | OsCNGC2
0.188 | 0.302 0.304 0.153  0.709 | 0.326 | 0.619 | 0.545 | OsCNGC5
| I o w 1 > |
e g T 8 § = o 2 5

Figure 5. Nei’s genetic identity (INei) of OsCNGC genes between all paired populations calculated
from gcHap data.
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2.6. Impact of Modern Breeding on gcHap Diversity of OsCNGC Genes

To understand the impact of modern breeding on the gcHap diversity of OsCNGC
genes in recent decades, we conducted a study of modern varieties (MVs) and local varieties
(LANSs), including 732 Xian local varieties (LANs-Xian), 358 Xian modern varieties (MVs-
Xian), 328 Geng local varieties (LANs-Geng), and 139 modern varieties of Geng (MVs-Geng)
(Table S5). In the Xian population, the mean EH of the 16 OsCNGC genes in MVs-Xian was
0.249, which was increased by 14.1% compared with the 0.188 of LANs-Xian (Table 2). Nine
OsCNGC genes (OsCNGC3, 5,7, 8,9, 11, 14, 15, and 16) showed increased diversity in MVs-
Xian genes (Table S5). Interestingly, MVs-Xian had an average of 31.6 gcHaps per locus,
which was lower than 40.5 gcHaps per locus of LANs-Xian. A closer inspection revealed
that on average, 26 gcHaps/per locus were missed in MVs-Xian relative to that in LANs-
Xian (Table 2, Figure 6a), which is apparently caused by genetic bottlenecks during modern
breeding (Table 2, Figure 6a). To understand the variations of OsCNGC genes among major
rice populations, we estimated the genetic identity of Nei (INei) and gcHap data for the
16 polymorphic Os-CNGC genes among all pairs of groups. OsCNGC2, 3, 4, 5, 8,12, 15
and 16 showed strong XI-GJ differentiation (INei < 0.35) specificity (Figure 5, Table 54). In
addition, the 16 OsCNGC genes showed strong differentiation in other populations. For
example, OsCNGC2 also showed strong differentiation in Aus-XI, Aus-GJ, Aus-Bas, and
GJ-Bas (Figure 5, Table S4). It can be inferred that allelic variation at the OsCNGC loci
contributes significantly to the differentiation of major rice populations and the adaptation
of different populations to the environment.

Table 2. Comparison of genetic diversity of the 16 OsCNGC genes in Geng between local and
modern varieties.

Xian (Indica)

Change of gcHapN

Gene Name LANs MVs (Major gcHapN)

cHapN cHapN .
En (Ma]gor ch;IapN) Eny (Ma]gor ch;IapN) Lost New Retained
OsCNGC1 0.13 16 (3) 0.168 14 (5) 7 5 9
OsCNGC2 0.196 39 (4) 0.248 28 (5) 26 15 13
OsCNGC3 0.153 25 (3) 0.215 18 (5) 12 5 13
OsCNGC4 0.111 27 (4) 0.101 21 (2) 11 5 23
OsCNGC5 0.38 143 (8) 0.511 93 (9) 123 73 20
OsCNGCé6 0.003 3(1) 0.004 2(1) 2 1 1
OsCNGC7 0.307 47 (9) 0.391 42 (9) 23 18 24
OsCNGC8 0.07 4(3) 0.12 4(4) 0 0 4
OsCNGC9 0.21 39 (5) 0.301 33 (8) 21 15 18
OsCNGC10 0.143 15 (3) 0.183 13 (5) 4 2 11
OsCNGC11 0.157 13 (5) 0.226 13 (6) 3 3 10
OsCNGC12 0.056 18 (3) 0.082 11 (3) 9 2 9
OsCNGC(C13 0.056 14 (2) 0.061 10 (3) 9 5 5
OsCNGC14 0.26 50 (8) 0.354 48 (7) 31 29 19
OsCNGC15 0.502 150 (13) 0.639 111 (16) 109 70 41
OsCNGC16 0.271 45 (7) 0.385 44 (8) 26 25 19
Mean 0.188 40.5(5.1) 0.249 31.6 (6) 26 171 14.9

Note: EH and gcHapN (major gcHapN) are the fairness of the Shannon and the number of gcHaps (>1% of
varieties) identified, respectively.

In addition, the proportion of newly emerged gcHaps observed in modern varieties
was significantly lower than that of lost gcHaps (Figure 6b,c). MVs-Xian gained an average
of 17.1 new gcHaps per locus absent in LANs-Xian. The new gcHaps were evidently gener-
ated by intragenic recombination during breeding. The increase in diversity and decrease
in gcHap number observed at many loci suggest that the Xian population underwent
significant frequency changes in the major gcHaps during the breeding process. In fact,
significant changes in the frequency of major gcHaps, F(P) were observed at nine out of
the sixteen OsCNGC loci, including a significant decrease at eight Os-CNGC loci and a
significant increase at one OsCNGC locus (Table S6).
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Figure 6. Lost, emerging, and unchanged gcHaps of the 16 OsCNGC genes during modern breeding.
(a) Heat map of the number of lost, emerging, and unchanged gcHaps. (b) Comparative analysis of
the number of lost, emerging, and unchanged gcHaps. (c) Frequency comparison of lost, emerging,
and unchanged gcHaps. Tukey’s multiple comparison method was used. **** p < 0.0001, *** p < 0.001,
**p <0.01, * p < 0.05. Only significant differences are shown.

In the Geng population, the average EH of the 16 OsCNGC genes was 0.19 in MVs-
Geng and 0.17 in LANs-Geng (Table 3). However, significant increases in diversity were
observed only at two OsCNGC loci (OsCNGC4 and OsCNGC9) in MVs-Geng (Table S5).
MVs-Geng had a lower mean value (13.1 gcHaps per locus) than that of LANs-Geng
(23.5 gcHaps per locus) (Table 3). In fact, on average, 6.3 new gcHaps per locus were newly
gained, and 16.7 gcHaps per locus were lost in MVs-Geng relative to those in LANs-Xian
(Table 3). These new gcHaps were apparently generated by intragenic recombination
during breeding. Significant shifts in F(P) were observed at 6 out of the 16 OsCNGC loci,
including significant decreases in F(P) at OsCNGC4, OsCNGC7, OsCNGC9, and OsCNGC15
and significant increases in F(P) at OsCNGC6 and OsCNGCS (Table S6). Notably, the same
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major gcHaps were found on all OsCNGC genes except for OsCNGC2 and OsCNGC16,
suggesting that the major gcHaps function simultaneously in Xian and Geng.

Table 3. Comparison of genetic diversity of the 16 OsCNGC genes in Geng between local and

modern varieties.
Geng (Japonica)
Change of gcHapN
Gene Name LANs MVs (Major gcHapN)
cHapN cHapN .
Eny (Ma;gor gcl;-IapN) Eu (Ma;'gor gcl;-lapN) Lost New Retained
OsCNGC1 0.102 8(3) 0.129 8(3) 5 5 3
OsCNGC2 0.171 28(6) 0.189 13(8) 20 5 8
OsCNGC3 0.174 24(7) 0.186 11(7) 14 1 10
OsCNGC4 0.07 16(3) 0.13 10(5) 10 4 6
OsCNGC5 0.436 79(9) 0.435 37(7) 70 28 9
OsCNGCé6 0.045 2(2) 0.03 3(2) 0 1 2
OsCNGC7 0.271 25(6) 0.325 17(6) 15 7 10
OsCNGC8 0.084 4(4) 0.055 4(3) 0 0 4
OsCNGC9 0.09 18(3) 0.156 13(2) 13 8 5
OsCNGC10 0.068 11(2) 0.045 4(3) 8 1 3
OsCNGC11 0.152 11(3) 0.207 8(6) 6 3 5
OsCNGC12 0.046 12(1) 0.071 7(3) 7 2 5
OsCNGC13 0.063 13(3) 0.058 7(2) 9 3 4
OsCNGC14 0.177 22(4) 0.17 13(2) 17 8 5
OsCNGC15 0.346 60(11) 0417 3009) 44 14 16
OsCNGC16 0.421 43(11) 0.434 25(10) 29 11 14
Mean 0.170 23.5(4.9) 0.19 13.1 (4.9) 16.7 6.3 6.8

Note: EH and gcHapN (major gcHapN) are the fairness of the Shannon and the number of gcHaps (>1% of
varieties) identified, respectively.

2.7. Association Analysis of Major gcHaps of OsCNGC Genes with Important Agronomic Traits

To further demonstrate the functional importance of the 16 CNGC genes, we con-
structed a gcHap network of the primary alleles of the 16 genes in 5 rice populations
and analyzed their associations with four agronomic traits, including number of spikes
per plant (PN), spike length (PL), plant height (PH), and thousand-grain weight (TGW)
(Figures 7 and S2-S4). Strong (p < 1077) associations were observed in 39 (60.9%) out
of 64 (16 x 4) instances, and many of the major alleles of OsCNGC genes were strongly
associated with more than one trait. We further analyzed four cloned OsCNGC genes,
among which OsCNGC9 is a conserved gene with six major gcHaps. Hap4 had the highest
frequency in LANs-Xian (Figure 7). Hap2 differed from Hap4 by two non-synonymous
mutations. Hap2 has become the major gcHap in LANs-Geng and has been significantly
reduced by selection during breeding, which significantly reduced the PN. OsCNGC13
was conserved and had two major gcHaps. Hap2 had eight non-synonymous mutations
from Hapl, and selection during breeding reduced the PN, PL, PH, and TGW. OsCNGC14
belonged to “other genes” and had six major gcHaps. Hap2 had the highest frequency in
LANSs-Xian, and Hap4 had the highest frequency in LANs-Geng. Hap1 showed a decline
relative to Hap4 for all three traits except for PL (no change), while Hap2 showed an
increase in PN. OsCNGC16 was a divergent gene between Xian and Geng and had a stagger-
ing number of major haplotypes (11). Figure 7 clearly shows that significant differentiation
occurred after four non-synonymous mutations between Hap10 and Hap4. Among them,
Hap6 showed a clear dominance in PN. Hap2 and Hap9 had the highest frequency in
LANs-Xian and LANs-Geng, respectively. Hap2 showed an increase only in PN compared
with Hap9. In addition, the proportion of newly emerged gcHaps observed in modern
varieties was significantly lower than that of lost gcHaps (Figure 6b,c). MVs-Xian gained
an average of 17.1 new gcHaps per locus absent in LANs-Xian. The new gcHaps were
evidently generated by intragenic recombination during breeding. The increase in diversity
and decrease in gcHap number observed at many loci suggest that the Xian population
underwent significant frequency changes in the major gcHaps during the breeding process.
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In fact, significant changes in the frequency of major gcHaps, F(P) were observed at nine
out of the sixteen OsCNGC loci, including a significant decrease at eight OsCNGC loci and
a significant increase at one OsCNGC locus (Table S6).
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Figure 7. Haplotype networks of the four cloned CNGC genes and their association traits with four
agronomic traits in 3KRG. p-Values indicate differences among haplotypes assessed by two-factor
ANOVA, where different letters on the box-and-line plots indicate statistically significant differences
based on the Duncan’s Multiple Range Test at p < 0.05. The bars on the right show the frequency
differences in dominant gcHaps between local varieties (LANs) and modern varieties (MVs) in Xian
and Geng. The chi-square test was used to determine significant differences in the proportions of the
same gcHap between groups.
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2.8. Comparison of Trait Values for OsCNGC Gene Dominance and Unfavorable gcHaps in Rice

The major gcHaps (with the highest frequency) of the OsCNGC loci in a rice population
are thought to have been favored by natural selection during evolution. On the contrary, the
major gcHaps with the lowest frequency in a population are likely unfavorable gcHaps [9].
We compared the phenotypic differences between major gcHaps and unfavorable gcHaps
at each of the 16 CNGC loci for 15 agronomic traits. Out of the 240 (16 x 15) comparisons,
significant differences between major gcHaps and unfavorable gcHaps at all OsCNGC
loci were detected in 100 (41.7%) comparisons (Figures S5-520; Table S7). TGW was
detected at 10 (62.5%) OsCNGC loci, and it was hypothesized that these genes might have a
greater effect on grain weight (Table S7). These ten genes, except for OsCNGCS$, also had
certain expression in seeds under normal conditions (Figure S1). Among the 16 OsCNGC
loci, significant differences in mean trait values between major gcHaps and unfavorable
gcHaps were detected for OsCNGC1 (8 traits), OsCNGC4 (8 traits), OsCNGC) (8 traits),
OsCNGC6 (9 traits), and OsCNGC9 (8 traits), and for more than half of the traits, significant
differences were observed in the mean values between major gcHaps and unfavorable
gcHaps. Interestingly, OsCNGC4, OsCNGC5, and OsCNGC6 were all located on branch II
of the phylogenetic tree (Figure 1b), suggesting that these five OsCNGC genes probably
affect more traits than other OsCNGC loci (Table S7).

2.9. Mining of Favorable Alleles in OsCNGC Loci for Yield Improvement

We found significant differences between major gcHaps in their effects on important
agronomic traits at most rice loci. Therefore, we hypothesized that favorable gcHap(s) for
traits to increase productivity are present at most OsCNGC loci, even though the favorable
gcHap(s) may differ in different target environments. Therefore, there should be one or
more favorable alleles defined as gcHap(s) associated with high productivity traits. The
frequency of these most favorable gcHaps in MVs, and different rice populations would be
of particular interest to rice breeders. Figure 8 shows the frequencies of favorable gcHaps
for five traits, including PL, CN, GL, GW, and TGW, in the cloned OsCNGC genes in
MVs-Xian and MVs-Geng as well as 3 KRG rice populations. The frequencies of favorable
alleles varied greatly across different yield traits, OsCNGC loci, MVs-Xian and MVs-Geng,
and rice populations. For example, Hap7 and Hap5 at OsCNGC16 were associated with
the highest GW and TGW, respectively, in the 3KRG germplasm, which was fixed in MVs-
Xian but present in low frequency in MVs-Geng. This is consistent with the empirical
observation in rice breeding that very high values for any particular yield component do
not necessarily lead to the highest productivity, as yield-related traits are quantitative, not
qualitative. In addition, for specific traits, new potential alleles can be identified from
natural germplasm from natural habitat-oriented species or species grown in unfavorable
or isolated environments, and wild infiltration can also be helpful. This result also suggests
that the favorable alleles for different yield traits may be very different in the two rice
subspecies or genetic backgrounds and may also differ in different environments. We also
found that OsCNGC16-favorable gcHaps were absent in MVs-Geng for PL and PN, which
were present in all four traits. These results suggested that some favorable gcHaps function
only in specific subpopulations. Therefore, there is a great potential to improve yield traits
and productivity of MVs by aggregating the missing favorable gcHaps.
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Figure 8. Frequency of favorable gcHaps of four cloned OsCNGC genes affecting five yield traits
(GWT, GL, GW, PL, and CN) in modern varieties of Xian/indica (XI) and Geng/japonica (GJ) and
different rice subgroups. “#accession” indicates the number of accessions that possess the favorable
gcHap. Five subpopulations of XI (XI-1A, XI-1B, XI-2, XI-3, and XI-adm) and four subpopulations of
GJ (temperate GJ: GJ-tmp, subtropical GJ: GJ-sbtrp, tropical GJ: GJ-trp, and GJ-adm) [18].

3. Discussion

With reference to previous studies [3,4], sixteen OsCNGC genes were identified in this
study, which are distributed on eight chromosomes except for chromosomes 7, 8, 10, and
11. Evolutionary analysis classified these genes into four major groups (I, II, III, and IV)
and two subgroups (IV-A and IV-B). Gene structure analysis showed that the number of
introns in OsCNGCs ranged from 3 to 13, and the number of exons varied considerably
among OsCNGC genes. Structural domain analysis showed that all 16 OsCNGC genes
contained the CAP_ED structural domain. Os06g0527300, which was considered to contain
no CAP_ED structural domain [3], was retained because this domain is present in this gene
as indicated by our conserved domain analysis (Figure 1c). Moreover, we identified no
LOC_0Os06¢33610 gene. Hence, we excluded it and renamed Os06g0527300 as OsCNGC3.
This result is consistent with the recently published gene family visualization results [22].
We hypothesize that the reason for this phenomenon may be the different sources of
the reference genome. According to the cis-acting element analysis, the OsCNGC genes
play important roles in normal plant development and response to adverse stress, among
which OsCNGC9, OsCNGC13, OsCNGC14, and OsCNGC16 have been validated [5,8,12,13].
Functional interaction network analysis showed that all OsCNGCs contain TPC1. AtTPCl1 is
the first TPC channel cloned from plants, which is localized to the vesicular membrane and
responsible for generating slow vesicular (SV) currents. AtTPC1 is a non-selective cation
channel that can permeate through a wide range of monovalent cations and Ca2+ and
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potentially plays an important role in regulating the cytosol ion concentration [23]. Protein
kinases are involved in stress response in plants [24]. Considering the high expression
of some OsCNGCs in tissues under normal conditions and stress, we hypothesized that
these OsCNGCs may play a key role in the corresponding phenotype and stress response
(Figure 4).

OsCNGC genes may have played important roles in rice subspecificity and population
differentiation during rice evolution, and there are strong subspecificity and population
differentiation at most rice OsCNGC loci (Figure 5, Table S4). Many OsCNGC genes may
play an important role in rice improvement by significantly changing the diversity of major
gcHaps at OsCNGC loci (Figures 5 and 6, Tables 2 and 3), as well as the agronomic traits
associated with major gcHaps (Figures 7 and 8, Table S7). Because OsCNGC genes act as
signaling receptors, they are expected to play important regulatory roles in many processes
of rice growth and development and response to environmental cues. However, how
different OsCNGC genes are involved in these important processes at the molecular level
remains to be further elucidated.

Unexpectedly, we observed that most OsCNGC loci have increased diversity in MVs.
However, due to manual selection, it may result in a lower MV. For example, in both
selective breeding and breeding programs, selections are mostly associated with high
productivity, including more compact plant types, larger or more panicles, appropriate
grain weight or more tillers, and greater tolerance to biotic and abiotic stresses. In addition,
genetic bottlenecks due to the relative fixity of germplasm resources used for breeding have
reduced genetic diversity at most loci. Indeed, we observed an average loss of 26 (45%)
gcHaps at the 16 OsCNGC loci during Xian breeding, while an average of 17.1 (29%) new
gcHap loci appeared in MVs-Xian (Figure 6). We also found no increase or deletion of
gcHaps related to OsCNGCS in both Xian and Geng, and it remains to be investigated
whether this is an allele fixed in the variety. During the breeding in Geng, the average
loss of gcHaps at the 16 CNGC loci was larger, which reached about 56%. At the same
time, an average of 6.3 new gcHaps per locus (21%) appeared in MVs-Geng. Thus, the
loss of gcHaps due to the genetic bottleneck effect is more significant in MVs-Geng than in
MVs-Xian during modern breeding (Tables 2 and 3). We hypothesize that this is because
interline crosses are generally performed in the breeding process, which greatly increases
the recombination of genes relative to the low heterosis rate of local varieties. We found
that the frequency of major gcHaps in MVs-Xian and MVs-Geng was significantly lower at
specific OsCNGC loci, suggesting that the gcHaps favored by natural selection were not
artificially selected by modern breeding. The reason for this phenomenon may be that
the modern breeding process is mainly targeted at yield and some alleles for adaption to
natural environmental changes are abandoned; however, it will be costly to mine and use
these environment-adapting genes. This also means that many rare gcHaps may be of great
value in rice improvement. In summary, previous modern breeding activities have had a
greater impact on OsCNGC loci than previously estimated [11], suggesting that OsCNGC
genes are important in rice improvement.

In conclusion, our results suggest that natural variations at most OsCNGC loci have
potential value for improving the productivity and tolerance of rice to abiotic stresses. All
OsCNGC genes have potential value for rice trait improvement. Among them, OsCNGC9,
OsCNGC13, OsCNGC14 and OsCNGC16 have been cloned [5-7]. Also, OsCNGC11, OsC-
NGC12, and OsCNGC15 may be used to improve rice tolerance to abiotic stresses, while
other genes may be used to improve rice yield traits. However, since most of the OsCNGC
genes identified in this study had significant interactive effects on yield traits, it remains a
challenge to identify favorable alleles at specific OsCNGC loci and compare the dominant
and unfavorable allelic traits to improve specific yield traits of rice. Therefore, more efforts
are needed to obtain the required information, and it is expected that some alleles that
are already present or fixed in certain varieties will be identified for future application to
improve rice productivity.
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4. Materials and Methods
4.1. Identification and Physicochemical Characterization of OsCNGC Genes

To identify all CNGC genes in the whole genome of rice, we first downloaded
the whole genome data of rice (Oryza sativa Geng/japonica), the protein sequences
of Arabidopsis CNGCs in the database (https://www.ncbi.nlm.nih.gov/, (accessed on
26 September 2023)), and the Hidden Markov Models of CNGCs in the pfam (http://pfam
xfam.org/ (accessed on 26 September 2023)). We searched (Perl script) for NBD (Cyclic Nu-
cleotide Binding Domain, pfamID:PF00027) and TM/ITP (Transmembrane or Ion Transport
Domain, pfamID:PF00520) using Hm [25], which were compared in Tbtools to take the in-
tersection, and genes containing these two structural domains were considered as members
of the CNGC candidate gene family [26], and were published in the pfam (http://pfam.x
fam.org/ (accessed on 26 September 2023)), NCBI (http:/ /www.ncbi.nlm.nih.gov/cdd/
(accessed on 26 September 2023)), and SMART website (http:smartbl de/(accessed on
26 September 2023)), as well as the rice database (https://ricedata.cn/gene/ (accessed on
26 September 2023)) to validate the candidate genes of OsCNGCs. Moreover, by analyz-
ing the CNGC-related literature for naming [3,4], we finally identified all the OsCNGC
genes. Physicochemical properties such as molecular weight and isoelectric point of Os-
CNGC genes were predicted using the online tools ExPASy (https://www.expasy.org/
(accessed on 26 September 2023)) and Rice Database (https:/ /ricedata.cn/gene/ (accessed
on 26 September 2023)). Subcellular localization prediction was performed using the on-
line tool Cell-PLoc 2.0 (http:/ /www.csbio.sjtu.edu.cn/bioinf/euk-multi-2/ (accessed on
26 September 2023)).

4.2. Gene Structure, Conserved Motif, Conserved Structural Domain, and Cis-Acting Element
Analysis of OsCNGC Proteins

After downloading the gene structure annotation files from the NCBI website, the
gene structure view (advanced) function in TBtools-II v2.025 software was used for vi-
sualization. The conserved analysis of CNGC protein sequences was achieved using
the TBtools-II v2.025 software Simple MEME Wrapper Function Implementation Function,
which set 20 motifs. The number of occurrences of motifs on each sequence was unlimited,
and the other parameters were the default parameters. The conserved structural domains
were analyzed using the CD search function of NCBI and visualized using Tbtools [26].
Gtf/Gff3 sequence extracts from TBtools were utilized for extracting the upstream 2000 bp
of CDS and extracting the promoter sequences of CNGC genes, which were submitted
to the PlantCARE database (http:/ /bioinformatics.psb.ugent.be/webtools/plantcare/h
tml/ (accessed on 26 September 2023)) to analyze their promoter region cis-acting ele-
ments [27]. The resultant files were filtered based on the information in the table, retained
for viewing, and then presented visually using the Simple BioSequence Viewer feature of
TBtools-1I v2.025 software.

4.3. Chromosomal Localization, Covariance Analysis, and Functional Interaction Network Analysis
of OsCNGC Genes

Rice DNA files and annotation files were downloaded from the NCBI website. Interspe-
cific covariates were mapped using the one-step MCScanX and advanced Circos functions
of TBtools [26]. Gene positions were visualized from the GTF/GFF function to map the dis-
tribution of OsCNGC genes on chromosomes. Functional interaction network analysis was
performed according to the instructions on the online website (https:/ /www.stringdb.org/,
(accessed on 26 September 2023)). STRING used a spring model to generate network
images. Nodes were modeled as masses and edges as springs. The nodes were used to
compute the image by minimizing the “energy” of the system.

4.4. Phylogenetic Tree Construction and Gene Expression Specificity Analysis of OsCNGC Genes

Phylogenetic trees of CNGC genes of Arabidopsis, rice, maize, and Populus tri-
chocarpa were constructed using MEGA11 software (https:/ /www.megasoftware.net/
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accessed on 30 October 2023). The full-length sequences of the CNGC proteins were
matched to each other and analyzed phylogenetically. The protein sequences required
for the construction of the evolutionary tree are presented in Table S2. The phylogenetic
tree was then embellished using the online mapping site iTOL (https://itol.embl.de/
(accessed on 26 September 2023)). The newly published gene family visualization website
(https:/ /bis.zju.edu.cn/cropgf/analysis/gene-info (accessed on 26 September 2023)) was
used for heatmap visualization using Tbtools after downloading the expression data of
OsCNGC genes in different tissues and under abiotic stresses [22,26].

4.5. gcHaps and Their Diversity in Modern and Local Varieties

Shannon’s fairness (EH) was used to assess the level of gcHap diversity at all OsCNGC
loci in a given rice population or in the species as a whole [28]. Nei’s genetic identity
(INei) was used to measure the genetic similarity between two populations or individuals
based on their gcHap frequencies at different OsCNGC loci [29]. The formulas used to
calculate EH and INei referred to the methodology described in a previous study [11],
where OsCNGC genes were classified into conserved genes based on gcHap diversity
and subspecies/population differentiation (EH < 0.3 in 3KRG and INei > 0.8 between
pairwise populations), and Xian-Geng differentiated genes (X-G) (EH < 0.3 in both Xian
and Geng and INei < 0.2 between Xian and Geng), and other genes [17]. To understand
how modern breeding over the past decades has affected the gcHap diversity of OsCNGC
genes, we collected detailed information on a total of 3010 3KRG rice materials. Of these,
732 were local varieties of Xian (indica) (LANs-Xian), 358 were local varieties of Geng
(japonica) (LANs-Geng), 328 were modern varieties of Xian (indica) (MVs-Xian), and
139 were modern varieties of Geng (japonica) (MVs-Geng). First, we downloaded the
major gcHaps (highest frequency in 3KRG) of each OsCNGC gene from RFGB and 3K
webpage (https:/ /www.rmbreeding.cn/Index (accessed on 26 September 2023)). The
frequency difference of major gcHaps for each OsCNGC gene between modern varieties
(MVs) and local varieties (LAN) was then calculated based on R-4.2.2 scripts [17]. Finally,
the distribution of gcHaps in modern Xian and Geng varieties and their respective local
varieties were compared. Missing and newly occurring gcHaps in modern Xian/Geng
varieties were also analyzed. Finally, GraphPad Prism 8 software was used to plot the
above data.

4.6. Determination of Major gcHap Phenotypes of OsCNGC Genes

First, we collected phenotypic data on 3010 Asian-cultivated rice germplasm for
15 agronomic traits. This study examined 15 agronomic traits including cays to heading
(DTH, day), plant height (PH, cm), flag leaf length (FLL, cm), flag leaf width (FLW, cm),
panicle number (PN, count), panicle length (PL, cm), culm number (CN, count), culm
length (CL, cm), grain length (GL, mm), grain width (GW, mm), grain length /width ratio
(GLWR, ratio), thousand-grain weight (TGW, g), leaf rolling index (LRI %), seedling height
(SH, cm), and ligule length(LL, mm). Phenotypic data for 15 rice traits were downloaded
from the RFGB website (https://www.rmbreeding.cn/Index/ (accessed on 26 September
2023)). Next, the major gcHaps (with frequency >1% in 3KRG) of all rice CNGC genes were
obtained using R scripts [17]. Finally, associations of major gcHaps with these agronomic
traits in different 3010 rice germplasm were realized using R scripts. Significance was calcu-
lated using one-way ANOVA and compared between major gcHaps using Tukey’s multiple
comparisons. The layout of the images was conducted in Adobe Illustrator 2023 software,
version 28.0.

4.7. Construction of gcHap Network of OsCNGC Genes and Association Analysis between Major
gcHaps and Yield Traits in 3KRG Materials

First, haplotypes (gcHaps) of rice CNGC genes were constructed using the R package
pegas [14]. A network of gcHaps for each OsCNGC gene was generated using a statistical
parsimony algorithm, which was performed with a method that first connects the most
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closely related haplotypes by the smallest number of mutations [11]. More detailed steps
are presented in a previous study [18]. The layout of the images was performed in Adobe
Illustrator 2023 software, version 28.0.

Supplementary Materials: The following supporting information can be downloaded at
https:/ /www.mdpi.com/article/10.3390/ plants12244089/s1, Figure S1: Expression of OsCNGC
genes in tissues under normal conditions; Figures S2-S4: Haplotype network of the remaining
12 OsCNGC genes and their associations with four agronomic traits in 3KRG. p-values under the
names of the traits indicate differences between haplotypes as assessed by a two-factor ANOVA,
where different letters on the box and line plots indicate statistically significant differences based
on Duncan’s multiple range test at p < 0.05. The bars on the right side show the frequency differ-
ences of dominant gcHaps between local varieties (LANs) and modern varieties (MVs) in Xian and
Geng. A chi-square test was used to determine significant differences in the proportions of the same
gcHaps between groups **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.05 and N.S., not signifi-
cant; Figures S5-520: Comparative analysis of 15 agronomic traits of dominant gcHaps, unfavorable
gcHaps and major gcHaps of OsCNGC genes; Table S1: Basic information of rice CNGC gene family;
Table S2: Protein sequences used to construct the evolutionary tree; Table S3: Genetic diversity of
16 CNGC genes in four major rice populations; Table S4: Genetic identity of Nei in five major popula-
tions calculated from gcHap data of rice OsCNGC genes; Table S5: Comparison of genetic diversity
of 16 OsCNGC genes between local and modern varieties; Table S6: Frequency differences in major
gcHaps of 16 CNGC genes between local and modern varieties; Table S7: Phenotypic comparison of
major gcHaps and unfavorable gcHaps of 16 polymorphic OsCNGC genes in 3KRG germplasm.
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Abstract: High temperatures accelerate the accumulation of storage material in seeds, often leading
to defects in grain filling. However, the mechanisms regulating grain filling at high temperatures
remain unknown. Here, we want to explore the quality factors influenced by the environment and
have identified a LATE EMBROYGENESIS ABUNDANT gene, OsLEA1D, a heat-stress-responsive
gene in rice grain filling. OsLEA1D is highly expressed in the endosperm, and its coding protein
localizes to the nucleus and cytoplasm. Knock-out mutants of OsLEA1b had abnormal compound
starch granules in endosperm cells and chalky endosperm with significantly decreased grain weight
and grain number per panicle. The oslealb mutants exhibited a lower proportion of short starch chains
with degrees of polymerization values from 6 to 13 and a higher proportion of chains with degrees
from 14 to 48, as well as significantly lower contents of starch, protein, and lipid compared to the
wild type. The difference was exacerbated under high temperature conditions. Moreover, OsLEA1b
was induced by drought stress. The survival rate of oslealb mutants decreased significantly under
drought stress treatment, with significant increase in ROS levels. These results indicate that OsLEA1b
regulates starch biosynthesis and influences rice grain quality, especially under high temperatures.
This provides a valuable resource for genetic improvement in rice grain quality.

Keywords: high temperature; OsLEA1D; rice grain quality; starch biosynthesis

1. Introduction

Rice (Oryza sativa) is an important crop consumed as a staple food by more than half
of the world’s population. The rice endosperm is the main storage organ for nutrients,
including starch, proteins, and lipids [1]. Starch is the main endosperm component, and
its content, composition, and structure greatly affect grain quality and yield [2]. Sucrose
is efficiently converted into starch through a series of reactions during rice endosperm
development [3].There are three main types of enzymes involved in starch biosynthesis.
Starch synthase (SS) lengthens the non-reducing end of glucose chains; branching enzymes
(BEs) then generate branches from the existing chain; and debranching enzymes (DBEs)
hydrolyze branches [4]. In addition, several non-enzymatic proteins participate in starch
biosynthesis in the cereal endosperm, such as PROTEIN TARGETING TO STARCH (PTST)
and the starch-binding protein FLOURY ENDOSPERM 6 (FLO®) [5,6].

The environment also affects endosperm starch biosynthesis. Heat-induced crop
damage is becoming increasingly common as a result of global warming, severely limit-
ing high and stable rice yields [7]. Rice can tolerate certain temperature ranges during
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different developmental stages [8]. High temperatures perturb the expression of starch
biosynthesis-related genes, hindering starch biosynthesis and adversely affecting rice dur-
ing the grain-filling period [9]. Suppression of OsMADS7, encoding a transcription factor,
in rice endosperm stabilizes amylose content under high-temperature stress [10]. Inhibiting
the expression of a-amylase genes AmylA, Amy1C, Amy3A, Amy3D, and Amy3E reduces
starch degradation and results in chalky grains under high-temperature conditions [11].
The high pre-mRNA splicing efficiency of Waxy (Wx) likely stabilizes amylose content in
rice seeds under high temperatures [12]. Moreover, genes specifically expressed in the
endosperm play an important role in crop growth and development.

There are several endosperm-specific genes that were identified through a genomic
survey [13]. These genes encode grain storage proteins and proteins related to starch
biosynthesis, such as the drought-stress-responsive LATE EMBROYGENESIS ABUNDANT
(LEA) proteins [14]. In Arabidopsis (Arabidopsis thaliana), LEA proteins are associated
with seed dehydration tolerance [15]. Four NAC transcription factors bind the OsLEA
promoter to activate its expression to high levels in embryonic tissues during endosperm
development [16]. However, the effects of LEA proteins on starch biosynthesis under
high-temperature conditions remain unknown.

Here, we want to explore the quality factors influenced by environment and have
identified an embryonic protein homologous to OsLEA3-2 [17], which we named OsLEA1b.
The oslealb mutants were more sensitive to high-temperature stress and drought stress
than the wild type. Milled rice from oslealb mutants showed significantly lower starch
content and abnormal structure under a high-temperature environment, which resulted
in significantly greater chalkiness and chalky grain rate than that from the wild type. A
series of assays were utilized to determine the effects of OsLEA1b on starch biosynthesis
under high-temperature conditions. These findings enhance our understanding of OsLEA
proteins and grain filling in rice, providing useful information for genetic improvement of
rice grain yield and quality.

2. Results
2.1. OsLEA1b Encodes an Embryonic Protein Mainly Expressed in the Endosperm

To isolate genes that regulate rice grain filling under high-temperature conditions, we
searched the expression of genes that are induced under high temperatures in our RNA-Seq
data (Supplementary Figure S1). We identified OsLEA1b (LOC_Os01g16920), which is
predominantly expressed during the grain-filling stage and is homologous to OsLEA3-2
(Supplementary Figure S1). Reverse transcription quantitative PCR (RT-qPCR) analysis
validated that OsLEA1D is highly expressed in developing seeds, particularly during the
late stages of seed development (Figure 1A). In contrast, OsLEA1b was rarely expressed in
leaf and stem tissues. We transformed a vector harboring the g-glucuronidase (GUS) reporter
gene driven by the OsLEA1b promoter into rice. Histochemical analysis corroborated that
GUS activity in transgenic plants was strongest in the endosperm (Figure 1B), consistent
with the RT-qPCR results. Transient expression analysis of a 355:0sLEA1b—GFP construct
in rice protoplasts revealed that the OsLEA1b-GFP fusion protein was widely present in
the cytoplasm and nucleus, similar to the GFP control (Figure 1C). We therefore concluded
that OsLEATb encodes an embryonic protein.
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Figure 1. Expression pattern and subcellular localization of OsLEA1b. (A) Relative OsLEA1b expres-

OsLEA1b-GFP

sion levels in various tissues and in developing endosperms at 5, 10, 15, 20, 25, and 30 days after
fertilization (DAF). Values are means =+ SD from three biological replicates. (B) GUS staining in root,
stem, leaf, spikelet, and developing grains expressing ProOsLEA1b:GUS. (C) Subcellular localization
of OsLEA1D in rice protoplasts. Confocal microscopy images show OsLEA1b—GFP localized in the
nucleus and cytoplasm. GFP signaling, chlorophyll autofluorescence, bright field, and merged images
are shown for each construct. Scale bars, 2 mm in (B) and 10 um in (C).

2.2. The oslealb Mutants Exhibit Chalky Endosperm and Decreased Yield

The OsLEA1b gene contains two exons and one intron and does not harbor any known
domains aside from four low-complexity regions (determined using SMART, http:/ /smart.
embl-heidelberg.de, accessed on 1 January 2018, Figure S2). To investigate the function of
OsLEA1b in rice endosperm development and plant growth, we knocked out OsLEA1b in the
japonica rice cultivar “ZH11’ using clustered regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-associated nuclease 9 (Cas9)-mediated genome editing. We successfully
obtained two independent homozygous mutants, oslealb-1 and oslealb-2. RT-qPCR analysis
showed that OsLEA1D expression in the two mutants was significantly lower than that in the
wild type (Figure S3A-C). Compared to the wild type, the grain width of oslealb mutants was
significantly lower, and this resulted in a lower 1000-grain weight even though the grains
were longer in length (Figure 2A-C,H-K). Moreover, we observed that most mutant grains
showed a semi-opaque endosperm, and the grain chalkiness rate in the mutants reached 95%
(Figure 2D-G,0). A dramatically lower grain number per panicle in the mutants resulted in
lower yields, only 49% relative to the wild-type control. But panicle length, tiller number, and
seed setting rate were not significantly different in the mutants compared to the wild type
(Figures 2L-N and 54). Besides the shorter plant height, the grain-filling rate in the oslealb
mutants was slower on the 20th and 30th days after fertilization (DAF) than that of the wild
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type (Figures S4 and S5). Thus, the OsLEA1b gene plays an important role in grain quality
and yield.
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Figure 2. Analysis of agronomic traits of oslealb mutants compared to the wild type. (A-C) Grain
length, width, and thickness of wild-type (WT) and oslealb grains. Scale bars, 6 mm. (D) Appearance
of brown rice grains from WT and oslealb mutant plants. Scale bar, 2 mm. (E-G) Transverse sections
of WT (E) and oslealb (F,G) endosperm. Scale bars, 2 mm. (H-O) Quantification of grain length (H),
grain width (I), 1000-grain weight (J), grain thickness (K), seed number per panicle (L), grain yield per
plant (M), seed setting rate (N), and chalky grain percentage (O) for WT plants and oslealb mutants.
Data are means =+ SD from at least three biological replicates. Statistically significant differences were
determined using Student’s t-test (*, p < 0.05, **, p < 0.01).

2.3. OsLEA1b Affects Starch Granule Development in the Endosperm

We next observed the starch grain morphology in endosperm cells of oslealb mutants
and the wild type. Scanning electron microscopy (SEM) revealed that wild-type starch
granules were polygonal in shape and densely arranged. In contrast, starch granules in the
chalky endosperm of the mutants were round and had numerous air spaces (Figure 3A-C).
We prepared semi-thin sections of grains on the 10th DAF to observe the morphological
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differences in complex starch granules in the endosperm. Mutant grains had greater num-
bers of loosely arranged complex starch granules in peripheral and central endosperm cells
than exhibited in wild-type grains (Figure 3D-G). In addition, gaps between amyloplasts
in the center of the mutant endosperm were larger than those in wild-type endosperm,
with many dispersed starch granules in the mutant (Figure 3H,I). Meanwhile, transmission
electron microscopy (TEM) revealed many abnormal starch granules developed in the
mutant endosperm (Figure 3]-O).

oslealb-1 oslea1b-2

Figure 3. Starch granule formation and amyloplast development in endosperm cells of wild-type
and oslealb mutants. (A—C) Scanning electron microscopy of transverse sections of wild-type (A) and
oslealb (B,C) endosperm. (D-I) Semi-thin sections of WT and oslealb endosperm at 10 days after
fertilization (DAF). (D-F) Micrographs showing the peripheral region; (G-I) micrographs showing
the central region. Black stars in (D-F) indicate aleurone cells. Arrows in (H,I) indicate broken
amyloplasts. (J-L) Transmission electron microscopy shows well-developed amyloplasts in WT
endosperm cells (J,M) and broken amyloplasts in oslealb endosperm cells (K,L,N,O). Scale bars,
15 um in (A-C), 40 um in (D-1), 5 um in (J-L), and 2 um in (M-0O).
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>

We examined additional physicochemical properties of starch from wild-type and
oslealb endosperm. Amylose, total starch, and protein contents in the mutants were
significantly lower than those in the wild type (Figure 4A-C). The gel consistency of
starch in the wild type was 81 mm, while that of oslealb mutant starch was 39.5-53 mm
(Figure 4D). The distribution of amylopectin chain lengths suggested a lower proportion
of short chains with degrees of polymerization values between 6 and 13 but a higher
proportion of intermediate chains (degrees 14 to 48) in the oslealb mutants than that in
the wild type (Figure 4E). Starch gelatinization and viscosity analyses indicated that the
mutant starch was more difficult to gelatinize (Figure 4F,G). These results show that the
physicochemical properties of endosperm starch were altered in the oslealb mutants.
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Figure 4. Starch physicochemical properties in the endosperm of oslealb mutants. (A-D) Total
starch content (A), amylose content (B), protein content (C), and gel consistency (D) of wild-type
and Osespl mutant endosperm. (E) Differences in amylopectin chain length distribution between
WT and oslealb. (F) Pasting properties of WT and oslealb endosperm starch determined using a
Rapid Visco Analyzer (RVA). The gray line indicates temperature changes during the measurements.
(G) Gelatinization temperature of endosperm starch. To, Tp, and Tc represent the onset, peak, and
concluding gelatinization temperatures, respectively. Data in (A-D,G) are presented as means = SD
from three replicates. Statistically significant differences were determined using Student’s ¢-test
(*,p<0.05,**,p <0.01).
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2.4. The oslealb Mutants Showed Lower Grain Quality under High Temperature Conditions

High temperature during rice grain filling often reduces grain quality [18]. We grew
wild-type and oslealb plants under field conditions until flowering, after which plants
were subjected to artificial high temperatures (35 °C for 12 h in light and 28 °C for 12 h
in darkness) and normal temperatures (28 °C for 12 h in light and 22 °C for 12 h in
darkness). Under high-temperature conditions, mature wild-type grains were slightly
chalky, but mature oslealb grains were floury with a significantly lower 1000-grain weight
(Figure 5A-H). Compared to those under normal temperature conditions, wild-type and
oslealb grains had significantly lower amylose and total protein contents under high-
temperature conditions. However, the differences between conditions were greater for
oslealb grains than for wild-type grains (Figure 5I-K).

oslealb-1 oslealb-2

28C/22C

35C/28¢C

Gﬁmo— 2a H25- —90
) S gy 5 s
) | e -
E,ao 5’20 E,ss abab a b
c ‘@ . =
3601 pp S gb 3 Cec
o o < 80
s [5]
£ 407 o p=
g 2 157 %
oy c 8 375
X d =] 5
=} -
5 o 10- 70
28°C/22°C  35°C/28°C 28°C/22°C  35°Ci28°C 28°C/22°C  35°C/28°C
J 15+ K =
= ,\11 T ZH11
~o a 3 a
14+ b 5 ab
= b= & £1017 b b b b I osleatb-1
d—l13_ -
g dd g o I osleatb-2
12+ £
g g
211 s 8
<C
28°C/22°C  35°C/28°C ©28°CI22°C  357CI28°C

Figure 5. The oslealb mutants were more sensitive to high temperatures during the grain-filling stage.
(A-F) Appearance of wild-type (WT) and oslealb mutant grains under high-temperature treatment
(35 °C for 12 h in light and 28 °C for 12 h in darkness) and normal temperature treatment (28 °C for
12 h in light and 22 °C for 12 h in darkness). Scale bars, 1 cm. (G-K) Chalky grain percentage (G),
1000-grain weight (H), total starch content (I), amylose content (J), and total protein content (K) of WT
and oslealb mutant grains under normal and high temperatures. Different letters indicate significant
differences at p < 0.05 by ANOVA and Duncan’s test.
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We analyzed the expression of genes related to starch biosynthesis under high and
normal temperatures. High temperature induced OsLEA1D expression at the early grain-
filling stage (Figure S6). The expression levels of STARCH BRANCHING ENZYME 1
(OsBE1) and BRITTLE 1 (OsBT1) were significantly lower in the mutant than in the wild
type under high temperature conditions. Conversely, the expression levels of SOLU-
BLE STARCH SYNTHASE IIA (OsSSlla), PULLULANASE (PUL), ISOAMYLASE 3 (ISA3),
STARCH BRANCHING ENZYME IIb (OsBEIIb), GRANULE-BOUND STARCH SYNTHASE
I (GBSS1), RAG2, and GLUTELIN TYPE-D 1 (GLUD1) were significantly higher in the
mutant than in the wild type under high temperatures (Figure 6). These differences in
gene expression likely led to the differences observed in amylopectin’s fine structure in the
mutants under high-temperature conditions.
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Figure 6. Transcription levels of genes related to regulate amylopectin synthesis in endosperm at
10 DAF. (A-I) Relative expression of genes related to amylopectin biosynthesis. Gene expression
levels were measured in WT and oslealb-1 grains at 9 days after fertilization under high (HT) and
normal (RT) temperature conditions. Different letters indicate significant differences at p < 0.05 by
ANOVA and Duncan’s test.

2.5. OsLEA1b Promotes Drought Tolerance

The oslealb mutants were sensitive to high temperature. We also examined the sen-
sitivity of the oslealb mutants to abiotic stresses such as drought and salinity. Treatment
with 20% PEG6000 or 200 mM NacCl for 1 week induced greater reductions of root and
shoot length in the mutant than in the wild type. Moreover, the survival rates of oslealb
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mutants were only 13% and 11% when subjected to 20% PEG6000 (Figures 7A-C and S7),
indicating that the mutants were more sensitive to osmotic stress. When we exposed
two-week-old seedlings to drought stress under soil conditions, the survival rate of oslealb
mutants was obviously reduced to 10% compared to that of the wild type (Figure 7D,E).
OsLEA1b expression was induced after 12 h of 20% PEG6000 treatment in wild-type plants
but not in the mutants (Figure 7F). These results indicate that the oslealb mutants have
reduced tolerance to drought stress.
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Figure 7. OsLEA1b gene positively regulates drought stress tolerance. (A,B) Phenotypes of seedlings
of wild-type and oslealb before and after 20% PEG treatment. (C) Survival rate of seedlings of WT
and oslealb after 20% PEG treatment. (D,E) Phenotypes of WT and oslealb before and after drought
stress. Water was withheld for 5 d followed by a 14-day recovery period. (F) Relative expression of
OsLEA1D was induced by drought stress. (G-J) Peroxidase (POD) enzyme activity (G), and contents
of hydrogen peroxide (H,O;; H), proline (I), and malondialdehyde (MDA; (J)) in WT and oslealb
mutant leaves. (K,L) Relative expression of genes related to reactive oxygen species scavenging
and ABA signaling in wild type and mutants before (K) and after (L) 20% PEG treatment. Data are
means £ SD from at least three biological replicates. Different letters in (C, G-J) indicate significant
differences at p < 0.05 by ANOVA and Duncan’s test. In (K, L), statistically significant differences
were determined using Student’s t-test (*, p < 0.05, **, p < 0.01).

Reactive oxygen species (ROS) levels were determined in leaves of the wild type and
the oslealb mutants. There were no differences in various ROS indexes between control
and stress treatments in the wild type. But oslealb mutants had significantly increased
peroxidase (POD) activity, hydrogen peroxide (H,O,) content, proline content, and malon-
dialdehyde (MDA) content after PEG treatment compared to the wild type (Figure 7G-J).
Genes related to stress, ROS scavenging, and ABA signaling were significantly up-regulated
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in the oslealb mutants after PEG treatment but not in the control (Figure 7K,L). These results
indicate that the oslealb mutants are more sensitive to drought stress than the wild type.

3. Discussion
3.1. The oslealb Mutants Showed Greater Sensitivity to High Temperature

High temperature during the rice grain-filling stage often results in lower quantity and
worse quality, such as higher chalkiness and lower grain-setting rate [19]. Grain chalkiness
affects the appearance of rice. The imbalance of a source-to-sink under high temperature
conditions leads to insufficient grain filling in endosperm cells and disordered enzyme
activity, which bring a high grain chalkiness rate [20-24]. In this study, we observed that
grains of oslealb mutants exhibit high chalkiness rates under normal temperatures and
chalky endosperm under high temperatures. The abnormally developed starch granules in
the mutant endosperm cells were loosely arranged rather than whole complex granules. The
oslealb mutants were more sensitive to high temperature during endosperm development
than wild-type plants. Moreover, the chalkiness rate and chalkiness degree of the mutants
were dramatically higher than those of the wild type under both natural and artificial
high temperatures. By contrast, the gelatinization and gel consistency of the two mutants
were significantly lower than those in the wild type at high temperatures. Recent studies
have shown that in addition to starch content, the arrangement of starch granules also
affects rice grain cooking and eating qualities. It is likely that the abnormal starch granule
development induced by high temperature in oslealb mutants would affect the cooking
and eating qualities. The higher proportion of short starch chain length and easier pasting
properties of oslealb may confer it greater sensitivity to high temperature tolerance.

Starch content and structure directly influence grain appearance such as chalkiness [25].
And many genes regulating starch biosynthesis were reported to influence rice chalk-
iness [26]. Chalk5, the major QTL control chalky grain rate of rice, two polymorphic
nucleotides on the promoter of Chalk5 affect its expression level. The lower expression level
could decrease the chalkiness of rice and increase the percentage of milled rice. Total starch
and amylose content in the oslealb mutants were significantly lower than those in the wild
type, especially under high temperatures. Moreover, a significantly different distribution
of amylose chain lengths in the mutant led to an altered starch structure. The expression
of BE1, SSlla, PUL, ISA3, and BEIIb showed significant differences between the wild type
and mutants under high-temperature treatment, which resulted in differences in the fine
structure of starch [27,28]. The fine structure of starch affects starch grain expansion and
gelatinization, which impacts the cooking performance and taste of rice [29]. Gelatinization
temperature was higher in the mutants, causing hard, gluey consistency and reduced vis-
cosity. The expression of SSIla was significantly higher in the mutant than in the wild type
under high temperatures, which may be responsible for the reduced viscosity. Although the
effects of high temperature on rice quality are well known, additional research is needed to
explore the underlying regulatory network to improve rice quality.

3.2. OsLEA1b Plays an Important Role in Rice Stress Responses

Phylogenetic analysis showed that the embryonic protein OsLEA1b is homologous to
the late embryogenesis abundant protein OsLEA3-2. LEA proteins are widely distributed in
rice, Arabidopsis, maize (Zea mays), cotton (Gossypium hirsutum), potato (Solanum tuberosum),
and other plant species [30-34]. The role of plant LEA proteins in stress tolerance has been
well documented. Plants maintain cell membrane stability in low temperature environments
through LEA protein biosynthesis [35]. In vitro and in vivo experiments demonstrated that
soybean (Glycine max) PM2 (LEA3) protects proteins and maintains enzyme activity under
unfavorable temperatures [36]. In addition, LEA proteins bind to certain ions to maintain
osmotic pressure in cells. Two soybean LEA4 proteins, GmPM1 and GmPM9, possess metal-
binding properties that reduce abiotic stress-induced oxidative damage [37].

Furthermore, LEA proteins enhance plant salt and drought tolerance. LEA pro-
teins also play an important role in the adaptive responses to water deficit in higher
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plants [38]. Transgenic tobacco (Nicotiana tabacum) plants heterologously expressing melon
(Cucumis melo) CmLEA-S display greater tolerance to drought and salt compared to wild-
type plants [39]. In this study, oslealb mutants were more sensitive to drought stress
than wild-type plants, showing extremely low survival rates and significantly increased
cellular ROS levels. CATALASE B (OsCATB), ASCORBATE PEROXIDASE 1 (OsAPX1),
PEROXIDASE 1 (OsPOX1), Ca**/H* EXCHANGER 1a (OsCAX1a), OsP5CR, OsNAC106,
HIGH-AFFINITY K+ TRANSPORTER 1,3 (OsHKT1;3), CYCLIC NUCLEOTIDE-GATED
CHANNEL 9 (OsCNGC9), RESPONSIVE TO ABA 21 (OsRAB21), OsRAB16a, and AMMO-
NIUM TRANSPORTER 3 (OsAMTS3) are stress-related genes [40-51]. The stress-induced
expression of these genes in oslealb confers the sensitivity of the mutants to drought stress.
This validates that OsLEA1b responds to drought stress by influencing the expression of
those genes. Our results indicate that OsLEA1b regulates stress tolerance. We will further
investigate the effects of overexpression of OsLEA1b on drought tolerance.

OsLEA1D is highly expressed in seeds yet barely detectable in other rice tissues. How-
ever, the drought sensitivity of oslealb mutants was observed in other parts of the plant,
such as the leaves. Additional studies are needed to explain how OsLEA1b, which is
enriched in the endosperm, regulates plant stress tolerance. Overall, our research reveals
that OsLEA1b regulates starch biosynthesis in the grain endosperm and plays an important
role in rice drought tolerance. This study provides useful information for potential genetic
improvement of rice yield and grain quality.

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

The oslealb mutants were generated by CRISPR/Cas9-mediated genome editing in the
japonica rice (Oryza sativa ssp. japonica) of ‘Zhonghua 11’ (ZH11) background. Homozygous
T, lines of oslealb were used in experiments. Rice plants were grown in a paddy field in
Hangzhou, Zhejiang province, China, during the regular growing season. Wild-type and
oslealb plants (pre-flowering) were subjected to normal temperatures (12 h of light at 28 °C;
12 h of darkness at 22 °C) and high temperatures (12 h of light at 35 °C; 12 h of darkness at
28 °C) in plant growth chambers. The average outdoor daytime temperature in Hangzhou
was 37 °C from 20 July 2020 to 20 August 2020.

4.2. Vector Construction and Plant Transformation

To knock out OsLEA1b using CRISPR/Cas9, single guide RNAs (sgRNA) target-
ing OsLEA1b (Os01g0276300) were cloned into the BGKO03 vector (Biogle, Hangzhou,
China; http:/ /www.biogle.cn/index/excrispr, accessed on 1 October 2014). The CRISPR/
Cas9-OsLEA1b construct was transformed into ZH11 calli via Agrobacterium tumefaciens
(Agrobacterium)-mediated transformation. Primer sequences used for vector construction
and validation are listed in Table S1.

4.3. RNA Extraction, RT-gPCR Analysis, and GUS Staining

Total RNA was isolated from roots, stems, leaves, flowers, and developing grains at
5,10, 15, 20, 25, and 30 days after fertilization (DAF) using an RNA extraction kit (Trizol,
Invitrogen, Carlsbad, CA, USA) following the manufacturer’s instructions. Total RNA
was reverse transcribed by priming with oligo (dT18) based on the instructions from the
ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). Gene expression was quantified by
reverse transcription quantitative PCR (RT-qPCR). RT-qPCR was performed using SYBR
Green Real-time PCR Master Mix (Toyobo) and a Light Cycler 480 system (Roche, Basel,
Switzerland). Relative gene expression was calculated using the 2-AACT method [52].
Primer sequences used in this analysis are listed in Table S1. The putative promoter region
of OsLEA1b (~2 kb upstream of ATG) was amplified by PCR and cloned into the EcoRI
and Ncol sites of pPCAMBIA1305. This construct was transformed into ZH11 calli through
Agrobacterium-mediated transformation. Positive T transgenic progeny were used to
detect GUS activity as previously described [52].
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4.4. Subcellular Localization

The OsLEA1b coding sequence was cloned into the pAN580-GFP vector capable of
generating an OsLEA1b-GFP fusion protein. The fusion construct and an empty vector
control (PAN580-GFP) were separately transformed into rice protoplasts [53]. GFP fluores-
cence was detected using a confocal laser scanning microscope with 488 nm (Leica TCS
SP5, Wetzlar, Germany).

4.5. Electron Microscopy

Dry and completely brown rice grains of oslealb mutants and the wild type were
randomly selected. Images were obtained using a HITACHI S3400N scanning electron
microscope (Hi-tachi, Tokyo, Japan). Scanning electron microscopy was performed as
described previously [54]. To examine the development of compound granules, transverse
sections (approximately 1-mm thick) of wild-type and oslealb endosperms at 10 DAF were
used to prepare semi-thin sections (800 nm). Samples were stained with I,-KI for 5 s
and subsequently examined under a light microscope (Nikon Eclipse 80i, Tokyo, Japan;
http:/ /www.nikon.com accessed on 1 January 2018). All treatments were performed as
described previously [55]. To observe amyloplast ultrastructure, developing seeds (10 DAF)
of wild-type and oslealb plants were analyzed using transmission electron microscopy
(H7650; Hitachi). Samples were treated as described previously [56].

4.6. Analysis of Endosperm Starch Physicochemical Properties

Total starch and amylose contents were measured using the Megazyme K-TSTA
and K-AMYL (Megazyme, Wicklow, Ireland) kits, respectively. Lipid and protein con-
tents in oslealb mutant and wild type were quantified following a previously established
method [54]. Gel consistency was measured according to published methods [57]. To
determine the pasting properties of endosperm starch, 3 g of milled rice flour (0.5 mm
or less, 14% moisture) was transferred into a sample vessel containing 25 mL of distilled
water. The sample was mixed and assessed using a Rapid Visco Analyzer (RVA Techmaster,
Newport Scientific, Narrabeen, Australia). To determine the chain length distributions of
amylopectin, 5 mg of rice powder was digested with Pseudomonas amyloderamosa isoamylase
(Megazyme) and then analyzed by capillary electrophoresis (PA800 plus pharmaceutical
analysis system, Beckman Coulter, Brea, CA, USA).

4.7. Measurement of POD Activity and H,O,, Proline, and MDA Levels

Peroxidase activity in leaves was measured using an Amplex™ Red Hydrogen Per-
oxide/Peroxidase Assay Kit (A22180). MDA, proline, and H,O; levels were determined
by visible spectrophotometry using a malondialdehyde (MDA) assay kit (A003-1,TBA
method), proline assay kit (A084-3-1), and hydrogen peroxide assay kit (A064-1-1, Nanjing,
Jiancheng biotechnology company), respectively.

4.8. Data Analysis

Data are presented as the means + standard deviation (SD), shown by error bars.
The chi-square (x?) test and independent samples t-test (* p < 0.05; ** p < 0.01; NS, not
significant) were used for statistical analysis using IBM SPSS Statistics 26 software.

5. Conclusions

In summary, we identified OsLEA1b, a heat-stress-responsive gene in rice grain filling.
OsLEA1D is highly expressed in the endosperm, and its coding protein localizes to the
nucleus and cytoplasm. The oslealb mutants had abnormal compound starch granules in
the endosperm cells and chalky endosperm with significantly decreased grain weight and
grain number per panicle, as well as significantly lower contents of starch, protein, and
lipid compared to the wild type. Moreover, OsLEA1b was induced by high temperature and
drought stress. The oslealb mutants showed more sensitivity to high temperatures. These
results indicate that OsLEA1b regulates starch biosynthesis and influences rice grain quality,
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especially under high temperatures. In conclusion, this research provides a valuable gene
resource and strategy for genetic improvement of rice grain quality.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/plants12234070/s1, Figure S1. Phylogenetic analysis and amino acid
sequence alignment of OsLEATb. Figure S2. Structure and expression pattern prediction of OsLEATb.
Figure S3. CRISPR/Cas9 mediated editing lines of OsLEA1b. Figure S4. Appearance analysis of WT
and oslealb mutants. Figure S5. Grains filling of WT and oslealb mutants. Figure S6. High temperature
induces the expression of OsLEA1b. Figure S7. OsLEA1D is a positive regulator of drought tolerance.
Table S1. Primers used in this study.
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Abstract: Salt is harmful to crop production. Therefore, it is important to understand the mechanism
of salt tolerance in rice. CIPK genes have various functions, including regulating salt tolerance
and other types of stress and nitrogen use efficiency. In rice, OsCIPK24 is known to regulate salt
tolerance, but other OsCIPKs could also function in salt tolerance. In this study, we identified another
OsCIPK—OsCIPK9—that can regulate salt tolerance. Knockout of OsCIPK9 in rice could improve
salt tolerance. Through expression analyses, OsCIPK9 was found to be mainly expressed in the roots
and less expressed in mature leaves. Meanwhile, OsCIPK9 had the highest expression 6 h after salt
treatment. In addition, we proved the interaction between OsCIPK9 and OsSOS3. The RNA-seq
data showed that OsCIPK9 strongly responded to salt treatment, and the transporters related to salt
tolerance may be downstream genes of OsCIPK9. Finally, haplotype analyses revealed that Hap6
and Hap8 mainly exist in indica, potentially providing a higher salt tolerance. Overall, a negative
regulator of salt tolerance, OsCIPK9, which interacted with OsSOS3 similarly to OsCIPK24 and
influenced salt-related transporters, was identified, and editing OsCIPK9 potentially could be helpful
for breeding salt-tolerant rice.

Keywords: OsCIPK9; OsSOS3; sat-related transporters; salt tolerance; rice

1. Introduction

An increase in the output of rice, as a staple food feeding almost half the world,
will be required over the next 50 years. Therefore, either a higher yield per ha or more
cultivated land is needed for a larger harvest. Making full use of the soil would make
higher yields achievable. However, salt in saline-alkali soil damages crop production.
Salinity includes osmotic stress, ionic toxicity, and nutritional deficiencies, which inhibit
rice development [1].

As a major abiotic stressor, researchers have focused on the mechanism of salt tolerance
using quantitative trait loci (QTL) mapping [2] and genome-wide association studies
(GWASs) [3,4]. With progress in rice genome sequencing, related genes that could be used
for rice breeding, such as SKC1, have been cloned [5]. SKC1 is a high-affinity K* transporter
which was cloned from Pokkali with extreme salt resistance. OsWRKY53 is a key regulator
cloned from GWAS which can regulate the expression of OsMKK10.2 in promoting ion
homeostasis and trans-represses SKC1 [4]. The superior alleles identified could be useful
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for breeding rice with salt tolerance. Meanwhile, greater yields would be obtained in
saline—-alkali soils with the use of salt-tolerant genes [6].

In addition to genes like SKC1, CIPK family genes have an important role in salt
tolerance. CIPK family genes are plant-specific proteins which interact with CBL and serve
as major downstream signaling components [7,8]. The CBL-CIPK network plays a vital role
in salinity stress, disease defense, drought tolerance, and other stresses [9]. In Arabidopsis,
the SOS (Salt Overly Sensitive) pathway was the first well-studied pathway, and this acts
as an example for other networks. The AtCBL4-AtCIPK24 complex activates downstream
AtSOS1, which affects Na* extrusion and long-distance Na* transport [10]. Also, AtCIPK24
can form an AtCIPK24-GI complex to delay the flowering time under saline conditions [11].
After that, another network, AtCBL10-AtCIPKS, was identified, which also regulates At-
SOS1 [12]. In addition to salinity stress, the ATCBL4-AtCIPK6 pathway regulates K*
allocation [13]. The AtCBL9-AtCIPK3 network can affect seed dormancy through activating
ABR1 in the nucleus [14]. In short, CIPK family genes have multiple functions in Arabidop-
sis. In rice, CIPKs can phosphorylate many transporters that have multiple functions in
various processes, such as nitrogen uptake [15], K* uptake [16], and microbe-associated
molecular pattern-induced defense [17]. OsCIPK9, 14, 15 regulates microbe-associated
molecular pattern-induced hypersensitive cell death, phytoalexin production, and defense
gene expression in cultured cells [18]. Twelve OsCIPK genes, including OsCIPK9, have
been demonstrated to be induced by salinity stress [19]. In addition, CIPKs are upregulated
during panicle development and abiotic stress [18]. In salt tolerance, OsSOS2 (OsCIPK24)
and OsSOS3 (OsCBL4) play vital roles [20]. The calcium-binding protein OsSOS3/CBL4
can sense the cytosolic calcium signal elicited by salt stress, then interact with and activate
0OsSOS2 (OsCIPK24). Then, activated OsSOS2/OsCIPK24 phosphorylates and activates
OsS0OS1 to regulate Na* homeostasis and improve rice tolerance to salt stress [21]. In
rice, the CIPK family has 33 members, with OsCIPK24 regulating salt tolerance [18], but
other OsCIPKs which may also have a role in salt tolerance are still unknown. A previous
study showed that the mutant Oscipk9 showed a mild salt tolerance [16], but the possible
mechanisms of salt tolerance and the haplotypes of OsCIPK9 are still unclear.

Here, we proved that OsCIPK?9 is a negative regulator of salt tolerance in rice using
CRISPR-Cas9. OsCIPK9 knockouts of rice showed an increased salt tolerance, and overex-
pression lines were more sensitive. The Na* concentration changed significantly after salt
treatment. OsSOS3 showed a higher expression in the OsCIPK9-cas line, and OsSOS3 inter-
acted with OsCIPK9. As determined through RNA-seq data, OsCIPK9 strongly responded
to salt treatment. We found obvious changes in the expression of transporters like OsKAT1,
especially under saline conditions. Finally, we analyzed the haplotypes of OsCIPK9 and
showed that the haplotype of OsCIPK9 had an obvious subpopulation classification.

2. Results
2.1. OsCIPK9 Negatively Regulated Salt Tolerance

To study the specific role of OsCIPK9 in rice, we constructed knockout lines us-
ing CRISPR-Cas9. One knockout line (OsCIPK9-cas) with a base insertion was identi-
fied (Figure 1a). The insertion caused a frameshift, and translation stopped after 148 aa
(Figure 1a). The protein sequence of the knockout line showed that the domain lacked 140
normal amino acids (143-283) and contained six mutated amino acids (from 143 to 148)
compared to that of the wild type (Figure 1b). We also created overexpression lines for
further function validation. The overexpression lines OsCIPK9-OE2 and OsCIPK9-OE3
had approximately 9- and 5-fold higher expressions than the wild type (Nipponbare),
respectively (Figure 1c).

To verify whether OsCIPK9 could function in salt tolerance, we treated the transgenic
lines and wild type with 0 and 120 mM NaCl. As a result, the knockout line (OsCIPK9-cas)
showed a higher tolerance to salt treatment, while the overexpression lines were more
sensitive (Figure 2a—c). The OsCIPK9-OE2 and OsCIPK9-OES3 lines had a lower relative
fresh weight compared with the WT, while that of the knockout line was higher (Figure 2d,e).
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We also measured the Na* and K* concentrations of whole seedlings. In the shoots, the
four lines showed no differences in Na* concentrations and Na*/K* content ratios under
no-salt conditions (Figure S1), but a discrepancy was observed under salt treatment, in
which these values were higher in the OE lines and lower in the knockout lines (Figure 2f,h).
In the roots, the Na* concentration of the OE lines was lower than the wild type and the
knockout line under no-salt conditions, but displayed almost no difference under saline
conditions (Figure S1). The Na*/K* content ratio was higher in the OE lines than in the
knockout lines (Figure 2g,i). Thus, OsCIPK9 conferred salt tolerance in rice, and knocking
out this gene improved salt tolerance through regulating the Na concentration.
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Figure 1. Transgenic line construction. (a) Targeted mutagenesis of OsCIPK9 with CRISPR/Cas9.
The mutant alleles have 1 nucleotide insertion in OsCIPK9-cas. The base shown in red represents
the inserted nucleotide. The amino acids in red represent mutated amino acids. The line below
in nucleotides represents the positions which translated the mutated amino acids. (b) The result
of protein alignment between Nipponbare and OsCIPK9-cas. The domain was predicted in Pfam
(pfam.xfam.org, accessed on 30 August 2022) presented in red square. (c) The expression of Nippon-
bare and overexpression lines (OsCIPK9-OE2, OsCIPK9-OE3). **: p < 0.01. Statistical significance
(versus Nipponbare) was calculated using a Student’s ¢-test.

2.2. Expression Pattern of OsCIPK9

To determine the expression pattern of OsCIPK9, various tissues were collected and
the mRNA abundance of OsCIPK9 was examined using RT-PCR analysis. The results
showed that OsCIPK9 was most expressed in the roots and least expressed in mature
leaves (Figure 3a). Also, we measured the expression at different time points after salt
treatment. The results show that OsCIPK9 had the highest expression 6 h after salt treatment
(Figure 3b). The knock-out line showed lower expression from 1 h to 7 days, with the
largest difference observed after 6 h. These results indicate that OsCIPK9 responded to salt
treatment, and knocking out the gene reduced the expression under salt treatment.
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Figure 2. The phenotype of Nipponbare and transgenic lines under 0 and 120 mM NaCl conditions.
(a—c) The phenotype of the wild type (Nipponbare), knockout line (OsCIPK9-cas) and overexpression
lines (OsCIPK9-OE2, OsCIPK9-OE3) under 0 mM and 120 mM NaCl conditions, bar = 10, 2, 2 cm.
(d,fh) Comparison of Nipponbare, knockout line (OsCIPK9-cas) and overexpression lines (OsCIPK9-
OE2, OsCIPK9-OE3) in terms of relative fresh weights, Na concentrations per plant and Na*/K*
content ratios in shoots under 120 mM NaCl conditions. #n = 3. (e,g,i) Comparison of Nipponbare,
the knockout line (OsCIPK9-cas) and overexpression lines (OsCIPK9-OE2, OsCIPK9-OE3) in terms of
relative fresh weights, Na concentrations per plant and Na*/K* content ratios in roots under 120 mM
NaCl conditions. n = 3. The data are presented as means + SDs. Statistical significance (versus
Nipponbare) was calculated using a Student’s ¢-test. Different letters indicate significant difference,
p <0.05.
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Figure 3. The expression of OsCIPK9 and OsSOS3. (a) The expression of OsCIPK9 in various tissues.
(b,c) Comparison of the expression of OsCIPK9 and OsSOS3 between Nipponbare and the knockout
line (OsCIPK9-cas) under 0 and 120 mM NaCl conditions. 7 = 3. The data are presented as means +
SDs.

2.3. OsCIPK9 Interacted with OsSOS3

According to the change in Na* concentrations in different transgenic lines, including
the knock-out and overexpression lines, we examined whether OsSOS3 in the SOS pathway
could interact with OsCIPK9 similar to OsSOS2/OsCIPK24. Firstly, OsSOS3 showed a
lower expression in Nipponbare compared with OsCIPK9-cas, while OsCIPK9 showed
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a higher expression (Figure 3b,c). Thus, we supposed that OsSOS3 may interact with
OsCIPK9, playing an opposing role in salt tolerance. To test this hypothesis, we analyzed
the interaction between OsSOS3 and OsCIPK9 using a yeast two-hybrid (Y2H) assay.
OsSOS3 strongly interacted with OsCIPK9 (Figure 4a). Also, we verified the interaction
between OsSOS3 and OsCIPK9 using an in vivo firefly luciferase complementation imaging
(LCI) assay in Nicotiana benthamiana leaf epidermal cells (Figure 4b). Taken together, these
results suggest that OsSOS3 could interact with OsCIPK?9 in rice.

a
AD BD

OsCIPK9 Empty

-

y ,
nLUC+0sS0S3-cLUC

Empty 0sS0S3

OsCIPK9 0OsSOS3

Bar =0.5cm

Figure 4. OsCIPK9 physically interacts with OsSOS3. (a) Y2H assay showing that OsCIPK9 can
interact with OsSOS3 (A). AD, activation domain; BD, binding domain; DDO, SD/-Trp/-Leu; QDO,
SD/-Trp/-Leu/-His/-Ade. (b) LCI assay showing that OsCIPK9 interacts with OsSOS3 in leaf cells
of N. benthamiana. Colored scale bar indicates the luminescence intensity in counts per second (cps).
CLUC, C terminus of LUC; NLUC, N terminus of LUC.

2.4. Transcriptome Analysis of OsCIPK9

To identify possible downstream genes influenced by OsCIPK9, we performed a
transcriptome analysis using knockout lines with different treatments (0 and 120 mM
salt). Many upregulated and downregulated DEGs (differential expression genes) were
identified, but the number of up- or downregulated genes under NaCl treatment was much
greater than under control conditions (Figure 5a). The DEGs included 2285 regulated genes
without salt treatment and 9190 genes under salt treatment. Only 1338 genes were found
for both treatments (Figure 5b). A GO analysis showed that genes in the plasma membrane
of cellular components were identified, but the number of genes under salt treatment
(1190) was more than three times that under no salt treatment (358) (Figures 5c and S2).
In biological processes, more genes were clustered in cell wall organization under no salt
treatment, while the ratio increased under salt treatment. Additionally, more genes were
grouped into translation and carbohydrate metabolic processes under salt treatment (Figure
53). The GO molecular function analysis showed that the DNA-binding transcription
faction activity process had a large number of genes with a lower Q value under no salt
treatment. Under salt treatment, the process with the most regulated genes was structural
constituents of the ribosome (Figure S4). Additionally, a KEGG analysis revealed almost
no difference between Nipponbare and OsCIPK9-cas without NaCl treatment (Figure 5d).
A large difference was identified under 120 mM NaCl treatment, as expected (Figure 5d).
In the KEGG analysis, almost all processes differed, including transport and catabolism,
signal transduction, and membrane transport. The processes consisted of the functions of
CIPKs, which have been reported previously [22]. The GO and KEGG results indicated
that OsCIPK9 strongly reacted to salt treatment and played a vital role in salt tolerance,
especially in membranes.

55



Plants 2023, 12, 3723

a ] 8000 oDown @mUp
8 6000 m 120mM
5 omM
» 4000
[
£ 2000 847
3
Z 0
omM 120mM
c d
Qualue
) . - 0 @120mM @O0mM
cytosolic large ribosomal subunit - ® ) _
cytosolic small ribosomal subunit - ) 0.002 Transport and catabolism &= 199
microtubule - ) Cell growth and death | 64
kinesin complex - [} 0.004 Signal transduction |[=eEF== 295
mitochondrial respiratory chain complex | - ® 0.006 Membrane transport [Pg38 35
cytosolic ribosome - (] Translation FFr—=
aleurone grain - ° 2000 Folding, sorting and degradation [=rg= 200
ribosome - ® 001 Transcription =g 116
polysomal ribosome - ) > Replication and repair =g 86
plasmodesma - ) 0012 g Carbohydrate metabolism =g 525
anchored component of membrane - o 0014 £ Global and overview maps [Fgg=== 317
cell wall Q- Biosynthesis of other secondary metabolites [EF5g= 249
plasma membrane - Gene Number 8 Amino acid metabolism 5= 233
Golgi apparatus - w Lipid metabolism F=57= 202
extracellular region -| @ o7 < _ Energy metabolism = 190
anchored component of plasma membrane - ® ® 303 Me‘al\ljlmtlsg‘ l‘?f cof?cttor:s and_vnam!gs g1112(§)
respiratory chain complex | Y _Metabolismolother.amino:acids: |
mitochondrial intermembrane space - ® : 55 Metabolism of tefpi{‘o'lds ?gd P0|'yk:tllf155 ’;?;
H H ucleotide metabolism
microtubule assotna:]eudc'cec:)rgsrlre]: g4 Glycan biosynthesis and metabolism 8 67
T T . 1190 Environmental adaptation [F&7= 244
0 02 o0& 0% o Aging _66
Rich Ratio 0 500 1000

Number of genes

Figure 5. The analysis of RNA-seq data. (a) The number of DEGs after 0 mM and 120 mM NaCl
treatment. (b) The overlap of genes identified after 0 mM and 120 mM NaCl treatment. (c) GO
analysis of genes identified by RNA-seq. The red circle highlighted the gene number of the plasma
membrane identified by GO analysis. (d) KEGG analysis of genes identified by RNA-seq.

The RNA-seq analysis showed that OsCIPK9 affected membrane transport. To identify
possible influencing genes in the membrane, we investigated the expression of previously
reported transporters, such as SKC1 and OsKAT1, in the RNA-seq data. Luckily, we
found that SKC1, OsKAT1, and OsNHX1 expression was higher in OsCIPK9-cas than in
Nipponbare under salt treatment (Figure 6a—c). In particular, the expression of OsKAT1 rose
almost 15-fold under salt treatment, but only 2-fold under no salt treatment (Figure 6b). To
verify the expression results, we used real-time PCR to measure the expression of the three
transporters and obtained results similar to the RNA-seq data (Figure 6d,e). Therefore, we
concluded that OsCIPK9 conferred salt tolerance by affecting the expression of salt-related
transporters expressed in the membrane, like OsKAT1.

2.5. The Haplotypes of OsCIPK9

OsCIPK9 plays a role in salt tolerance, and the haplotype of OsCIPK9 may be helpful in
breeding or for germplasm improvement in rice. To determine the haplotypes of OsCIPK9,
we analyzed them using SNP data from the Rice3K database. OsCIPK9 contains 21 SNPs
with 4 missense variants and 12 SNPs in the promoter (Figure 7a). All nine haplotypes
were identified based on SNP variants. Hapl predominantly emerged in japonica, mostly in
temperate Japonica (55.5%), while Hap6 and Hap8 (89.2%) were identified in indica. Hap2
and Hap9 were identified only in the Aus subpopulation. Hap3 and Hap7 were identified
in the Basmati subpopulation. Hap5 was identified in various subpopulations but was
rarely found in Indica (Figure 7b). A previous study demonstrated that the tolerance level
of INDICA was higher than that of japonica at the seedling stage [23]. Therefore, varieties
with Hap6 and Hap8 may have a higher salt tolerance than those with Hap1. Subsequently,
we analyzed the haplotype network. The results showed that an unknown haplotype
connected the haplotypes, mostly in Japonica and Indica (Figure 7c). Hap?7, which was found
in almost all Aus varieties, was the key haplotype connecting the present haplotypes in
Japonica and Indica (Figure 7c). These results indicate that OsCIPK9 has a subpopulation
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classification, and Hap?7 is the key haplotype that connects the haplotypes existing in
Japonica and Indica.
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Figure 6. The expression of related transporters. (a—c) The FPKM of SKC1, OsKAT1, and OsNHX1.
(d—f) The relative expressions of SKC1, OsKAT1, and OsNHX1.
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Figure 7. Analysis of haplotypes of OsCIPK9. (a) Haplotypes of OsCIPK9 based on the Rice3K
database. The green represented the same nucleotides with the reference. The yellow represented the
variations compared with the reference. (b) The distribution of subpopulations in each haplotype.
(c) The gene network of different haplotypes. Pos: position; Alle: allele; Anno: annotation; GJ:
japonica, tmp: temperate, sbtrp: subtropical, trp: tropical, adm: admix. XI: indica, Bas: basmati, Pro:
promoter variation, Syn: synonymous variation, Mis: missense variation, Intron: intron variation.

3. Discussion

In a previous study, OsCIPK9 was found to regulate ammonium-dependent root
growth [15]. Also, AtCIPK23 was found to function in salt tolerance and nitrogen use,
including nitrate and ammonium in Arabidopsis. Here, knocking out OsCIPK9 increased
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the tolerance to salt stress at the seedling stage. Thus, this gene has multiple functions in
nitrogen use and salt tolerance. In our results, OsCIPK9-cas also showed higher expressions
of OsAMT1.1 and OsAMT2.1 than Nipponbare under salt stress, especially OsAMT1.1, with
a two-fold higher expression than the wild type (Figure S5), indicating that OsCIPK9 plays
a role not only in salt tolerance but also in ammonium transport. Overall, OsCIPK9 could
regulate nitrogen use and salt tolerance like AtCPIK23.

In this study, OsSOS3 was found to interact with OsCIPK9. In a previous study,
OsSOS2 was found to be activated by OsSOS3 [24]. Secondly, OsKAT1 and some other
transporter genes were differentially expressed. In a previous study, researchers found
that CIPK genes could phosphorylate transporters such as AtCIPK23 and CHL1 in Ara-
bidopsis [25]. The phosphorylation of CHL1 has different functions in nitrate transport and
sensing. In addition, AtCIPK23 can phosphorylate AtAMT1.1 and influence ammonium
uptake [26]. OsSOS2 can phosphorylate OsSOS1, which is a Na*/H" antiporter 1, and
regulates salt tolerance in rice [27]. Further studies should be performed to reveal whether
OsSOS3 can activate OsCIPK9 and whether OsCIPK9 can phosphorylate the transporters
detected in our study, which would provide more powerful evidence for salt tolerance.

AtSOS3 (AtCBL4) could function in salt tolerance by interacting with AtSOS2 (At-
CIPK24) [10]. In our study, we proved that OsSOS3 could also interact with OsCIPK9. This
result indicates that the CBL-CIPK network plays a vitally important role in plant salt toler-
ance. Also, AtSOS3 (AtCBL4) regulates K* homeostasis through the CBL4-CIPK6-AKT2
pathway [13]. Moreover, AtSOS3 (AtCBL4) was found to be involved in auxin transport [28].
In future studies, more phenotypes may be studied in the OsSOS3-OsCIPK9 pathway.

Other OsCIPKs like OsCIPK04 also responded to salt treatment according to a previous
study [19]. With the development of knockout technology, transgenic lines can be produced
more easily than before. Our study showed that OsCIPK9 could improve salt tolerance
using the knockout line. Future studies could focus on other OsCIPKs which may regulate
salt tolerance, and rapidly validate the function using CRISP technology. With more
OsCIPKs being identified in the future, we may identify a more comprehensive OsCIPK
pathway in salt tolerance.

A haplotype analysis showed that lots of variations were present between japonica and
indica. Japonica had a different evolutionary process compared to indica [29]. Thus, these
variations may cause a change in OsCIPK9’s function in salt tolerance. Complementation
experiments and functional studies of various haplotypes should be conducted in the
future. More evidence about the function or causal SNPs of different haplotypes would
help in molecular breeding, especially MAS (Marker Assistant Selection).

With progress in gene editing, more editing strategies, such as one-base editing and
primer editing, have been used for crop improvements [30]. OsCIPK9 is a negative regulator
of salt treatment; therefore, it is better to edit the genomic or promoter region of OsCIPK9
to produce new alleles for breeding. A haplotype analysis showed that the promoter had
more polymorphisms than the gene in our study. Therefore, editing the promoter and
creating more lines with differential expressions [31] would be useful for breeding based
on the evaluation of other agronomic traits.

4. Conclusions

In summary, we identified a negative regulator of salt tolerance in rice, OsCIPK9. In
addition, we proposed the possible mechanism in which OsCIPKO9 is involved through
interaction with OsSOS3. The most affected cellular component was that of the plasma
membrane, and the downstream genes of OsCIPK9 may be the transporters located in
the plasma membrane, like OsKAT1, as observed through RNA-seq analyses. Finally,
we suggest the possible pathway of salt tolerance in rice in which OsCIPK9 is involved
(Figure 8). Our study shows that other OsCIPKs could also function in salt tolerance, like
OsCIPK24. In addition, OsSOS3, which can interact not only with OsCIPK24 but also with
OsCIPKO9, regulates salt tolerance in rice. More importantly, our study investigated more
OsCIPKs which may regulate salt tolerance in rice.
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Figure 8. The pathway of OsCIPK?9 in the salt tolerance of rice.

5. Materials and Methods
5.1. Plant Materials and Transgenic Lines Construction

The Line japonica Nipponbare was used as the wild type, and CRISPR/Cas9 technology
was used to produce the knockout line (OsCIPK9-cas). The pam sequence is shown in
Figure 1a. The full CDS of OsCIPK9 was cloned from the cDNA of Nipponbare, and the
pCUbi1390 recombination vector was constructed. Overexpression lines were developed
using Agrobacterium-mediated genetic transformation. Two independent overexpression
lines (OsCIPK9-OE2 and OsCIPK9-OE3) were isolated from transgenic lines. The expression
of overexpression lines was determined using real-time PCR.

5.2. Salt Treatment and Phenotypic Identification

The seeds of all lines were geminated and grown in Yoshida nutrition solution for
14 days. NaCl concentrations of 120 mM and 0 mM (CK) were used for the treatment and
control, respectively. The traits, including fresh weight and Na* and K* concentrations,
were measured 7 days after NaCl treatment. Relative fresh weight = fresh weight under
no salt conditions — fresh weight under salt treatment. Na* and K* concentrations were
determined according to the method described by Wang et al. [32].

5.3. Y2H Assays

A Y2H assay was performed with a MatchMaker GAL4 Two-Hybrid System (Clon-
tech, Mountain View, CA, USA, https://www.takarabio.com/, accessed on 14 August
2023). The full-length coding sequences of genes (OsCIPK9 and OsSOS3) of interest were
cloned from the cDNA of Nipponbare into pGADT7 and pGBKT7 (Clontech, Moun-
tain View, CA, USA, https://www.takarabio.com/, accessed on 14 August 2023), and
different combinations of constructs were transformed together into the yeast (Saccha-
romyces cerevisiae) AH109 strain. Positive transformants were selected on synthetic dropout
(SD/—Leu/—Trp, DDO) nutrient media, while the interactions were screened in SD
medium (SD/—Leu/—Trp/—His/—Ade, QDO).

5.4. Firefly LCI Assays

The coding sequences of OsCIPK9 and OsSOS3 were cloned into the pCAMBIA-
nLUC or pCAMBIA-cLUC vectors. These constructed vectors were introduced into the
Agrobacterium tumefaciens strain EHA105. Various combinations of EHA105 strains were
used to infiltrate N. benthamiana leaves. The relative LUC activity was measured by using a
Nightshade LB 985 system (Berthold Technologies, Baden, Germany, 10 August 2023), as
described previously [33].
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5.5. RNA-Seq

Additionally, the roots of different lines under 0 and 120 mM NaCl treatments were
collected for RNA-seq analysis. The total RNA of three independent plants was isolated
using a plant RNA purification reagent (Invitrogen, Shanghai, China, 10 November 2022).
RNA-seq was performed using the BGI T7 platform, and analyses of DEGs (Differentially
Expressed Genes), KEGG (Kyoto Encyclopedia of Genes and Genomes), and GO (Gene
Ontology) were performed using Dr. Tom website produced by BGI, China (https:/ /biosys.
bgi.com, accessed on 20 January 2023). The expression of all genes produced via RNA-seq
is listed in Table S1.

5.6. Real-Time PCR

The total RNA of different tissues and roots at different time points was extracted
using an RNA prep Pure Plant Kit (Tiangen Biotech, Beijing, China). Then, ~1 g of total
RNA was reverse-transcribed into cDNA using a PrimeScipt™ Reverse Transcriptase
kit (Takara, Shiga, Japan, www.takarabio.com, accessed on 5 March 2023). Quantitative
RT-PCR assays were performed using an SYBR Premix Ex Taq™ kit (Takara, Shiga, Japan,
www.takarabio.com, accessed on 5 March 2023). Real-time PCR was performed in a real-
time PCR machine (I-Cycle, Bio-Rad, Hercules, CA, USA ). The primers are listed in Table S2.
The rice UBQ (Os03g0234350) gene was used as an internal control.

5.7. Haplotype Analysis

SNP data of Rice3K were downloaded from the Rice SNP-Seek Database (https:/ /snp-
seek.irri.org/, accessed on 5 June 2022). The haplotypes were separated based on all SNP
variants of the OsCIPK9 gene and promoter (~2K upstream sequence of OsCIPK9). The
subpopulations of rice were divided into japonica (temperate, subtropical, tropical, and
admix), indica (1A,1B,2,3, and admix), Aus, Basmati, and admix. The haplotype network
was constructed using PopART software (https:/ /popart.maths.otago.ac.nz/, accessed on
5 July 2022) [34].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants12213723/s1, Figure S1: Comparison of Nipponbare (Nip),
knock-out line (OsCIPK9-cas) and overexpression lines (OsCIPK9-OE2, OsCIPK9-OE3) Na concentra-
tions per plant and Na* /K" content ratios in shoot and root under 0 mM NaCl conditions; Figure S2:
The result of GO cellular component analysis between OsCIPK9-cas and Nipponbare under 0 mM
NaCl treatment; Figure S3: The result of GO biological process analysis between OsCIPK9-cas and
Nipponbare under 0 mM and 120 mM NaCl treatment; Figure S4: The result of GO molecular function
analysis between OsCIPK9-cas and Nipponbare under 0 mM and 120 mM NaCl treatment; Figure S5:
The FPKM of OsAMT1.1 and OsAMT2.1 in Nipponbare and knock-out line (OsCIPK9-cas) under
0 mM and 120 mM NaCl conditions; Table S1: The expression of all genes produced by RNA-seq;
Table S2: The list of primers.
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Abstract: Flood resistance in rice is very important in weed control, as weeds cannot overcome deep
water. At present, there are no released varieties in Russia that would meet these requirements. The
creation of such varieties will reduce production costs and pesticide load on the ecosystem. The
object of the study was second-generation rice hybrids obtained by crossing the best varieties for
economically valuable traits with samples carrying genes for resistance to prolonged flooding with
water. To create double rice haploids resistant to prolonged flooding, the anther culture method was
used, followed by molecular genetic evaluation of dihaploids for the presence of genes for resistance
to prolonged flooding. An estimate of the growth energy under deep flooding was carried out
according to our own method. As a result of the cultivation of anthers, 130 androgenic regenerated
plants were obtained in 14 hybrid combinations. In terms of responsiveness to neoplasms, 60% of the
panicles showed a positive result, while the rest 40% did not demonstrate callus formation. In total,
30 green regenerative lines were obtained from four rice hybrids, differing in visual morphological
assessment. Large genotypic differences between the samples were revealed. These lines carry
long-term flood resistance genes and can be used in rice breeding programs using dihaploids. As
a result of the assessment of the growth energy in a number of obtained samples, the potential for
rapid elongation of the first leaves, overcoming a large layer of water and accumulation of vegetative

mass, was revealed.

Keywords: rice; grade; hybrid; lines; anther; induction; callus; regeneration; dihaploid; flood resistance

1. Introduction

Rice is one of the main food sources for more than half of the world’s population and is
the third largest grain producer. Breeders are constantly looking for biotic and abiotic stress
resistance mechanisms to improve yields under stressful conditions. Great importance is
attached to increasing flood resistance. If flooding persists for several days, then crops of
unstable varieties die, and yields are lost [1,2].

During vegetative growth, rice uses various flood protection strategies. Genetic
variability of plant response includes various schemes: (1) dormancy, which allows to
withstand a long time under water, (2) a strategy of rapid stem elongation with changes in
plant structure and metabolism [1].

The SUB1A locus belongs to the genes that control flood resistance, which manifests
itself in waiting for the onset of an unfavorable factor. The dormant state is observed in
rice varieties with the SUB1A locus, which limit starch mobilization and thus produce less
ethanol and other fermentation products, and also affect the processes associated with
aging [1,3].

The discovery of the main quantitative trait loci Sub1 (QTL) on rice chromosome 9,
the principal contributor to flooding tolerance, was a significant step forward in flooding
tolerance research [3].
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Researchers have identified two additional loci associated with flood resistance:
SNORKEL 1 and SNORKEL 2 (chromosome 12). Plants with these genes show rapid
growth and coleoptile elongation during development under anaerobic conditions, which
is called the “tube effect” [4].

This type of adaptation mechanism prevails in deep-sea lowland rice, where a signif-
icant elongation of shoots keeps the plant from completely submerging with a constant
increase in flood water levels. SK1 and SK2, genes of ethylene sensitivity factors, which
were found in the deep-sea rice variety C9285, play a vital role in lengthening the internodes
of plant shoots in response to immersion. Both genes act in opposition to Sub1l. The Subla
gene allows the rice plant to withstand flash floods by limiting the elongation of shoots
until flood waters recede. The slower lengthening of coleoptiles, the development of toler-
ant varieties adapted to the conditions of sudden floods, thus preserves the accumulated
biomass, which is used to continue growth after leaving the water [4].

An important aspect of the use of rice flood resistance, most relevant for Russia, is the
fight against weeds due to the deep water layer, which weeds cannot overcome and die.
This leads to positive effects such as the absence of the need to use herbicides, a reduction
in the cost of a unit of production, an increase in the quality of products that can be used in
the production of products for children and diet food, and the absence of environmental
damage [5,6].

Varieties with genes for this resistance have been found in Asia. It is necessary to
transfer these genes into the germplasm of Russian varieties. To speed up this process,
it is necessary to rationally combine classical breeding methods with biotechnological
methods, which allows solving the tasks set in a shorter time [7]. Therefore, in addition to
the classical methods of creating new rice varieties, androgenesis and haploidy are widely
used [8]. Rice growing countries of the world have long used the cultivation of anthers
on an artificial nutrient medium in breeding work [9-11]. The use of anther culture in
breeding work allows for quickly obtaining homozygous plants that are resistant to various
stressful environmental conditions, including drought, soil salinity, extreme temperatures
and diseases.

Growing anthers on an artificial nutrient medium makes it possible to obtain rice
haploids and homozygous dihaploids in 1-2 years. Extensive work on this technique is
being carried out at the Federal State Budget Scientific Institution “Federal Science Center
of Rice” [12-14] and the Primorsky Research Institute [15,16]. In order to obtain hundreds
and thousands of lines in anther culture in vitro, it is necessary to ensure a large percentage
of regeneration of green buds and plants in each hybrid combination [17-19]. Indicators of
regenerative ability vary greatly depending on the hybrid and genotype, i.e., even within
the same hybrid combination; different plants provide different rates of callus formation
and regeneration of green plants from very low to very high. Thus, it is necessary to cover
as many hybrid plant genotypes as possible for use in in vitro culture [20-22].

The aim of the study was to obtain rice dihaploids by cultivating anthers in vitro to
accelerate selection for resistance to prolonged flooding.

2. Materials and Methods

Donor plants and growth conditions. The object of the study was rice hybrids of the
second generation, obtained by crossing the best varieties for economically valuable traits
with samples that do not have genes for resistance to prolonged flooding (Table 1).

The flood resistance locus SUB1A was transferred from donors Inbara-3, IR-64, Br-11,
CR-1009, TDK-1. The donors of the SNORKEL 1, 2 genes were Khao Hlan On, Kharsu 80A, and
Ma-Zhan Red. Local varieties Novator, Magnat, Contact and Kuboyar were used as a control.

Panicle selection and pre-treatment. The selection of panicles was carried out in the
fields of the laboratory of rice breeding and seed production of the Agricultural Research
Center “Donskoy” in Proletarsk, Rostov Region, in 2022 in the morning, in clear weather.
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Table 1. Varieties—donors of resistance to prolonged flooding.

Variety Gene Country of Origin
Novator - Russia
Magnat - Russia
Contact - Russia
Kuboyar - Russia
Br-11 SUB1A Bangladesh
CR-1009 SUB1A India
Inbara-3 SUB1A Indonesia
IR-64 SUB1A Philippines
TDK-1 SUB1A Laos
Khao Hlan On SK1, SK2 Myanmar
Kharsu 80A SK1, SK2 Pakistan
Ma-Zhan Red SK1, SK2 China

A morphological trait suitable for the selection of shoots was the distance from the ear
of the flag leaf to the ear of the next leaf, which should be from 5 to 10 cm [4,6,23].

Selected shoots were subjected to surface sterilization with 96% alcohol for 3 min.
After that, they were placed in vessels with water, covered with a plastic bag, and exposed
to low positive temperatures (5 °C) for 7-10 days in a refrigerator (Liebherr-Hausgeraete,
Ochsenhausen, Germany).

Panicle sterilization. Before introduction into the culture, flag leaves were removed
from the panicles, twigs with pollen grains in the stage of medium and late mononuclear
microspores were selected according to morphological characteristics and the rest were
removed. The twigs were wrapped in sterile gauze and loosely fastened with thread. Then,
they were immersed in a sterilizing solution of 5% sodium hypochlorite (Sigma, St. Louis,
MI, USA) for 10 min and washed three times in sterile distilled water.

Determination of the stage of development of microspores. From each panicle, from its
middle part, 2-3 spikelets were isolated to determine the stage of development of microspores.
Spikelets were placed on a glass slide and anthers were removed using dissecting needles.
Then, the anther was cut across and the microspores were squeezed out, while two drops of
acetocarmine (Merck Peruana S.A., Lima, Pert) were added, heated over an alcohol burner
and left for staining (10-15 min). After that, the preparation was covered with a cover slip
and examined under a microscope (ADF U300FL, Ningbo, China) (see Figure 1a). The most
appropriate stage in the development of microspores is the transition from the late single-core
to the early two-core stage. However, the middle uninuclear stage of microspore development
has been identified as optimal for an effective androgenic response [1].

Preparation medium. Callus formation was induced from rice anthers on Blades nutri-
ent medium containing 2.0 mg/L 2,4-D (Sigma, USA), 30 g/L sucrose (Panreac, Barcelona,
Spain) and 8 g/L agar (MerckRGaA, Saint Louis, USA). For regeneration, morphogenic
callus was transplanted onto Murashige and Skoog (MS) base medium with 1.0 mg/L NAA
(Sigma, USA), 5.0 mg/L kinetin (Sigma, USA), 20 g/L sucrose, and 8 g/L agar (Table 2).
The prepared nutrient medium was poured into test tubes with a diameter of 20 mm,
autoclaved (Tuttnauer 3870 ELV, Beit Shemesh, Israel) for 15 min at a temperature of 121 °C
and a pressure of 0.9-1.0 atm. Immediately after sterilization, tubes with hot medium were
placed at an angle of about 30 °C to obtain an inclined agar and left to solidify [7,14].

Anther inoculation and callus induction. Anthers were inoculated under aseptic condi-
tions in a laminar flow hood (BMB-II-Laminar-S, Miass, Russia), which was sterilized with
ultraviolet lamps. The instruments used were also partially sterilized (SteriMaxsmart-WLD-
TEC, Arenshausen, Germany). All items needed in the working process were treated with
96% ethyl alcohol and then burned in the flame of an alcohol burner. Sterile instruments
were placed between sheets of thick wrapping paper previously sterilized by dry heat in
an oven (BinderFD23, Tuttlingen, Germany) at 130 °C for 2 h (from the moment the set
temperature was set).
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Figure 1. Stages of obtaining rice regenerant plants in anther culture in vitro: (a)—microspores in the

middle single-core stage; (b)—neoplasms on anthers; (c)—morphogenesis on calluses; (d)—cultivation
of regenerating plants in the soil.

Table 2. Composition of media for the cultivation of rice anthers.

Induction Medium Regeneration Medium
Media Components (Blaydes, 1966) (Muraschige and Skoog, 1964)
(mg/L) (mg/L)
Macro salts
NH4NO; 1000 1650
KNO3 1000 1900
Ca(NO3), x 4 H,O 347 440
KH,PO4 300 170
MgSO4 x 7 H,O 35 370
KCl 65 -
Micro salts
ZI‘ISO4 X 7H20 1.5 8.6
H3BO;3 1.6 1.6
MnSO, x 4 H20 4.4 6.92
KI 0.8 0.83
NayMoO4 x 2 H,O - 0.25
CuSO4 x 5 H,O - 0.025
CoCl, x 6 H,O - 0.025
Iron source
FeSO,4 x 7H,0 27.8 27.8
Na,EDTA 37.2 37.2
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Table 2. Cont.

Induction Medium Regeneration Medium
Media Components (Blaydes, 1966) (Muraschige and Skoog, 1964)
(mg/L) (mg/L)
Vitamins
Nicotinic acid 0.5 0.5
Pyridoxine HCI 0.5 0.5
Thiamine HCI 0.5 0.5
Other componentss
myo-Inositol 100 100
Glycine 2.0 2.0
Agar 8.0 8.0
Sucrose 30.0 20.0
Growth regulators
2,4-D 2.0 -
NAA - 1.0
Kinetin - 5.0
6.0 6.0

Anthers were separated from the spikelets and transferred to the medium in an amount
of up to 30 pcs. into a test tube using a scalpel, tweezers and a dissecting needle, closed it
with a foil cap and placed in a thermostat with a temperature of 28 4+ 2 °C and a relative
humidity of about 50% (Binder KV400, Tuttlingen, Germany) for 30-50 days (Figure 1b).

Planting calluses and plant regeneration. The morphology of calli is closely related to
their ability to regenerate plants [14]. The morphological assessment of rice calluses can be
described as follows:

(1) With meristematic foci, light shades, fine-grained, medium density (morphogenic);
(2)  Spherical, white, light yellow, medium density (morphogenic);

(3) Dense, white, fine-grained (morphogenic);

(4) Loose, moist, with vascular cords (rhizogene);

(5) Granular, loose, brown, with large cells (very low ability to morphogenesis);

(6) Watery, dark brown, with large shapeless cells of different sizes (non-morphogenic).

Morphogenic calli 1 mm in size or more were placed on Murashige and Skoog regen-
eration medium poured into test tubes 20 mm in diameter (Figure 1c). Tubes with callus
explants were incubated in an illuminated growth room with a temperature control of
25 £ 2 °C, illumination of 2000 Lux, and a photoperiod of 15 h/9 h. After 15-20 days,
regenerated plants were formed in the light [6,7].

Acclimatization of regenerative plants and planting them in the soil. Regenerants with
a developed root system and 4-5 leaves at least 8 cm long were planted in a pot culture
(Figure 1d). The root system was thoroughly washed from the agar medium and left for a
day in glasses with water. The soil was preliminarily sieved, sterilized (3 h in a dry oven at
a temperature of +110 °C) and moistened. Containers with plants were placed in a bright
room, without direct lighting, so that a sharp change in environmental conditions would
not have a negative effect on the plants.

After that, the regenerator plants were transferred to the greenhouse, where their
development continued until flowering, seed formation and maturation. The following
microclimate parameters were favorable for rice plants: daytime temperature 25 °C, illumi-
nation more than 5000 lux; night temperature 20 °C, illumination 0 lux; humidity 70-80%;
photoperiod 12 h [6,7].

One feeding session was carried out with a nutrient solution (1/2 MS). Plants were
watered 3—4 times a week, depending on the drying of the soil in the growing vessels.

Diagnosis of plant ploidy. To restore fertility in haploid plants, it is necessary to
induce chromosome duplication. However, rice haploids obtained by cultivating anthers
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usually undergo spontaneous diploidization. In this work, plants were not treated with
polyploidizing agents.

The ploidy of the resulting regenerative plants at the stage of growth and development
(before seed formation) was determined by morphological traits such as plant height and
leaf size. Plants with normal morphological features were considered doubled haploids.
Haploid plants [23] had a low plant height and narrow leaves. The tetraploids were very
tall, with large leaves. Simultaneously, the content of nuclear DNA in different groups
of regenerated plants was determined. The DNA content was determined using a flow
cytometer (MuseCellAnalyzer, Austin, TX, USA). Green regenerative plants obtained from
calli were evaluated. The plant material (leaves) was subjected to freeze-drying.

A leaf sample with an area of 1-2 cm? was crushed with a spatula in a Petri dish in
1 mL of cooled Tris-MgCl, buffer. The buffer contained 0.2 m Tris base (Molekula Ltd.,
Darlington, UK), 4 mM MgCl, x 6H,O (Amresco, Solon, OH, USA) and 0.5% TritonX-100
(Sigma, USA) supplemented with 1 pL./mL 3-mercaptoethanol (Sigma, St. Louis, MI, USA),
50 ng/mL propidium iodide (Sigma, USA) and 50 pg/mL RNase (Syntol, Moscow, Russia).
The samples were filtered through a nylon membrane filter with a pore size of 50 um. Ficus
benjamin L. embryos isolated in a similar way with a known DNA content of 2C = 1.07 pg
were used as an external standard [24,25].

Molecular genetic assessment of the presence of flood resistance genes.

All obtained regenerative rice lines were evaluated by two molecular markers (Table 3).

The genomic DNA of the isolated samples was extracted from freshly cut leaves
by the CTAB method (Panreac, Barcelona, Spain) on a homogenizer (Bertin Precellys 24,
Montigny le Bretonneux, France). Homogenization was carried out in two stages of 30 s, at
a speed of 3000 rpm. The quantity and quality of the isolated DNA were assessed using a
spectrophotometer (Implen Nanophotometr NP80, Munich, Germany). The isolated DNA
was placed in an amplifier (Bio-RadT100, Richmond, CA, USA) for PCR. The samples were
then placed in a gel electrophoresis chamber. The gel was prepared on the basis of a 0.5-fold
TBE buffer 10 x (Evrogen, Moscow, Russia) (100 mL) and agarose (Amresco, Solon, OH,
USA) (2 g). After PCR, 3-5 uL of 6x TriK dye (Biolabmix, Novosibirsk, Russia) was added
to each tube with a sample after PCR. A molecular weight marker was also applied to
the agarose gel. The duration of electrophoresis ranges from 30 min to 2 h, depending on
the expected size of the amplificates. Then, the gel plates were placed for 20-30 min in a
solution of ethidium bromide fluorescent dye (Sigma, USA) for staining. After that, the
gel was removed, carefully washed in a cuvette, and photographed under ultraviolet light
using a gel photodocumentation system (Bio-RadGelDocXR+, Richmond, VA, USA) [26].

Evaluation of resistance of rice samples to long-term flooding by the method of
germination under stress conditions. To estimate the growth energy during prolonged
flooding, our own method was developed. Glass test tubes (1.5 cm in diameter and 15 cm
in height) were used for rice seed germination and plant growth. The seeds were placed in
a test tube, filled with distilled water to a depth of 10 cm, and incubated in the light under
room conditions at a temperature of 28 °C (Figure 2).

On the 5th, 7th, 9th, 11th days, the length of the sprout was measured to determine
the growth dynamics.

Observations and statistical analysis. Mathematical and statistical data processing was
carried out in MS Excel.
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Figure 2. Germination of rice seeds in test tubes under stress.

Table 3. Molecular markers of quantitative trait loci associated with long-term flood resistance in rice.

Gene Primer Subsequence (5'-3) Size (bp) Link
RM 7481 F CGA CCC AAT ATCTTT CTG CC .
SUB1A RM 7481 R ATT GGT CGT GCT CAA CAA G % Azarin etal, 2016 [27]
SNORKEL1 1 ATG TGC GGA GGT TGT CTC AT 743 Oe et al., 2021 [28]

1R

TCG TAG CGA CAG CCG TACTG

3. Results and Discussion

Hybrids of Russian rice varieties with flood resistance donors were obtained in 2012-2013.
The donors of the SublA gene were crossed with the varieties Novator, Contakt, Magnat, and
the donors of the Snorkel and AG genes were crossed with the varieties Contakt and Kuboyar.
The donors were extremely late-ripening and photosensitive; therefore, in subsequent years,
mid-ripening recombinants capable of maturing in the Rostov region were selected. As a
result of long-term selection of forms with a complex of economically valuable traits, a group
of self-pollinated lines was formed, among which there were plants with resistance genes. To
identify them, physiological and genetic studies were carried out, during which lines with
genes of interest were selected. Subsequently, they were crossed with the best varieties and
among themselves for the pyramiding of genes.

To speed up the selection process, it is necessary to obtain homozygous lines from
second-generation hybrids using androgenesis.

The creation of double rice haploids resistant to prolonged flooding by the anther culture
method is a two-stage process: the initial development of the callus and the subsequent
regeneration of green plants from the embryogenic callus [13,25]. Features of androgenesis in
hybrid combinations of rice were studied by cultivating anthers on Blades induction medium.

As a result of the experiment, in 2022, 12,604 anthers were extracted from 68 hybrid
rice panicles (26 crossing combinations) and planted on an induction nutrient medium. The
maximum number of anthers was planted in hybrid 5016/2—339 pieces, and the minimum
was 4773 /1—47 pieces.

When anthers of all genotypes were cultivated on an induction medium, neoplasms
appeared from them—embryo-like structures (single embryoids and polyembryoids) and
callus. When cultivated on a regenerative medium, as a rule, the callus and part of the
embryonic structures remained unchanged. Some of the germ-like structures developed
roots, while another part had solitary seedlings or clusters of seedlings. The appearance of
callus and germ-like structures began on the 30-33rd day from the moment the anthers were
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planted on the nutrient medium. Dense or slightly transparent, well-defined neoplasms
were classified as embryo-like structures. Callus formation continued for another four
weeks; the anthers were on the medium for two months.

As follows from the above data, not all hybrid combinations of rice showed the ability
to form callus and embryo-like structures. The amount of callus formation in the anther
culture varied significantly both between hybrid combinations and in different plants
from the same hybrid combination, which, apparently, is due to genotypic differences, as
well as the influence of external factors (explant quality, growing conditions etc.). In total,
716 neoplasms were obtained, which is, on average, 10 pcs. per plant, taking into account
non-susceptible ones (Table 4).

Table 4. Results of cultivation of rice anthers (2022).

Non- Total
Inoculated Number of . . Green Albino
Ne Sample N2 Plant e Morphogenic Regenerating Plants, pcs. Plants, pcs.

Anthers, pcs. Neoplasms, pcs. Callus, ps. Plants, pes.

4
0

243
275
92

259
245
110

214
152
114

299
86
225

270
132
304
284

277
189
120

194
82
272

251
126
289
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258

212
119
278
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277
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86
184
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210
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Table 4. Cont.

Non- Total

Ne Sample Ne Plant Ne Al:tohc;‘lsatezls Nel:u;: :ni:. Ofcs Morphogenic Regenerating Pla?lrt:encs Pl?rﬂasmocs
s Pes. P s Pes- Callus, pcs. Plants, pcs. s Pes- s Pes.
2 82 3 3 0 0 0
16 4565 3 195 85 82 3 2 1
5 245 46 43 3 0 3
1 47 4 4 0 0 0
17 4773 2 114 0 0 0 0 0
3 59 1 1 0 0 0
2 339 1 1 0 0 0
18 5016 3 120 0 0 0 0 0
4 216 0 0 0 0 0
19 4758 1 209 4 2 2 0 2
1 248 62 37 25 0 25
20 5021 2 112 3 1 2 0 2
3 140 0 0 0 0 0
1 193 5 4 1 0 1
21 4641 2 194 69 48 21 18 3
1 51 4 2 2 0 2
22 5017 2 255 2 1 1 0 1
3 195 42 32 10 0 10
23 4526 1 80 10 3 7 0 7
1 85 12 9 3 0 3
24 4688 2 117 0 0 0 0 0
3 57 0 0 0 0 0
25 4617 1 83 1 1 0 0 0
1 104 0 0 0 0 0
26 4585 2 94 0 0 0 0 0
Sum 69 12,604 716 586 130 30 100
Average 25 185.35 10.53 8.6 1.91 0.44 147
Minimum 1 47 0 0 0 0 0
Maximum 4 339 94 87 25 18 25

According to the ability to neoplasms, 60% of the volume of the studied material
(39 panicles) showed a positive result, while 40% (29 pcs.) did not demonstrate callus
formation. The most sensitive to callus formation were the following four hybrid com-
binations: 5009/2—84 pcs., 5010/2—94 pcs., 4565/3—85 pcs., 4641/2—69 pcs. (Table 2).
The same samples showed the ability to carry out morphogenesis, while the remaining
combinations formed a non-morphogenic callus (in some cases up to 100%). Samples 5007,
5006, 5011 and 4585 showed no response to in vitro culture.

It was found that not only hybrid combinations differed among themselves in the
their callus formation abilities, but also individual plants within the same combination. For
example, in sample 5103, anthers were planted from three plants on a nutrient medium
with 259, 245, and 110 pieces. Of these, 20, 2 and 0 calli were formed, respectively, but only
4 regenerated plants appeared from the first one. From sample 4641, an equal number of
anthers was taken from two plants, including 193 and 194 pieces. However, in the first one,
5 calli were found, and in the second, 69 were found, that is, 14 times more. The former
subsequently developed only 1 regenerating plant, which was albino, while the latter had
18 green plants and 3 without chlorophyll. This indicates the presence of genetic factors
that significantly affect the ability of cells to callus formation and regeneration.

Green seedlings and albinos developed from the formed neoplasms during cultiva-
tion on a regenerative medium; structures developing by the type of root formation and
structures without development were also noted.
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The ability of calli to carry out morphogenesis was assessed by plant regeneration. The
studied rice samples formed 130 regenerated plants from 14 hybrid combinations. Of these,
only 25 plants were green. In total, four samples were isolated that formed regenerants
without chlorophyll defects in the leaves—5009/2 [(Inbara 3 x Novator) x Contact] —
3 pcs., 5010/2 [(Inbara 3 x Novator) x Contact] — 6 pcs., 4565/3 (IR64 x Magnate) — 2
pcs., 4641 /2 [(Inbara-3 x Contact) x (Khao Hlan On x Kuboyar)] — 14 pcs. Albino plants
died at the early stages of development, as they were not capable of photosynthesis and,
accordingly, of the autotrophic type of nutrition. The largest number of albinos was formed
in the sample 5021 /1—25 pcs.

As aresult of evaluating the efficiency of anther cultivation in rice hybrids, it was found
that the largest number of neoplasms per 100 cultivated anthers (76.9) was obtained in
sample 5009/2, which significantly exceeded the average value in the experiment (Table 5).

Table 5. Results of assessment of the effectiveness of anther culture of isolated rice samples (2022).

Number of The Number of Number of Green The Number of All
Sample Ne Plant \e Neoplasms/ All Regenerants/ Regenerants/ Regenerants/
per 100 Anthers per 100 Anthers per 100 Anthers per 100 Neoplasms
5009 2 70.6 * 14.3 % 42 20.2
5010 2 33.9 25 1.8 7.5
4565 3 43.6 15 1.0 3.5
4641 2 35.6 10.8 9.3% 30.4*
Average value 459 7.3 4.1 154
Standard 17.0 6.3 3.7 123
deviation

Note: * is a significant difference from the average value. 5009 (Inbara-3 x Novator) x Contact
(gene SublA). 5010 (Inbara-3 x Novator) x Contact (gene SublA). 4565 IR-64 x Magnate (gene SublA).
4641 (Inbara-3 x Contact) x (Khao Hlan On x Kubojar) (genes SublA and SK1).

Morphogenesis and the ability of neoplasms to form seedlings, including green and
albinos, were assessed on the basis of the indicator “the number of all regenerants per
100 planted anthers.” More plants were regenerated based on the hybrid combination
5009/2, which was significantly higher than the average value. In general, more regenerants
were formed in samples 5009/2 and 4641/2: 14.3 and 10.8, respectively.

Green plants are of practical interest; therefore, the most important indicator of anther
culture is the sign “number of green regenerants per 100 isolated anthers”. According
to this characteristic, sample 4641/2 had a higher value (9.3). The indicators of other
genotypes were at the level of the average value.

To assess the ability of neoplasms to regenerate seedlings, the number of all regenerants
per 100 neoplasms was determined. The maximum value of this characteristic was in the
hybrid combination 4641/2 (30.4). On average, new growths of sample 5009/2 (20.2) also
regenerated plants well. The remaining combinations formed fewer plants, but within the
average of the experiment.

Accession 4641 was obtained as a result of stepwise hybridization of the Inbara-3
variety (SublA gene), which is resistant to deep flooding, with the Russian early maturing
variety Contact, and then the fifth-generation line was used when crossing with a vigorously
growing accession (Khao Hlan On x Kubojar) carrying the Skl gene. These genes allow
seeds to germinate quickly and plants to vigorously overcome the water layer. Apparently,
this ability also affected the regenerative ability of callus cells, dramatically increasing the
number of regenerative plants.

It was established that regenerated plants were obtained from combinations with long-
term flood resistance genes: (Inbara-3 x Novator) x Contact (5009/2;5010/2), IR-64 x Magnat
(4565/3)—SublA gene, from the combination (Inbara-3 x Contact) x (Khao Hlan On x Kubo-
jar) (4641)—Sk1 gene.

Following from the results obtained in this work, there are strong differences in the
manifestation of signs of androgenesis in the anther culture between second-generation

72



Plants 2023, 12, 3681

rice hybrids carrying the target Sub1A, Snorkel 1, 2 genes. At the same time, the low ability
for androgenesis in these hybrids could depend on many factors. It has been established
that the composition of the nutrient medium for growing rice anthers most closely matches
the type of nutrition of this crop. There are studies showing that the rate and frequency of
callus induction can be increased up to 27.9%, and even higher in some types of genes [6,29].
These data are consistent with the studies conducted in our work, namely, the inclusion
of 2,4-D in the induction medium of 2.0 mg/L made it possible to obtain up to 70% of
neoplasms per 100 cultivated anthers.

In the course of the work, the quantity and quality of calli were taken into account for
each hybrid combination. Morphogenic calli were light, opaque, compact and had green
areas containing chlorophyll, which were zones of morphogenesis. This is confirmed in the
works of other authors [30].

The activation of morphogenesis processes and plant regeneration is stimulated by
the use of 1.0 mg/L of alpha-naphthylacetic acid (NAA) in combination with 5.0 mg/L of
kinetin. For example, in some works, samples with a low regenerative capacity (0.31-0.72%)
were isolated, in addition to medium (6.07-7.61%) and high (21.65-27.9%) [7,28]. The results
are also confirmed in our studies. Among the selected hybrid combinations of rice, the
number of all regenerants per 100 neoplasms reached a maximum value of 30%, including
green ones—from 1 to 9%, i.e., samples showed low and medium regenerative capacities.

In most rice plants obtained by cultivating anthers, spontaneous duplication of chro-
mosomes occurs [26]. This is confirmed in our studies (Table 6). The obtained green
regenerated plants were divided into three groups depending on the content of nuclear
DNA: haploids, diploids and tetraploids.

Table 6. Content of nuclear DNA in the population of rice regenerants obtained from second-
generation hybrids in anther culture in vitro.

Index Haploids Diploids Tetraploids
Number of plants, pcs. 9 11 5
DNA content, pg:
M 0.901 1.880 3.762
+SEM 0.012 0.023 0.048
min 0.790 1.654 3.590
max 1.112 2.015 3.960
Cv, % 8.3 9.6 10.0

All plants within their group were characterized by insignificant variability in the
content of DNA in cell nuclei. Our data are comparable with the results of other authors,
according to which the content of nuclear DNA in the main set of chromosomes in O. sativa
rice ranges from 0.91 to 1.00 pg [24,26]. The ratio of the average values of the content of
nuclear DNA in dihaploids and haploids was not a multiple of two. This may indirectly
indicate the loss of some parts of the chromosomes in haploids during cultivation, which
leads to changes in the morphotype of the regenerants.

Assessing the level of ploidy in regenerants is the most important key step in applying
androgenesis to a breeding program. In our study, morphological evaluation was found to
be sufficiently reliable to distinguish diploids from other ploidy levels and was performed
quickly and easily. Although flow cytometry is an attractive approach for assessing the
ploidy level of regenerated plants, its use is still limited in many laboratories due to the
high cost of equipment and higher analysis costs [29,31,32]. The flow cytometry method in
combination with morphological assessment can be used in rice breeding to identify the
ploidy of regenerants, as well as to cull haploids in order to exclude the stage of growing
unpromising forms under ex vitro conditions.

Regenerative anther-derived rice lines surviving in pot culture under greenhouse
conditions were assessed using selected molecular markers identifying alleles of the Sub1A,
Sk1, 2, and AG genes.
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The Sub1 locus is considered to be the main gene controlling flood resistance. As
a result of molecular genetic analyzes conducted in 2023, the presence of Sub1A long-
term flood resistance genes was found in rice regenerants. Electrophoregrams of sample
identification for the SublA gene are shown in Figure 3.
e r
A 1 2 3 ErEPET

1500 w—

e
W ey By -
) e e el ) 15/16 17 18

1000 m—

160 —

W 2 3R Saen 9 10 11 12 13 14 15 16 17 18
1500 e : _— 10
TOD — | - ;—m
- — o B .
;- i - .
35— 2 —— 350
o EER =-:
20— SR > . 12 ¢ é-:_m
190 — . S — 1
100 —— - . 1. S — w
= = J-‘-I-"'-l-‘-l-lel='- o=

Figure 3. Electrophoregram of screening rice regenerative plants for the presence of the SUB1A gene with
a molecular marker RM7481. (A) Line 1—molecular weight marker Biolabmix Step 50+ (50-1500 bp),
2—Inbara 3 (Sub 1A donor), 3—Novator (recessive), 4—deionized water (internal experience control),
5—4641/1, 6—5010/4, 7—5010/3, 8—4641/2, 9—4641/14, 10—4641/13, 11—4565/1, 12—4565/2,
13—4641/7,14—5009/1, 15—4641/3, 16—5009/3, 17—5010/6, 18—Molecular weight marker Biolabmix
Step 50+ (50-1500 bp). (B) Line 1—molecular weight marker Biolabmix Step 50+ (50-1500 bp), 2—Inbara
3 (Sub 1 donor), 3—Novator (recessive), 4—deionized H,O (internal control experience), 5—4641/10,
6—4641/12, 7—4641/8, 8—4641/5, 9—5010/2, 10—4641/9, 11—5010/5, 12—4641/6, 13—5010/1,
14—4641/11, 15—4641/4, 16—5009/2, 17—deionized water, 18—molecular weight marker Biolabmix
Step 50+ (50-1500 bp).

In Figure 3A, samples 5010/3, 4641/13, 4565/2, 4641/7 (lines 7, 10, 12, 13) corresponds
to the Inbara 3 control (line 2), while in Figure 3B, samples 4641/10, 4641/12, 4641/8,
4641/5,5010/2,5010/1, 5009/2 (lines 5-9, 11, 13 and 16) correspond to the Inbara 3 control
(line 2). These accessions carry the Sub1A long-term flood resistance gene. The Sub1A locus
belongs to the genes that control resistance to flooding, which manifests itself in waiting
for the impact of an unfavorable factor.

When a submerged coleoptile reaches the surface of the water, the hollow structure
of the coleoptile allows O, to escape from the surface to the submerged parts of the plant.
Thus, elongation of coleoptiles is a strategy of the rice plant to avoid stress during prolonged
flooding, and is called the “tube effect” [33]. Plants with Snorkel 1, 2 (Sk 1, 2) genes show
rapid growth and coleoptile elongation during development under anaerobic conditions.

In Figure 4A, the samples (line 6, 8-11, 13, 14, 18) correspond to the control Khao Hlan
On (line 3) and samples (lines 5, 7, 12, 15-17) correspond to the Bakhus control (line 2). In
Figure 4B, the samples (lines 6, 8-11, 13, 16, 17) correspond to the control Khao Hlan On
(line 3). The isolated accessions carry the Sk1 long-term flood resistance gene.
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Figure 4. Electrophoregram of screening rice regenerative plants for the presence of the gene Skl
with molecular marker FIR1. (A) Line 1—Molecular weight marker Biolambix Step 50+ (50-1500 bp),
2—Bahus (vigorously growing), 3—Khao Hlan On (vigorously growing), 4—deionized H,O (internal con-
trol experience), 5—Boyarin (slow growing), 6—4641/14, 7—4641/2, 8—4641/1, 9—4641/13, 10—5009/2,
11—4641/5, 12—4641/7, 13—5009/1, 14—4641/8, 15—5009/3, 16—5010/6, 17—4641/10, 18—5010/2.
(B) Line 1—Molecular weight marker Biolambix Step 50+ (50-1500 bp), 2—Bahus (vigorously growing),
3—Khao Hlan On (vigorously growing), 4—deionized H,O (internal control experience), 5—Boyarin
(slow growing), 6—4641/3, 7—4565/2, 8—4641/12, 9—4641/9, 10—5010/5, 11—4641/6, 12—5010/1,
13—4641/11, 14—4641/4, 15—4565/1, 16—5010/3, 17—5010/4, 18—Marker (Biolabmix Step 50+).

The results of the studies showed significant differences between plants that are
descendants of regenerants in terms of their growth rate under water in test tubes (Figure 5).
After 5 days from the beginning of germination, the average length of sprouts varied from
0 to 25 mm. On the 7th day, the differences between the samples became more significant,
from 8 to 60 mm. On the 11th day of growth, plant height varied from 24 to 119 mm
(Figure 5).

By the 11th day, the maximum length of plants was more than 108-118 mm in samples
with a locus in the genotype Sk1: 1—4641/12, 2—4641/3 and 3—4641/1. They rose above
the layer of water and the top edge of the tube. Samples with the gene Sub1A: 12—4641/7;
13—4641/5; 14—5009/2 with a stem length 24-30 mm were noted.

Thus, as a result of the physiological evaluation of rice samples, vigorously growing
homozygous lines with the greatest potential for growth and development were identified.
Of interest are also samples that inhibit their growth to save nutrients, which is due to the
SublA gene.

Regenerant plants were planted in a greenhouse in lysimeters, where they grew to
adulthood (Figure 6). All of them have expanded, forming from 3 to 20 panicles per plant.
The height of the plants was slightly lower than in the field, and varied from 26 to 74 cm.
The length of the panicle ranged from 4 to 17 cm. The number of spikelets on the panicle
ranged from 40 to 128 pieces. At the same time, high sterility was observed. The number
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of grains on the panicles of diploid forms ranged from 18 to 104 pieces. Tetraploid plants
formed from two to four grains (Table 7). Haploid forms were completely sterile and did
not form grain.
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Figure 5. Growth dynamics of rice plants in test tubes under water. Regenerated lines: 1—4641/12;
2—4641/3; 3—4641/1; 4—4641/11; 5—4641/8; 6—4641/10; 7—4641/2; 8—4641/4; 9—4641/14;
10—5010/6; 11—4641/9; 12—4641/7; 13—4641/5; 14—5009/2.
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Figure 6. Appearance of rice regenerating plants, 2023 Zernograd.
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Table 7. Morphological features of rice regenerating plants.

. s Number of Number of Number of .
Hybrid . Sk1 SublA Plant Panicle 7 ; . Weight of
Plant No. Ploidy . Panicles on a Spikelets on Grains on a :
Number * Gene Gene Height, cm Length, cm Plant, pcs a Panicle, pes Panicle, pes 1000 Grains, g
4565 1 1 51 11 20 128 0 0.0
4565 2 1 SublA 41 14 12 75 0 0.0
4641 1 2 Sk1 57 145 15 96 39 25.0
4641 2 2 60 13.5 9 116 52 221
4641 3 2 Skl 47 12.5 10 109 60 24.8
4641 4 4 58 15.5 8 55 4 383
4641 5 2 Sk1 SublA 57 14 10 114 89 30.1
4641 6 4 Skl 57 18 6 40 2 448
4641 7 2 SublA 65 16.5 8 126 104 28.7
4641 8 2 Sk1 SublA 58 15.5 8 50 32 242
4641 9 4 Skl 48 13 11 36 4 472
4641 10 2 SublA 50 14 11 101 63 25.6
4641 11 2 Skl 74 17 12 127 98 30.1
4641 12 2 Skl SublA 51 14 12 43 25 27.6
4641 13 4 Sk1 SublA 51 15.5 7 49 2 35.5
4641 14 4 Sk1 55 15.5 3 64 4 51.7
5009 1 1 Sk1 53 145 10 98 0 0.0
5009 2 2 Sk1 SublA 33 10 7 51 18 28.9
5009 3 1 62 135 40 40 0 0.0
5010 1 1 SublA 26 5.5 3 96 0 0.0
5010 2 1 Sk1 SublA 31 7.5 3 82 0 0.0
5010 3 1 Sk1 SublA 39 5 4 48 0 0.0
5010 4 1 Sk1 30 4 5 44 0 0.0
5010 5 1 Skl SublA 44 13 10 117 0 0.0
5010 6 2 57 14 7 101 3 20.0

* Note: ITa: 4565 IR-64 x Magnate, 4641 (Inbara-3 x Contact) x (Khao Hlan On x Kubojar),
5009 (Inbara-3 x Novator) x Contact, 5010 (Inbara-3 x Novator) x Contact.

The mass of 1000 grains in diploid forms ranged from 22.1 to 30.1 g. In tetraploid
forms, the mass of 1000 grains ranged from 35.5 to 51.7 g. Plants of different levels of ploidy
differed significantly in the number and size of spikelets (Figure 7).

(d)

Figure 7. Morphological features of panicles and spikelets of rice regenerating plants: (a)—tetraploid,
(b)—diploid, (c)—haploid, (d)—spikelets in order: tetraploid, diploid, haploid.
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The average number of spikelets on the panicle in tetraploids was 48.8 pcs., in diploids,
it was 94.0 and in haploids, it was 80.9. The spikelet length in tetraploids reached 9.0 mm,
in diploids, it was 7.3 and in haploids, it was 5.0.

Morphological differences between plants did not depend on the presence of flood-
resistance genes (Sub1A, Sk1), since plants did not experience this stress in the greenhouse.

The largest number of regenerating plants (14) was formed in the hybrid 4641, of
which 10 were diploid and formed normal seeds.

Seeds from rice regenerant plants were sown in the field. The plants that grew out of
them were subjected to prolonged flooding with water to combat the hedgehog. Under these
conditions, the sample 4641/1 (Inbara-3 x Contact) x (Khao Hlan On x Kubojar) carrying
the Sk1 gene performed well. In the field, it was marked under the number 1477 (Figure 8).

Figure 8. Sample 1477 from seeds of the regenerate plant 4641/1 (Inbara-3 x Contact) x (Khao Hlan
On x Kubojar).

4. Conclusions

The selected lines, which are characterized by good responsiveness to anther cultiva-
tion in vitro and carry the genes for resistance to prolonged flooding (Sub1A, Sk1), are used
in rice breeding programs using biotechnology. On the basis of the obtained androgenic
plants, dihaploid lines were formed, which will subsequently be included in breeding work
to create rice varieties with economically valuable and adaptive traits.
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Abstract: Mesocotyl elongation of rice seedlings is a key trait for deep sowing tolerance and well
seedling establishment in dry direct sowing rice (DDSR) production. Subsets of the Rice Diversity
Panel 1 (RDP1, 294 accessions) and Hanyou 73 (HY73) recombinant inbred line (RIL) population
(312 lines) were screened for mesocotyl length (ML) via dark germination. Six RDP1 accessions
(Phudugey, Kasalath, CA902B21, Surjamkuhi, Djimoron, and Goria) had an ML longer than 10 cm,
with the other 19 accessions being over 4 cm. A GWAS in RDP1 detected 118 associated SNPs on all
12 chromosomes using a threshold of FDR-adjusted p < 0.05, including 11 SNPs on chromosomes
1,4,5,7, 10, and 12 declared by —logio(P) > 5.868 as the Bonferroni-corrected threshold. Using
phenotypic data of three successive trials and a high-density bin map from resequencing genotypic
data, four to six QTLs were detected on chromosomes 1, 2, 5, 6, and 10, including three loci repeatedly
mapped for ML from two or three replicated trials. Candidate genes were predicted from the
chromosomal regions covered by the associated LD blocks and the confidence intervals (CIs) of QTLs
and partially validated by the dynamic RNA-seq data in the mesocotyl along different periods of
light exposure. Potential strategies of donor parent selection for seedling establishment in DDSR
breeding were discussed.

Keywords: Oryza sativa L.; mesocotyl elongation; GWAS; linkage mapping; dry direct sowing rice (DDSR)

1. Introduction

Rice production is facing critical challenges due to shortages of irrigation water and
labor resources; rapid increases in resource and labor costs and relatively stable grain
prices have led to poor profits and deficits in the industry. Seedling transplanting in pud-
dled fields is still the predominant cultivation system in major rice production countries,
especially in high-yielding acreages. This traditional system, more precisely termed as
transplanted—flooded rice by Liu et al. (2015), is water- and labor-consuming [1]. Field
puddling and seedling transplanting consume up to 30% of the total water for the whole
cropping season [2], which is not biologically necessary for the growth and development
of rice plants. In rainfed rice cultivation, field preparation and transplanting may fail
or be severely delayed when rainfall is inadequate or postponed in the window of crop
rotation [3,4]. Although mechanized transplanting and wet direct sowing have been widely
used in rice production, dry direct sowing rice (DDSR), especially when mechanized, has
been suggested as an optimal rice cultivation system to save natural and labor resources
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and to consequently increase farmers’ incomes [1,5]. Based on a positive review of previous
reports and their own experimental results, Liu et al. (2015) nominated DDSR as a sustain-
able and feasible alternative to transplanted rice as it can produce a similar (or even higher)
grain yield, largely save water and labor resources, and enhance water and nitrogen use
efficiency [1].

The adaptation of rice varieties to dry direct sowing and the proper management of
soil conditions, sowing time, and depth are key issues to assure rapid and full seedling
establishment, which is beneficial to weed competition, rice plant growth and development,
and the final grain yield. Rice varieties with less sensitivity to sowing depth, i.e., tolerance
to deep sowing, are beneficial for allowing the seeds to germinate rapidly using the higher
moisture in deep soil layers, for which mesocotyl elongation is a key underlying charac-
teristic [6,7]. Screening several sets of rice germplasm collections has not only identified
accessions with a largely elongated mesocotyl, but also showed the low proportion of such
accessions in those populations. It was also found that there was a relatively higher per-
centage of accessions with elongated mesocotyls in landraces than in improved semidwarf
varieties and in upland rice than in paddy rice [8-12].

Linkage analysis and genome-wide association studies (GWASs) have been widely
adopted to identify loci significantly associated with important and complex agronomic
traits in rice. Dozens of QTLs have been identified for mesocotyl elongation in different
populations. Five QTLs have been mapped for mesocotyl elongation on chromosomes
1, 3, 5, and 7 using an F3 population developed from a cross between a japonica cultivar,
Labelle, and an indica cultivar, Black Gora [9]. Thirteen loci for mesocotyl elongation on
chromosomes 1, 3, 4, 5, 6, and 9 were identified using a GWAS in our previous study [12].
Eight QTLs on chromosomes 1, 3, 6, 7, 8, and 12 were identified for mesocotyl elongation
using a doubled-haploid population from a cross between IR64 and Azucena [13]. Eleven
QTLs were identified for mesocotyl elongation on chromosomes 1, 3, 4, 5, 6, 9, and 11
using an RIL population [14]. Lee et al. (2012) detected five QTLs for mesocotyl elongation
on chromosomes 1, 3, 7, 9, and 12 [15]. Liu et al. (2020) reported 16 unique loci for
mesocotyl elongation through a GWAS [16]. Wang et al. (2021) identified 14 QTLs for
mesocotyl elongation via QTL sequencing using 12 F, populations, and five unique QTLs
with a GWAS using two diverse panels [17]. Gothe et al. (2022) also identified eight
QTLs for mesocotyl elongation using a GWAS [18]. Several genes were characterized that
regulated mesocotyl elongation via different molecular mechanisms, including examples
like GY1 [19], OsGSK2 [20], OsPAO5 [21], and OsSMAX1 [22].

A large collection of global diverse rice germplasm accessions and its genotypic dataset
based on high-density SNP markers, such as the open-access resources of the Rice Diversity
Panels (RDP1 and RDP2) and genotypic data generated with a high-density rice array,
provide great opportunities for the international rice research community to investigate the
genetic basis of various phenotypic traits [23-28]. The screening of mesocotyl elongation in
a subset of RDP1 showed rich genetic variation, supporting GWAS for this characteristic.

Seed vigor is usually defined as the ability of genotypes or seed samples to obtain
strong seedlings via quick germination and fast growth at the early stage. Drought-resistant
rice cultivars have been shown to have higher seed vigor and better seedling establishment
after dry direct sowing than popular irrigated rice cultivars, especially under stress con-
ditions like drought and phosphorus deficiency [29]. Early studies found that mesocotyl
elongation is the key characteristic contributing to seedling vigor under aerobic soil condi-
tions, even though elongations of both the mesocotyl and the coleoptile are anatomically
beneficial to seedling emergence [7,30]. On the other hand, the seedling vigor of a hybrid
(F1) is usually higher than the average performance of two parental lines, even higher
than the better parent, showing heterosis at the early seedling stage. Among reciprocal
hybrids and their parental lines (three japonica cultivars and the indica cultivar IR50), sig-
nificant correlation was observed between the emergence index of the second leaf (LEI)
and germination index (GI): LEI = 1.561 + 0.793 x GI (r = 0.890 ***). There was high-level
midparent heterosis (MPH) for characteristics related to seedling growth in most cases of
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hybrid combinations, especially for subspecific hybrids. For example, the leaf area index
had an MPH of 2.4-27.6% among those hybrids at 23 days after sowing (DAS) [30]. As
a commercial hybrid variety of water-saving and drought-resistant rice (WDR) [31,32],
Hanyou 73 (HY73, Huhan7A x Hanhui 3) has been widely cultivated in drought-prone
areas in China, showing promising potential to save labor and water resources in DDSR
production. Superior seedling emergence and moderate mesocotyl elongation of HY73
were also observed in the field trial of DDSR with a sowing depth as high as 8-10 cm. An
interesting question is whether the genetic basis of mesocotyl elongation or the heterosis of
the hybrid determines the superior seedling emergence under dry sowing conditions. A set
of recombinant inbred lines were developed from the hybrid of HY73. Linkage mapping of
mesocotyl elongation was conducted using a high-density bin map from genotyping via
the resequencing approach.

In this study, the associated loci and QTL in two different populations, together
with candidate genes, are jointly analyzed to identify important genomic regions for
mesocotyl elongation. Based on the seedling morphological and agronomical features of
the germplasm accessions with the highest mesocotyl lengths, strategies for selecting the
favored donor parental lines in DDSR breeding are also discussed.

2. Results
2.1. Phenotypic Variation in Mesocotyl Elongation in RDP1 and HY73 RILs

In the subset of RDP1, a wide range of mesocotyl lengths were observed, while a large
proportion of the accessions had low mesocotyl elongation ability in darkness, showing a
very high peak of frequency at the left end (ML < 1 cm) together with a long tail at the right
end (Figure 1A). The ANOVA results showed highly significant variation in mesocotyl
elongation among the accessions (Table 1). Six accessions from five different countries
had MLs higher than 10cm, including Phudugey (19.0 cm, Bhutan), Kasalath (14.1 cm,
India), CA902B21 (13.6 cm, Chad), Surjamkuhi (12.3 cm, India), Djimoron (12.3 cm, Guinea),
and Goria (10.6 cm, Bangladesh). There were another 19 accessions with MLs longer than
4 cm, including Karkati 87 (Bangladesh), MTU 9 (India), PTB 30 (India), Arias (Indonesia),
Azerbaidjanica (Azerbaijan), P373 (Pakistan), Jhona 349 (India), N12 (India), NSE-TV13
(unknown), Sinampaga selection (Philippines), Basmati 217 (India), WC 6 (China), Basmati
(Pakistan), T26 (India), Rondo (China), DM56 (Bangladesh), Lemont (USA), Sadri Belyi
(Azerbaijan), and 9524 (India).

For the RIL population from the hybrid HY73, the seedlings of two parental lines,
Huhan7A and Hanhui 3, had mesocotyl lengths of about 2.5 cm and 4.0 cm, respectively.
The subset of the RIL population had nearly normal distribution and ranges of around 1 cm
to 9 cm, suggesting noticeable transgressive segregation in mesocotyl lengths, especially
on the side of high phenotypic values (Figure 1B). The ANOVA results showed highly
significant variation among the lines (Table 1). There were also significant variations among
the trials and line-trial interactions, suggesting a high sensitivity in mesocotyl elongation
phenotyping to environments.

As measured in this experiment and another sand culture trial in 2019 with a sowing
depth of 8 cm, the seedlings of the hybrid (HY73, F;) had an average elongated mesocotyl
length of about 2.5 cm, while the sterile maternal parent (Huhan7A) and paternal restorer
line (Hanhui 3) had mesocotyl lengths of 2-2.5 cm and 3.5-4 cm, respectively (Figure 2). This
result supports the recessive (or at least semirecessive) inheritance of mesocotyl elongation
in rice.

83



Plants 2023, 12, 2743

1251
A
100+
g 75-
3
o
2 50-
254
0' T FI T T T T T T T T T 1
01234567 891011121314151617181920
ML(cm)
601 B
Hanhui3 m ML1
5‘40- mm ML2
§ Huhan7A s ML3
g y
i—l \/
201 5 ‘
0 T'I!' ll I 1
SN oo SO VYVon o ononown
— — AN NN Nt <t NN OO 00O
ML(cm)

Figure 1. Frequency distribution of mesocotyl lengths measured in subsets of RDP1 (A) and HY73
RIL (B) populations. Downward and upward triangles represent the average MLs of Huhan 7A
and Hanhui 3 (data missed in trial 1), respectively. ML1, ML2, and ML3 represent mesocotyl length
measured in three successive trials.

Table 1. ANOVA of mesocotyl elongation measured in subsets of RDP1 and HY73 RIL populations.

Source of

Population Variation SS (Type III) df MS F Value p Value
RDP1 Accessions 1,578,722.41 293 5369.80 335.02 0.000
Residual 26,494.84 1653 16.03
HY73 RILs Lines 10,363.36 311 33.32 25.74 0.000
Trials 442.50 2 221.25 170.92 0.000
Lines x trials 1913.13 555 3.45 2.66 0.000
Residual 7750.12 5987 1.29
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Figure 2. Mesocotyl lengths of the hybrid HY73 and two parental lines, Huhan 7A and Hanhui 3.

2.2. Genome-Wide Association Study in RDP1

A total of 118 associated SNPs were declared on all 12 rice chromosomes using the
threshold of FDR-adjusted p < 0.05. Among them, 11 SNPs reached the stringent threshold
of —logig (0.05/36901) = 5.868, according to the Bonferroni correction for multiple tests
(Table S1). There were at least 17 peaks of —logig (p) values showing association signals
along the rice genome, including three peaks on each of chromosomes 1 and 7; two on each
of chromosomes 6, 11, and 12; and one on each of chromosomes 2-5 and 10. Eleven SNP
markers with high —logjg (p) values fell into the six peaks of association signals on rice
chromosomes 1, 4, 5, 7, 10, and 12 (Figure 3).
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Figure 3. Manhattan plot (A) and QQ plot (B) showing associated loci for mesocotyl elongation
identified in a subset of the RDP1 population. Varied colors represent different chromosomes. The
horizontal line represents the threshold of —log10 (0.05/36901) = 5.868.
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2.3. Linkage Mapping in HY73 RILs

Using the phenotypic values measured in three successive trials (ML1, ML2, and ML3),
four, five, and six QTLs were detected for the elongated mesocotyl length, respectively
(Table 2), including three on chromosome 1 and one on chromosome 9 for ML1; three on
chromosome 1 and one on each of chromosomes 5 and 6 for ML2; and three on chromosome
1 and one on each of chromosomes 2, 6, and 10 for ML3. Among them, two identical
intervals, Chrl_bin348—Chrl_bin350 and Chr6_bin6431-Chr6_bin6433, were repeatedly
mapped for ML1 and ML3 and ML2 and ML3, respectively. The superior allele of the QTL
interval Chrl_bin348-Chrl_bin350 was derived from Hanhui 3, and the superior allele of
the QTL interval Chr6_bin6431-Chr6_bin6433 was derived from Huhan 7A. The significant
interval on chromosome 1 Chrl_bin147-Chr1_bin149 for ML2 was close to Chr1_bin140-
Chrl_bin146 for ML3, and superior alleles were both derived from Hanhui 3. Three
significant intervals, Chrl_bin1342-Chr1_bin1348 for ML1, Chrl_bin1322-Chrl_bin1327
for ML2, and Chrl_bin1396—Chr1_bin1398 for ML3, were located adjacent to one another
on the end of chromosome 1 (Figure 4), of which the superior alleles were derived from
Hanhui 3. The abovementioned colocated or adjacent QTLs had the same direction of
additive effects (Table 2), suggesting one QTL for ML at each location.

Table 2. QTLs for mesocotyl elongation mapped in HY73 RIL population.

Trait Chr. Left Marker Right Marker LOD PVE (%)  Add (cm)
ML1 1 Chrl_bin348 Chrl_bin350 10.68 14.12 0.53
ML1 1 Chrl_bin899 Chrl_bin902 3.58 4.46 0.30
ML1 1 Chrl_bin1342  Chrl_bin1348 3.98 4.92 0.31
ML1 9 Chr9_bin8476  Chr9_bin8481 4.50 5.64 —0.33
ML2 1 Chrl_bin147 Chrl_bin149 7.67 7.69 0.40
ML2 1 Chrl_bin612 Chrl_bin620 12.02 11.96 0.49
ML2 1 Chrl_bin1322  Chrl_bin1327 4.54 4.28 0.29
ML2 5 Chr5_bin5536 ~ Chr5_bin5537 3.24 3.03 0.24
ML2 6 Chr6_bin6431  Chr6_bin6433 7.49 7.24 —0.38
ML3 1 Chrl_bin140 Chrl_bin146 5.78 5.70 0.29
ML3 1 Chrl_bin348 Chrl_bin350 8.51 8.53 0.35
ML3 1 Chrl_bin1396  Chrl_bin1398 5.79 5.74 0.28
ML3 2 Chr2_bin1887  Chr2_bin1895 4.09 3.99 —0.24
ML3 6 Chr6_bin6431  Chr6_bin6433 3.94 3.82 —0.23
ML3 10 Chr10_bin8945  Chr10_bin8950 4.98 4.92 0.29

Chr, chromosome; LOD, logarithm of the odds; PVE, phenotypic variance explained; Add, additive effect. ML1,
ML2, and ML3 represent the mesocotyl lengths measured in three trials.
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Figure 4. The high-density bin map constructed in a subset of HY73 RIL population and QTLs for

elongated mesocotyl lengths measured in three successive trials. ML1, ML2, and ML3 represent the

mesocotyl lengths measured in three trials.
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2.4. Candidate Genes Predicted from Associated or Linked Genomic Regions

A primary candidate gene pool was developed by including 1954 annotated genes from
either the LD blocks anchored by the associated SNPs in the RDP1 population or the CIs of
QTLs detected in the HY73 RIL population (Table S2). Among them, 64 candidate genes
were validated from their dynamic expression patterns during mesocotyl growth blocking
by light, i.e., DEGs in the mesocotyl tissues of the seedlings exposed to light for 20 min,
60 min, or 360 min vs. the seedlings in darkness (Table S3) [33]. Three candidate genes were
differentially expressed in all three light exposure periods, including LOC_Os01g09100,
LOC_0s07g03120, and LOC_0s09¢37600, annotated as OsWRKY10—a superfamily of TFs
with WRKY and zinc finger domains, unknown expressed protein, and lysM domain-
containing GPI-anchored protein precursor, respectively. Another 12 genes showed shifted
expressions after light exposure for two time points, including 11 genes at 60 min light
exposure together with the shorter (20 min) or longer (360 min) light exposure, and only
one gene at both 20 min and 360 min light exposure (Table S3). It is noticeable that the
expression levels of all three genes were induced by light exposure for three time periods,
while those DEGs detected at two time points also kept the same direction, i.e., upregulated
or downregulated in both light treatments.

3. Discussion
3.1. Genetic Variations in Mesocotyl Elongation Have Been Investigated in Different Rice
Germplasm Populations

A total of 3677 rice accessions, or 3971 accessions if including the 294 accessions in
this study, have been screened for mesocotyl elongation in 11 phenotypic experiments, as
publicly reported since 1996 (Table S4). These natural variation populations cover almost
all taxonomic branches of the germplasm collections in Oryza sativa L., e.g., landraces
or varieties, upland or lowland rice, traditional or modern semidwarf varieties, together
with weedy rice and O. nivara accessions. Benefitting greatly from powerful technical
solutions, several rice germplasm collections have been developed to enrich the genetic
variation, i.e., to contain a high percentage of the total genetic variations in the whole gene
pool in subsets with smaller population sizes, e.g., the mini-core collection of Chinese rice
germplasm [34], RDP1 [23,24], and 3010 rice accessions in 3K-RGP [35]. Using the diverse
rice germplasm collections presented in this study and previous reports [12,36], together
with special collections like upland rice and weedy rice, we can be highly confident that
phenotypic screening results up to now have covered the major proportion of the genetic
variation for mesocotyl elongation in the gene pool of rice germplasm collections.

However, varied protocols have been employed in different phenotypic screening
experiments, roughly following two main strategies. A few methods have been modified
from the standard protocol of a seed germination test. Seedlings are cultured on moist filter
papers, gel media, or within filter paper rolls in plastic boxes, bottles, or other containers
with more space than Petri dishes; then, they are easily separated for ML measurement.
Other methods try to cover the seeds with moist soil, sand, or humus layers, simulating
direct sowing in the field. Absolute darkness should be maintained throughout the whole
procedure as light exposure at the early stage of germination might inhibit mesocotyl
growth. Additionally, as submergence or extremely high moisture promote coleoptile
growth but inhibit mesocotyl elongation, soil or sand water content needs to be uniform and
well controlled among the samples. The method of humus soil culture with a 6 cm sowing
depth is used in ML phenotyping and has been suggested as an optimal protocol [16].
However, exposing seedling tips to light after emergence from a 6 cm depth will block the
further growth of the mesocotyl, thus causing an underestimation of mesocotyl elongation
ability above 4-5 cm, similar to the results measured from the 5 cm sand culture [12]. If
the whole culture procedure is conducted in darkness, precisely controlling the covering
depth seems unnecessary. To evaluate the mesocotyl elongation potential of germplasm
accessions, dark germination should still be first choice, being the cheapest and quickest
method. But soil or sand culture with a specific sowing depth, close to or slightly higher
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than the largest sowing depth required in rice production, would be a sufficient protocol for
screening germplasm accessions or segregating populations in DDSR breeding programs.
Allowing for sowing depth ranges that actually occur in the field, a sand culture with 8§ cm
depth was employed in the screening trials of seed bulks of inbred or BC progenies by the
authors’ team and was quite effective in developing new lines with deep sowing tolerance.
Using nylon net sheets to keep the seeds at a relatively equal depth and hold the seedlings
after “digging out” at the end of the screening trials, this protocol is suitable for selection in
large populations as large amounts of seeds can be screened rigorously in the limited space
of the seedling nurseries.

Significant genetic variations in mesocotyl elongation, together with bias distribution in rice
germplasm populations, were observed in those screening experiments [6,8,10-12,16-18,36,37].
Largely different ranges were reported, mainly at the side of high phenotypic values
(Table S4). In addition to the difference caused by screening methods, varied genetic
diversity among those populations should be the major reason, implying higher efficiency
by using diverse germplasm collections. A higher proportion of germplasm accessions
with moderate MLs (with approximately half having an ML > 1 cm) than several other
screening results was observed and explained to be caused by different genotypes [16].

3.2. Novel QTLs and Candidate Genes Were Identified through GWAS and Linkage Analysis

Mesocotyl length is a quantitative trait and displays a substantial amount of variation
among genotypes. Several previous studies have reported the associated QTLs and candi-
date genes for rice mesocotyl elongation through linkage analysis or GWAS [12,15-18,20,38].
Some known QTL intervals and novel QTLs could be detected through linkage analysis
and GWAS in this study (Table S2). Among them, few overlapping cases were observed
between the associated LD blocks in RDP1 and the CIs of QTLs in the HY73 RIL population.
One LD block on rice chromosome 1, i.e., block 605 (marker 5506-5509, physical distance
41,826,155-41,836,778), and two sole SNPs (physical positions 41,956,669 and 41,957,405)
were located within the CI of the QTL mapped for ML1, ML2, and ML3 on the end of
rice chromosome 1 (physical distance 41,114,455-42,917,379). The LD block 362 (mark-
ers 2919-2921, 2923, and 2925-2931; physical distance 27,626,617-27,726,591) was located
quite close to the CI of the QTL on chromosome 6 for ML2 and ML3 (Figures 3 and 4,
Table S2). Comparing the candidate genes from our previous GWAS in the mini-core
collection of Chinese rice germplasm plus drought-resistant parental lines [12] and the
RDP1 population in this study, only one candidate gene (LOC_0Os01g71410, glycosyl hydro-
lase family 17) was commonly predicted. This gene did not show differential expression
in the light exposure experiment. However, based on the strategy of candidate genes
within the LD block, instead of being hit by the top SNP [12], more genes could be pre-
dicted as candidates from this associated locus. Thus, more putative candidate genes from
the adjacent chromosomal regions, e.g., LOC_Os01¢71340 (glycosyl hydrolase family 17),
LOC_0s01g71350 (glycosyl hydrolases family 17), LOC_Os01g71420 (Ser / Thr protein phos-
phatase family protein), LOC_0Os01g71790 (NAM), LOC_0Os01¢71820 (glycosyl hydrolase
family 17), LOC_Os01g71830 (glycosyl hydrolase family 17), LOC_Os01g71860 (glycosyl
hydrolase family 17), and LOC_Os01¢71970 (GRAS family transcription factor containing
protein), could be included in the candidate gene list to be further investigated as they
showed upregulated expression in the mesocotyls of rice seedlings after light exposure, but
LOC_0Os01g71420 encoding the Ser/Thr protein phosphatase family protein was downreg-
ulated (Table S3). This chromosomal region also hosted the QTL gMel-1 that was primarily
mapped in the Kasalath/Nipponbare backcross inbred line population and was finely
mapped in the derived population from the chromosomal segment substitution line [15].
The importance of this chromosomal region was further supported by more repeatedly
mapped QTLs or associated SNPs for mesocotyl length and by being adjacent to the genes
of gy1 and sd1 [13,19,37].

Within the closely located regions of associated SNPs (LD block 362) and QTLs for
ML2 and ML3 on chromosome 6, one candidate gene, OsFtsH2 (LOC_0Os06g45820) en-
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coding FtsH protease (homologue of AtFtsH2/HS8), was upregulated after 60 min light
exposure in the mesocotyl of rice seedlings (Table S3). These QTLs and candidate genes
identified in this study will help to better understand the genetic mechanism controlling
rice mesocotyl elongation.

3.3. Varied Strategies Could Be Considered to Select Donor Parents for DDSR Breeding Programs
Concerning More Environmental Issues

The dry direct sowing rice production system faces more unfavorable environmental
issues if compared with transplanting rice or wet direct sowing rice cropping. Inadequate
rainfall, together with limited irrigation capacity or decreases in irrigation, thus drought
proneness, is the inherent scenario of a DDSR production system. Focusing on the seed
germination and seedling establishment stage, the soil moisture and temperature are two
major environmental factors. A water deficit in the top soil layer (e.g., 0-5 cm) is the most
frequent limiting factor delaying seed sowing or causing failed, or partially bad seedling
establishment. An earlier study showed an association between mesocotyl elongation
and seedling vigor [39]. Rice germplasm collections or segregating populations like RILs
were also screened for traits related to seedling vigor [9,40-43]. As those screening trials
were conducted under light and shallow sowing conditions, non-ML-driven seedling vigor
traits were detected. Germplasm accessions with mesocotyl elongation, drought resistance,
and other seedling vigor traits could be nominated as the donor parents for deep sowing
tolerance in DDSR breeding.

4. Materials and Methods
4.1. Phenotyping Mesocotyl Elongation in the Rice Diversity Panel 1 (RDP1) and HY73
Recombinant Inbred Line (RIL) Population

A subset of 294 accessions with sufficient seeds from 423 accessions in Rice Diversity
Panel 1 (RDP1) [23] was phenotypic for mesocotyl elongation. For each accession, 15 brown
rice grains were sterilized in 2.5% sodium hypochlorite solution for 20 min, rinsed with
sterilized water three times, and then embedded on MS media. The mesocotyl lengths
of eight seedlings were measured after germination and growth at 30 °C in darkness for
7 days.

A subset of 312 lines, randomly selected from 1320 lines in the RIL population derived
from the commercial hybrid rice Hanyou 73 (HY73, F; of Huhan7A x Hanhui 3), was
phenotyped for mesocotyl elongation in three replicated trials (conducted successively).
For each line in one trial, 12 brown rice grains were embedded into 12 wells along the long
side of the 96-well plate with perforated well bottoms, inserting a black plastic straw in
each well to keep the seedling growing straight. The mesocotyl length of seedlings was
measured after germination and growth at 30 °C in darkness for 14 days, abbreviated as
ML1, ML2, and ML3 for the three trials. All seedlings were exposed to light to prevent
subsequent mesocotyl elongation during the period of measurement.

4.2. Genotypic Data of RDP1 and HY73 RIL Population

The RDP1 genotypic data of 36,901 SNPs were generated from the Affymetrix SNP
array containing 44,100 SNP variants, which is publicly available via the NCBI dbSNP
Database (accession codes 469281739 to 469324700) [26].

The whole set of HY73 RIL populations had 1320 lines at the Fg generation. Genotyping
via the resequencing approach was used to generate a genotypic dataset containing more
than 5M SNPs, with the Shuhui 498 genome assembly as a reference (http://www.mbkbase.
org/R498/ (accessed on 22 November 2017)) [44]. Following the previously reported
pipeline [45], a set of 316,089 high-quality SNPs was used to construct a bin map containing
10,574 bins (Ma XS et al., unpublished data). For the subset of 312 RILs used in this study,
a compressed version of the bin map containing 5,571 bins, after merging the adjacent
redundant bins, was used for linkage mapping.
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4.3. GWAS and Linkage Mapping

Using the mean mesocotyl length values of the accessions in the RDP1 subset as the
phenotypic data, together with the genotypic data of 36,901 SNPs, a GWAS was conducted
using the CMLM algorithm implemented in the software package GAPIT v2.25, using the
parameter “PCA.total = 2” [46]. A threshold of FDR-adjusted p < 0.05 was used to declare
significantly associated markers, including those declared by the stringent threshold of
—log10(0.05/36901) = 5.868 following Bonferroni correction for multiple tests.

The mean values of mesocotyl lengths of HY73 RILs in each trial (ML1, ML2, and
ML3) were used as phenotypic data in linkage mapping. The inclusive composite interval
mapping for the additive and dominant QTL (ICIM-ADD) in the software package of
QTL IciMapping v4.2 was used to locate the significant QTLs [47]. A threshold of LOD
values was determined using permutation tests of 1000 times with p < 0.05. The confidence
intervals (Cls) were defined using the one-LOD-value drop strategy, where the physical
positions on the Shuhui 498 genome were flanked by the first and last bin markers of
each CL

4.4. Candidate Gene Prediction

The genotypic data files of RDP1 (sativas413.ped, sativas413.map, and sativas413.fam)
were retrieved from the zip file RiceDiversity.44K.MSU6.Genotypes_PLINK.zip down-
loaded from the website of RiceDiversity.org. Plink was used to transfer the data file to
the format compatible for Haploview (e.g., sativas413.chrl.ped, sativas413.chrl.info, and
sativas413.chrl.nosex). Haploview was used to estimate the linkage disequilibrium (LD)
blocks for each chromosome, using a max LD comparison distance = 100 Kb and maximum
amount of missing data allowed per individual = 0.5 [48]. The annotated genes within
the LD blocks containing associated SNPs, or hit by sole associated SNPs, were retrieved
from the rice genome annotation database v6.1 (http://rice.uga.edu (accessed on 31 May
2021)) to serve as the primary pool of putative candidate genes. The annotated genes
within the CIs of QTLs in the HY73 RIL population were also included in this candidate
gene pool (Table S3). As the Nipponbare or Shuhui 498 genome assembly was used as
the reference in the genotyping pipelines of the RDP1 and HY73 populations, respectively,
the physical positions of the CIs detected in the HY73 population were transferred to the
physical positions on the Nipponbare reference genome by blastall 2.2.17 (-p blastn).

Information about overlapping with other gene/QTL mapping results and/or re-
peated identification in gene transcriptional, functional, or regulating studies was used to
predict more promising candidate genes. For instance, our previous transcriptome sequenc-
ing experiment measured the differentially expressed genes (DEGs) among the samples
of mesocotyl tissue of Zhaxima seedlings in darkness and light exposure conditions for
20 min, 60 min, and 360 min [33]. Zhaxima has an extreme phenotype for ML, so its ML
gene expression patterns should be particularly informative about candidate loci. Several
publications also reported candidate gene prediction according to their GWAS results
for mesocotyl elongation [12,16,36,37]. Wide involvement of multiple plant hormones in
regulating mesocotyl elongation, e.g., gibberellin, cytokinin, ethylene, jasmonic acid, strigo-
lactone, and brassinosteroid, was reported in several studies in rice [19,49-54]. Similar to
the strategy used in previous studies [16,33], those genes from repeatedly detected genomic
regions and/or related to phytohormone metabolism or signal transduction would be
regarded as candidate genes with higher reliability.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/plants12142743 /s1: Table S1. List of 118 significantly associated
SNPs declared based on the threshold of the FDR-adjusted p < 0.05, including 11 associated SNPs with
—logy(P) > 5.868 as the conserve threshold after Bonferroni adjustment. Table S2. List of the 1954
primarily predicted candidate genes within the LD blocks containing associated markers in RDP1 or
within the CIs of QTL in HY73 population. Table S3. List of 64 candidate genes screened from the
primary pool supported by dynamically differential expressions in mesocotyl along the procedure
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of light exposure. Table S4. Result summary of phenotypic screening for mesocotyl elongation in
germplasm and RIL populations reported in 11 publications and this study.
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Abstract: The Honghe Hani Rice Terraces System (HHRTS) of Yunnan Province is an important
agricultural and cultural heritage landscape. Until now, a large number of local rice landraces have
been planted. Mining excellent genes contained in these landraces provides a reference for variety
improvement and new variety breeding. In this study, 96 rice landraces collected from the Hani
terraces were planted in Honghe Mengzi, Yunnan Province, in 2013, 2014, 2015, and 2021, and
five major grain traits were measured and analyzed. The genomic variation of 96 rice landraces was
scanned by 201 simple sequence repeat (SSR) markers. The genetic diversity, population structure,
and genetic relationships of the natural population were analyzed. The mixed linear model (MLM)
method of the TASSEL software was used to analyze the associations between markers and traits.
A total of 936 alleles were amplified by 201 pairs of SSR primers. The average number of observed
alleles (Na), the effective number of alleles (Ne), Shannon’s information index (I), heterozygosity
(H), and the polymorphism information content (PIC) per marker were 4.66, 2.71, 1.08, 0.15, and 0.55,
respectively. Ninety-six landraces were divided into two groups by population structure, clustering,
and principal component analysis, and indica rice was the main group. The coefficients of variation
of the five traits ranged from 6.80 to 15.24%, and their broad heritabilities were more than 70%.
In addition, there were positive correlations among the same grain traits between different years.
Through MLM analysis, 2, 36, 7, 7, and 4 SSR markers were significantly associated with grain
length (GL), grain width (GW), grain thickness (GT), grain length-width ratio (LWR), and thousand-
grain weight (TGW), respectively. The explanation rates of phenotypic variation were 16.31 (RM449,
Chr. 1)—23.51% (RM316, Chr. 9), 10.84 (RM523, Chr. 3; RM161/RM305, Chr. 5)—43.01% (RM5496,
Chr. 1), 11.98 (RM161/RM305, Chr. 5)—24.72% (RM275, Chr. 6), 12.68 (RM126, Chr. 8)—36.96%
(RM5496, Chr. 1), and 17.65 (RM4499, Chr. 2)—26.32% (RM25, Chr. 8), respectively. The associated
markers were distributed on 12 chromosomes of the genome.

Keywords: Honghe Hani Rice Terraces; rice landraces; grain-size traits; genetic diversity; association
mapping

1. Introduction

Rice (Oryza sativa L.), one of the most important food crops in the world, is a staple
food for more than half of the world’s population [1]. China is the largest rice producer in
the world, with its rice-sown area reaching 30 million hectares (National Bureau of Statistics,
2022). Yunnan Province is recognized as one of the original centers of cultivated rice. It is
also the largest center of genetic and ecological diversity of rice germplasm resources in
China [2]. The Honghe Hani Rice Terraces System (HHRTS) has a long history as a world
heritage cultural landscape and still grows a large number of local rice landraces, especially
red rice resources [3]. From ancient times, the Hani people believed that traditional red rice
had a higher nutritional value and that consumption of the same made the body healthier.
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In 2014, Yuanyang terraced red rice was listed as one of the “six famous rices” in Yunnan
Province (https:/ /nync.yn.gov.cn/ (accessed on 15 October 2022)). Hani Terrace is located
in Southern Yunnan, with its core area being located in Yuanyang County (east longitude
102°27' to 103°13’, north latitude 22°49’ to 23°19’). The annual average sunshine in this
area is 1670 h, with the average temperature being 15.4 °C. Environmental conditions there
are suitable for rice cultivation. The Hani people live on a hillside at an altitude of 1400 to
2000 m above sea level. They have a history of rice farming of more than 1500 years with
varied rice landraces [4].

Rice grain-size traits usually include grain length (GL), grain width (GW), grain
thickness (GT), grain length-width ratio (LWR), and thousand-grain weight (TGW). Rice
grain traits are important indicators of both rice quality and yield. Therefore, the study of
the inheritance and molecular mechanisms of grain-size traits plays an important role in
improving rice yield and quality. Grain size is a typical quantitative trait controlled by poly-
genes [5]. In recent years, researchers have mapped a large number of quantitative trait loci
(QTLs) related to grain type using different genetic populations, including F, populations,
backcross populations (BCs), doubling haploid populations (DHs), recombinant inbred
lines (RILs), and chromosome segment replacement lines (CSSLs) [6]. Based on incomplete
statistics, more than 500 QTLs related to grain size were mapped on 12 chromosomes
of rice (http:/ /www.ricedata.cn/index.htm (accessed on 6 March 2022)). Using natural
variation among cultivated varieties, researchers cloned several major QTLs related to grain
size, including GW2 [7], GS2 [8], TGW2 [9], OsLG3 [10], GS3 [11], qGL3 [12], gTGW3 [13],
GL4 [14], GS5[15], GW5 [16], GS6 [17], GW6 [18], TGW6 [19], GL6 [20], GLW7 [21], GW7 [22],
GWS8 [23], GS9 [24], and GW10 [25]. The cloning of these genes updated and improved the
grain-size regulatory network, laying a key theoretical foundation and providing genetic
resources for high-yield and high-quality rice breeding. Though several major QTLs were
identified using a family-based mapping approach, a family population can only identify an
allelic variation between two parents, with the optimal allelic variation among species not
being found. Association mapping, which utilizes allelic variation in natural populations,
can detect many natural allelic variations from germplasm accessions with a much higher
resolution compared to linkage mapping. In recent years, excellent allelic variation in grain
size in rice was discovered by association analysis [26].

In the present study, a rice association panel containing 96 rice landraces collected from
HHRTS in Yunnan was developed to unravel the genetic basis of grain-size traits using 201
simple sequence repeat (SSR) markers. The objectives of the study were to: (i) determine
the genetic diversity and population structure of the association panel, (ii) investigate
phenotypic traits and their variations in different environments, and (iii) identify significant
marker-trait associations for grain-size traits.

2. Results
2.1. Genetic Diversity Analysis

In total, 936 polymorphic bands were detected from 96 rice landraces by 201 pairs
of SSR primers. The observed number of alleles ranged from 2 to 13, with an average of
4.66. The average value of I was 1.08, the value for the primer RM80 being the highest
(I =2.05) and that for the primer RM596 the lowest (I = 0.31). Values of H ranged from
0.00 (RM5994) to 1.00 (RM161, RM1385, RM598, RM479, RM484, RM147, RM319, RM512,
RM317, and RM269), with an average of 0.15 (Tables 1 and S1). As an important index for
species genetic diversity evaluation, the PIC values of 201 primer pairs ranged from 0.20
(RM596) to 0.86 (RM206), with an average of 0.55, indicating that these rice landraces from
HHRTS had high genetic diversity (Tables 1 and S1).
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Table 1. Genetic diversity parameters of rice landraces in the Honghe Hani terraces based on SSR

markers.
Parameter Mean + SE Minimum Maximum
Na 4.66 + 0.15 2.00 13.00
Ne 2.71 £ 0.09 1.19 6.73
1 1.08 + 0.03 0.31 2.05
H 0.15 £+ 0.02 0.00 1.00
PIC 0.55 4+ 0.01 0.20 0.86

Na: observed number of alleles; Ne: effective number of alleles; I: Shannon’s information index; H: heterozygosity;
PIC: polymorphism information content.

2.2. Population Structure and Genetic Relationships

When the population structure of 96 rice landraces in the Hani terraces was analyzed
using Structure v.2.3.4, a peak appeared along with an obvious inflection point when K = 2
(Figure 1A). Hence, the 96 rice materials were divided into two groups (Figure 1B), namely,
an indica rice group (Q1) and a japonica rice group (Q2); Q1 contained 81 materials and Q2
contained 15 materials, suggesting that indica rice was the main variety in the Hani terraces.
To further verify the results of the population structure analysis, we performed cluster-
ing and PCA and also divided the rice landraces into two categories (Figure 1C,D). The
results were consistent with the population structure analysis based on the STRUCTURE
model, indicating that the population structure of this association mapping population
was relatively simple and could effectively reduce the influence of population structure on
association analysis.
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Figure 1. Population structure analysis using Bayesian clustering (A,B), neighbor joining ((C), the
red branches represent japonica accessions, and the other color branches represent indica accessions),
and the principal component (D) method.

2.3. Phenotypic Distribution of Grain-Size Traits

Five grain traits were evaluated in 96 rice landraces in 2013, 2014, 2015, and 2021
(Table 2). The coefficients of variation (CVs) of the five traits ranged from 6.80 to 15.24%.
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Among the five traits, TGW showed maximum variation, ranging from 11.42 to 15.24%,
with abundant variation among different materials. The minimum CV was found in grain
thickness, ranging from 6.80 to 7.73%, where the range of variation was relatively narrow.
The absolute values for skewness and kurtosis of the five traits in the four environments
were less than 1 and 2 (Table 2), respectively, and their distributions were continuous
(Figure 2A-E), belonging to typical quantitative traits. The broad-sense heritability (H3) of
GL, GW, GT, LWR, and TGW reached 92.63, 87.85, 92.64, 72.39, and 86.11%, respectively,
indicating that the grain-size traits were mainly controlled by genetic effects and less by
environmental factors.
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Figure 2. Boxplots (A-E) of five grain traits in 2013, 2014, 2015, and 2021.
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Table 2. Descriptive statistics and heritability in a broad sense for grain-size traits in rice.

Traits Year Mean + SE Minimum Maximum SD Skewness Kurtosis CV (%) HIZ; (%)

GL (mm) 2013 8.12 + 0.06 6.63 9.76 0.63 0.11 0.13 7.80 92.63
2014 8.17 £0.07 6.54 9.94 0.67 0.34 0.42 8.20
2015 8.03 £+ 0.07 6.28 9.89 0.70 0.10 —0.04 8.74
2021 7.97 £ 0.06 6.40 9.39 0.59 0.14 0.31 7.39

GW (mm) 2013 3.06 &+ 0.03 2.29 4.40 0.33 0.69 1.84 10.91 87.85
2014 3.24 £0.03 2.58 4.05 0.28 0.95 1.94 8.51
2015 3.11 + 0.03 2.50 3.97 0.28 0.25 0.32 8.89
2021 3.04 +0.03 2.54 3.92 0.30 0.85 0.58 9.72

GT (mm) 2013 2.06 £0.02 1.65 243 0.17 —0.23 —0.49 8.21 92.64
2014 2.20 + 0.02 1.83 2.57 0.15 0.30 0.07 6.80
2015 2.11 £0.02 1.55 2.60 0.17 —0.01 1.11 7.88
2021 2.13 £+ 0.02 1.60 2.54 0.17 —0.28 0.72 7.73

LWR 2013 2.71 £0.04 1.88 3.66 0.36 0.08 0.12 13.38 72.39
2014 2.56 + 0.04 1.81 3.67 0.35 0.22 0.85 13.51
2015 2.62 +0.04 1.83 3.77 0.36 0.63 0.93 13.65
2021 2.65 £+ 0.03 1.80 3.64 0.34 —0.14 0.63 12.90

TGW (g) 2013 24.06 £ 0.33 16.62 33.28 3.19 0.33 0.53 13.25 86.11
2014 27.16 +£0.32 18.96 36.11 3.10 0.38 0.93 11.42
2015 24.42 + 0.37 16.56 35.61 3.60 0.72 0.76 14.75
2021 26.64 + 0.41 16.22 36.45 4.06 0.34 —0.11 15.24

The phenotypic data for each trait showed positive correlations in both the indica and
japonica groups between different years (Figure 3 and Table S2). For the indica group, the
correlation coefficients of GL, GW, GT, LWR, and TGW were 0.57-0.73 (p < 0.001), 0.36-0.60
(p < 0.001), 0.23-0.46 (p < 0.05), 0.52-0.73 (p < 0.001), and 0.63-0.76 (p < 0.001), respectively.
For the japonica group, the correlation coefficients of GL, GW, GT, LWR, and TGW were
0.74-0.87 (p < 0.01), 0.31-0.80, 0.18-0.61, 0.81-0.88 (p < 0.001), and 0.33-0.78, respectively.
This indicated relatively high genetic stability in these traits across the years (Table S2). In
addition, there were significant correlations among most of the grain-size traits, especially
in the indica group (Table S2), indicating that these grain traits were interrelated. The largest
correlation coefficient among the five traits was —0.80 (LWR and GW, 2021) in the japonica
group and the smallest was 0.01 (TGW and LWR, 2014) in the indica group (Table S2).
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Figure 3. Correlation heatmaps for the indica group (A) and the japonica group (B) for five grain traits
in 2013, 2014, 2015, and 2021.

2.4. Marker—Trait Associations for Grain-Size Traits

Using the MLM model in Tassel v.3.0, marker—trait association analysis of five grain
traits was carried out (Table 3 and Figure 4). In the 2013 and 2021 environments, RM449
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(Chr. 1) and RM316 (Chr. 9) were found to be significantly associated with GL traits,
explaining 16.31% and 23.51% of the phenotypic variations, respectively (Table 3). For
GW, 5,17, 15, and 3 SSR markers were found to be significantly associated in 2013, 2014,
2015, and 2021, respectively. These loci could explain 10.84 (RM425)—43.01% (RM5496)
of the phenotypic variations (Table 3). Of these associated markers, RM6092 (Chr. 1),
RM452 /RM550 (Chr. 2), RM229 (Chr. 11), and RM519 (Chr. 12) were repeatedly identified
in different environments (Figure 5). For GT, 1, 5, and 1 marker-GT association pairs
were detected in 2013, 2014, and 2021 respectively, with the marker R? ranging from 11.98
(RM161/RM305)—24.72% (RM275) (Table 3 and Figure 5). Seven markers distributed on
chromosomes 1, 4, 8, 11, and 12 were found to be associated with LWR, with their R2
values ranging from 12.68 (RM126) to 36.96% (RM5496) (Table 3 and Figure 5). RM25 (2013),
RM316 (2014), RM4499 and RM316 (2015), and RM1901 (2021) were significantly associated
with TGW, with their R? values ranging from 17.65 to 26.32% (Table 3). It is worth noting
that some markers were also associated with more than one phenotype. For instance,
RM5496 (Chr. 1), RM202 (Chr. 11), and RM519 (Chr. 12) were found to be associated with
GW and LWR, RM449 (Chr. 1) with GL and LWR, RM4499 (Chr. 2) and RM190 (Chr. 6)
with GT and TGW, RM161/RM305 (Chr. 5) and RM432 (Chr. 7) with GW and GT, and
RM316 (Chr. 9) was found to be significantly associated with GL, GW, and TGW (Figure 5).

Table 3. SSR markers significantly associated with five grain traits in four years.

Traits Year Locus Chr. p-Value R? (%)
GL 2013 RM449 1 1.11 x 1073 16.31
2021 RM316 9 295 x 1073 23.51
GW 2013 RM6092 1 3.74 x 1073 26.79
2013 RM1 1 7.10 x 1073 37.26
2013 RM452/RM550 2 7.77 x 1074 19.04
2013 RM229 11 396 x 1073 25.03
2013 RM519 12 6.11 x 1073 26.57
2014 RM414 1 7.85 x 1073 29.24
2014 RM425 2 3.26 x 1073 12.86
2014 RM523 3 757 x 1073 10.84
2014 RM7097 3 424 x 1073 25.92
2014 RM570 3 5.60 x 1073 28.92
2014 RM169 5 1.46 x 1073 28.83
2014 RM161/RM305 5 2.72 x 1073 13.31
2014 RM6313 5 732 x 1073 10.92
2014 RM253 6 474 x 1073 28.10
2014 RM3827 6 3.04 x 1073 18.19
2014 RM4085 8 998 x 1073 19.55
2014 RM596 10 1.01 x 1073 16.31
2014 RM228 10 454 x 1073 36.56
2014 RM6296 12 851 x 1073 11.21
2014 RM277 12 1.45 x 103 15.88
2014 RM519 12 559 x 1073 25.90
2014 RM235 12 8.83 x 1073 4232
2015 RM84 1 1.39 x 1073 40.03
2015 RM5496 1 238 x 1073 43.01
2015 RM?246/RM237 1 495 x 1073 25.54
2015 RM472 1 5.82 x 1073 21.38
2015 RM563 3 3.70 x 1073 18.1
2015 RM261 4 1.97 x 1073 19.57
2015 RM252 4 6.47 x 1073 26.12
2015 RM540 6 5.90 x 1073 27.18
2015 RM432 7 2.86 x 1073 21.85
2015 RM346 7 9.28 x 1073 23.7
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Table 3. Cont.

Traits Year Locus Chr. p-Value R? (%)
GW 2015 RM316 9 3.15 x 1073 228
2015 RM7557 11 222 x 1073 19.43
2015 RM202 11 5.85 x 1073 18.81
2015 RM144 11 3.92 x 1073 30.78
2015 RM19 12 822 x 1073 20.66
2021 RM6092 1 4.67 x 1073 27.28
2021 RM452/RM550 2 426 x 1073 15.57
2021 RM229 11 8.79 x 1074 29.01
GT 2013 RM138 2 995 x 1073 12.73
2014 RM4499 2 6.19 x 1074 23.47
2014 RM161/RM305 5 479 x 1073 11.98
2014 RM190 6 5.26 x 1073 18.81
2014 RM432 7 6.65 x 1073 19.21
2014 RM331 8 842 x 1073 23.81
2021 RM275 6 410 x 1073 24.72
LWR 2013 RM449 1 3.81 x 1073 13.18
2014 RM202 11 9.19 x 1073 19.02
2014 RM519 12 7.16 x 1074 32.94
2021 RM5496 1 7.80 x 1073 36.96
2021 RM471 4 5.82 x 1073 24.54
2021 RM337 8 332 x 1073 20.04
2021 RM126 8 333 x 1073 12.68
TGW 2013 RM25 8 7.09 x 1073 26.32
2014 RM316 9 6.57 x 1073 20.52
2015 RM4499 2 456 x 1073 17.65
2015 RM316 9 6.63 x 1073 20.72
2021 RM190 6 7.62 x 1073 17.88
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Figure 4. Manhattan plots and quantile-quantile (QQ) plots for grain-size traits based on the MLM
model. For the Manhattan plot, the x-axis presents the 12 rice chromosomes and the y-axis the LOD
(—log(p-value)) values. For the QQ plot, the x-axis presents LOD (—log(p-value)) values and the

y-axis the expected LOD (—log(p-value)) values.
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Figure 5. Distribution of significant marker associations for five grain traits. Red, green, blue, and

pink shapes indicate 2013, 2014, 2015, and 2021, respectively.
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3. Discussion
3.1. Molecular Genetic Diversity

The molecular marker technique can effectively evaluate the genetic diversity and
genetic relationships among rice varieties. This is important for the effective protection
and utilization of rice germplasm resources [27]. Rice in Yuanyang Hani terraces has been
planted for thousands of years. These landraces continued in the long-term cultivation
process without being eliminated, indicating that these varieties had strong adaptability
and rich genetic variation [28]. However, in recent years, the large-scale popularization
of modern bred varieties led to a gradual decrease in the planting area for traditional rice
landraces. The analysis of the genetic diversity of rice landraces in the Hani terraces can
provide a theoretical basis for the protection and utilization of these rice resources. In
this study, a total of 936 polymorphic bands were amplified by 201 SSR markers, with an
average of 4.66 bands per primer pair, which was higher compared to a report by Liu et al.
(Na = 2.161) [29] but slightly lower compared to a report of Xu et al. (Na = 5.065~5.313) [30].
The high band amplification number showed that rice from the Hani terraces had rich
genetic diversity. The average PIC value for SSR markers in this study was similar to that
reported in a previous study on 48 pairs of SSR markers (average PIC = 0.652~0.660) [30],
which was significantly higher compared to the results of Liu et al. (0.256) [29]. This
indicated that the SSR markers used in this study effectively reflected the genetic diversity
of rice landraces in the Hani terraces. The I value of 201 SSR markers was higher than 1.000,
which further confirmed the rich genetic diversity of the rice landraces in the Hani terraces.
Lower heterozygosity (H = 0.15) was consistent with the characteristics of self-pollination
and high homozygosity of rice genotypes.

3.2. Population Structure and Genetic Relationships

Population structure is an important factor that affects the results of association
analysis. Mixing of subpopulations enhances the linkage disequilibrium (LD) intensity of
the whole population, resulting in pseudo-association. Hence, the analysis of population
genetic structure is the premise of association mapping. In this study, 96 rice landraces in
the Hani terraces were analyzed by three different methods: hierarchical Bayesian analysis,
NJ cluster analysis, and principal component analysis. Ninety-six landraces were divided
into two sub-populations, namely, Q1 and Q2. Q1 was the main group and included
81 landraces (84.38%), while Q2 comprised 15 landraces (15.62%). This was consistent
with the results of previous studies on rice landraces in the Hani terraces [3,28,29]. The
uncomplicated population structure was suitable for association analysis.

3.3. Phenotypic Evaluation

In this study, the heritability of each trait was more than 70%. Higher heritability
indicated that the inheritance of grain-size traits was more stable and less affected by
environment, which was consistent with the results of Edzesi et al. [31], Feng et al. [32],
and Dang et al. [33]. The correlation analysis among characters showed that there was a
positive correlation between TGW and GL, GW, and GT in the indica group as the main
cultivation type of the Hani terraces. However, there was no significant correlation between
LWR and TGW in the indica or japonica group, which was consistent with previous research
results [33-36]. An increase in GL, GW, and GT contributed to an increase in grain weight,
with little contribution from LWR. In addition, there was a significant negative correlation
between LWR and GT (r = 0.39-0.64, p < 0.001) in the indica group, which indicated that
the long-grain landraces were less thick compared to the round-grain landraces in the
Hani terraces.

3.4. Marker—Trait Associations

Rice grain size is a typical quantitative trait controlled by multiple genes, which are
important indicators of rice yield and appearance. Bi-parental linkage mapping proved
effective in mining rice grain-size QTLs. However, the limited number of parents limits
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the opportunities to recombine the offspring. QTLs cannot be detected when there is
no difference in alleles between the parents. Compared to linkage mapping, association
analysis uses natural populations as research materials. With natural populations crossing
naturally for many generations, recombination is sufficient, the mapping accuracy is higher,
and multiple alleles at the same locus can be detected at the same time. In this study, using
SSR-trait association analysis, 2, 36, 7, 7, and 4 QTLs controlling GL, GW, GT, LWR, and
TGW were detected on 12 rice chromosomes (Figure 5). Compared to previous studies, a
few QTLs were similar to known QTLs or genes. RM449 (GL, LWR), RM414 (GW), RM169
(GW), and RM161/RM305 (GW, GT) within the marker intervals RM449-RM237 (qGL1-2),
RM431-PSM370 (qGW1-3), and RM413-RM161 (9GW5-1) were detected by Lin et al. [37]
using single segment substitution lines (GLU-SSSLs). RM169 on chromosome 5 was found
close to the cloned GW5 gene [16], and multiple grain-size QTLs were identified near
RM169 [1,26,38-40], indicating that this locus played a role in the regulation of grain size in
many rice varieties. Zhang et al. [41] used 274 SSR markers to analyze 12 agronomic traits,
including GL, GW, LWR, and TGW. The detected loci RM81A (GL), RM144 (GL), RM277
(GL, LWR), RM237 (GW, LWR), RM19 (GW), and RM252 (TGW) were consistent with GL
(RM449) and GW (RM144, RM277, RM237, RM19, and RM252) QTLs detected in this study.
Zhao et al. [42] identified 53 QTLs related to grain size in two years. The marker intervals
of gKGW1.1, qGW2.5, gLWR3.2, gKGW3.1, qGL3.4, gLWR3.3, qGL6.2, qGW6.3, qGT9, gKGW10,
qGL11.1, qLWR11, and gGL11.2 were similar or overlapped with the markers RM6092 (GW,
Chr. 1), RM425 (GW, Chr. 2), RM563 (GW, Chr. 3), RM7097 (GW, Chr. 3), RM570 (GW, Chr.
3), RM3827 (GW, Chr. 6), RM316 (GL, GW, TGW, Chr. 6), RM228 (GW, Chr. 10), RM202
(GW, LWR, Chr. 11), and RM229 (GW, Chr. 12) in the present study. Of these, RM452 (GW,
Chr. 2), RM425 (GW, Chr. 2), RM570 (GW, Chr. 3), RM169 (GW, Chr. 5), RM190 (GT and
TGW, Chr. 6), RM275 (GT, Chr. 6), RM432 (GW and GT, Chr. 7), and RM228 (GW, Chr. 10)
were close to the cloned GW2 [7], TGW2 [9], gTGW3 [13], GW5 [16], GS6 [17], TGWE6 [19],
GLW7 [21], and GW10 [25] (Figure 5), respectively. Recently, Zhu et al. [43] finely mapped
a TGW QTL, qTGW10-20.8, in the RM228-RM18A region of chromosome 10. However,
further verification was required to determine whether the locus detected in this study was
related to the cloned gene/QTL allele.

Previous studies revealed that grain-size traits were controlled by a set of QTLs, some
of which were QTL clusters. Several SSRs identified in this study overlapped with previous
QTL clusters, including RM563 (Chr. 3) and RM169 (Chr. 5), located in QTL clusters
RM517-RM411 (Chr. 3) and RM413-RM598 (Chr. 5), studied by Lu et al. [1]. RM7097
(GW) on chromosome 3 was located in the RM411-RM7097 interval controlling seven grain
traits, as revealed by Yin et al. [44]. Shi et al. [45] detected qGL2, gGW2, gLWR2, gGT2, and
gTGW2a in the RM322-YP9506 region of chromosome 2, which was consistent with the
position of RM452-RM4499, controlling GW, GT, and TGW, detected in this study. Zhang
et al. [46] identified a QTL cluster controlling GL, GW, and TGW at the end of the long
arm of chromosome 2, which was consistent with the RM138 (GW) locus detected in this
study. We detected the RM190 locus controlling GT and TGW on chromosome 6, which was
previously identified as being linked to grain size in many populations [47-49], including
the cloned GS6 gene, a member of the GRAS gene family, which plays a negative role in
regulating the grain size of rice [17]. RM190 is closely linked to the Wx gene that controls
amylose synthesis, and a few studies showed that rice grain shape was closely related to
amylose content [50]. RM5496 (GW, LWR), detected on chromosome 1, explained 43.01%
(GW) and 36.96% (LWR) of phenotypic variations. With the p-value set to 0.05, this locus
was significantly associated with GL in three environments, with R? ranging from 31.12
to 32.62%. This indicated that this locus made a major contribution to grain size. RM316,
controlling GL (2021), GW (2015), and TGW (2014, 2015), was detected in the short arm of
chromosome 9, with R? values being above 20%. When p < 0.05, RM316 was significantly
associated with GL (2014, 2015) and GW (2021). This showed that the RM316 locus played
an important role in regulating grain-size traits of rice landraces in the Hani terraces. As no
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genes controlling grain traits were cloned at the RM316 locus, it is of great significance to
further mine the potential genes at this locus.

4. Materials and Methods
4.1. Rice Material and Phenotyping

Ninety-six rice landraces were collected from Yuanyang County, Honghe Hani, and
Yi Autonomous Prefecture of Yunnan Province. Detailed sample information is shown in
Table S3. All experimental materials were planted during the rice-growing seasons of 2013,
2014, 2015, and 2021 in the experimental farm of Honghe University, Mengzi, China. A
random block design was adopted, and each rice landrace was planted in two rows. Ten
plants were planted in each row, with a row spacing of 15 cm x 20 cm between plants
and two repetitions. Protective rows were set up around the test field. Field management,
including soil fertility and irrigation in the experimental field, was the same in different
years. Random samples were harvested, and traits were inspected after natural air-drying.
GL, GW, and GT were measured using electronic digital calipers (Guilin Measuring and
Cutting Tool Co., Ltd., Guilin, China). Ten grains were measured for each variety, and
measurements were repeated five times. Five hundred fully filled grains were randomly
selected to measure grain weight, which was repeated twice. With a difference of not more
than 5%, grain weight was then converted into TGW.

4.2. DNA Extraction and Genotyping

Fresh young leaves of rice were collected at the tillering stage for genomic DNA
extraction. DNA was extracted using the cetyltrimethylamine bromide (CTAB) method.
DNA concentration was detected by spectrophotometry, and its quality was detected by 1%
agarose gel electrophoresis. Finally, DNA was diluted in a working solution of 20 ng/pL. A
total of 201 pairs of SSR primers uniformly distributed on rice chromosomes were obtained
from the Gramene database (www.gramene.org (accessed on 25 March 2013)). The primers
were synthesized by Sangon Biotech Co., Ltd., Shangai. The chromosomes of SSR primers
are shown in Table S4. The 10 pL PCR reaction volume contained 10 ng template DNA,
0.2 pM primers, 2.5 mM dNTP, 1.2 uL 10 x PCR buffer, 25 mM MgCl,, and 0.5 U rTaq
DNA polymerase. The PCR amplification procedure was pre-denatured at 95 °C for 5 min,
followed by 30 cycles at 95 °C for 30 s, 55~58 °C for 30 s, 72 °C for 30 s, and extended
at 72 °C for 8 min at the end of the cycle. The amplified products were separated by
electrophoresis with 8% non-denaturing polyacrylamide gel and stained with 1% silver
nitrate [51].

4.3. Phenotypic Data Analysis

Excel 2016 was used for data processing and organization. Past v.3.0 software (https:
//www.nhm.uio.no/english/research/resources/past/ (accessed on 22 November 2022))
was used for phenotypic data descriptive statistics and trait correlation analysis. GraphPad
Prism v.8.0 software (GraphPad Prism Software Inc., San Diego, CA, USA) was used to
draw a phenotypic data box diagram and correlation heatmap. The following formula was

used to estimate the generalized heritability of five traits: H3 = 0'; / (Ug + 02/ n) , Where

O'é is the genetic variance, Ue2 is the error variance, and 7 is the number of replications [52].

4.4. Genetic Diversity, Phylogenetic Analysis, and Population Structure

Polymorphic bands of SSR electrophoresis were recorded and organized based on a
previous study [53]. The observed number of alleles (Na), the effective number of alleles
(Ne), and Shannon’s information index (I) for each pair of primers were calculated using
POPGENE v.1.32 [54]. The polymorphism information content (PIC) and the heterozygosity
(H) of each pair of primers were calculated by PowerMarker v.3.25 [55]. The structure of
the total population of varieties was analyzed by STRUCTURE v.2.3.4 [56]. The results
of the operation repeated five times under different K values were uploaded to Structure
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Harvester v.0.6.94 (https:/ /taylor0.biology.ucla.edu/structureHarvester/ (accessed on 8
December 2022)) [57] and the optimal number of groups was determined by LnP (K) and
Delta (K). Based on the allelic genotype frequency of each locus, the Nei genetic distance,
calculated by PowerMarker v.3.25, was used to construct the neighbor-joining (NJ) cluster
tree, which was observed using MEGA v.5.0 (http:/ /www.megasoftware.net (accessed on
10 December 2022)). Principle component analysis (PCA) was undertaken using PAST v.3.0.

4.5. Association Mapping

The mixed linear model (MLM) in TASSEL v.3.0 was used to analyze the correlation
between SSR markers and GL, GW, GT, LWR, and TGW, considering the factors of popula-
tion structure (Q) and kinship (K) of the materials. The Q value for population structure
was calculated using Structure v.2.3.4 and the K value among individuals was calculated
using TASSEL v.3.0. It was considered that there was a significant association of the target
trait with the marker at a level of p < 0.01. The results of the association analysis were
visualized by CMplot (https://cran.r-project.org/web/packages/CMplot/ (accessed on
15 December 2022)).

5. Conclusions

The genetic diversity, genetic relationships, and population structure of 96 rice lan-
draces in the Hani terraces were analyzed using 201 SSR markers widely distributed on
12 chromosomes. The results showed that rice landraces in the Hani terraces harbored
rich genetic diversity. All landraces were divided into two groups, with indica rice being
the main group. Further, the MLM model of the TASSEL software was used for the SSR
marker-trait association analysis of GL, GW, GT, LWR, and TGW in four environments.
The results showed that 2, 36, 7, 7, and 4 SSR markers were significantly associated with GL,
GW, GT, LWR, and TGW), respectively, with individual phenotypic variations ranging from
10.84 to 43.01%. RM6092 (Chr. 1), RM452/RM550 (Chr. 2), RM316 (Chr. 9), RM229 (Chr.
11), and RM519 (Chr. 12) were detected repeatedly in different environments. Nine SSR
markers (RM5496, RM449, RM4499, RM161/RM305, RM190, RM432, RM316, RM202, and
RM519) were significantly associated with different grain-size traits. These mapping results
provide a theoretical foundation for further fine mapping, cloning, and molecular-assisted
breeding of related genes.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants12081678/s1, Table S1: Genetic diversity parameters of
96 rice landraces collected from the Hani terraces based on 201 SSR markers; Table S2: Correlation
analysis of five grain-size traits of Hani terrace rice landraces in four environments; Table S3: Codes,
names, and collection places of 96 rice landraces from the Honghe Hani Rice Terraces System; Table S4:
Chromosome information for 201 pairs of SSR markers.
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Abstract: Rice blast caused by pathogenic fungus Magnaporthe oryzae is one of the most serious
diseases in rice. The pyramiding of effective resistance genes into rice varieties is a potential approach
to reduce the damage of blast disease. In this study, combinations of three resistance genes, Pigm,
Pi48 and Pi49, were introduced into a thermo-sensitive genic male sterile (PTGMS) line Chuang55
through marker-assisted selection. The results showed that the blast resistance of improved lines
increased significantly compared with Chuang5S, and the three gene pyramiding lines (Pigm + Pi48 +
Pi49) had higher rice blast resistance level than monogenic line and digenic lines (Pigm +Pi48, Pigm +
Pi49). The genetic backgrounds of the improved lines were highly similar (>90%) to the recurrent
parent Chuang5S by using the RICE10K SNP chip. In addition, agronomic traits evaluation also
showed pyramiding lines with two or three genes similar to Chuang5S. The yields of the hybrids
developed from improved PTGMS lines and Chuang5S are not significantly different. The newly
developed PTGMS lines can be practically used for the breeding of parental lines and hybrid varieties

with broad spectrum blast resistance.
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1. Introduction
Penalty in Hybrid Rice Production.

Plants 2023, 12, 1389. https:// Rice is one of the most important crops in the world, feeding more than half of the
doi.org/10.3390/plants12061389 world’s population. More than 60% of the population in China take rice as their staple
food [1]. Rice blast, caused by pathogenic fungus Magnaporthe oryzae, is one of the most
serious diseases affecting rice production [2]. The use of a resistance gene to create new
cultivars with broad-spectrum disease resistance has been considered a cost-effective and

Academic Editors: Xiangjin Wei,
Yingxin Zhang, Weixun Wu and

cuisifie environmentally friendly method to control the disease.

Received: 23 February 2023 So far, more than 100 resistance loci have been identified, and among them, 38 R

Revised: 17 March 2023 genes have been successfully cloned [3,4]. Most of the genes are distributed in the form of

Accepted: 20 March 2023 gene clusters on the other 11 chromosomes except the third chromosome. The Piz locus on

Published: 21 March 2023 chromosome 6, the Pik locus on chromosome 11 and the Pita locus on chromosome 12 are the
hotspots of resistance gene clusters [5]. Most importantly, R genes in these hotspot regions

often show broad-spectrum resistance to rice blast fungus, which provides important

genetic resources for breeding rice varieties with broad-spectrum blast resistance [6].

The broad-spectrum rice blast resistance gene Pigrm at the Piz locus has both leaf blast
This article is an open access article  and panicle blast resistance effects and has been widely used in rice breeding [7,8]. Gene
distributed under the terms and D149 is a new broad-spectrum resistance gene at the Pik locus and discovered in the landrace
conditions of the Creative Commons ~ Mowanggu, which has also been used in rice blast resistance breeding in recent years [9].
Attribution (CC BY) license (https://  Genes Pi47 and Pi48 were identified in the indica cultivar Xiangzi 3150 and located at the
creativecommons.org/ licenses /by / Pik and Pita locus, respectively; they determined the stable broad-spectrum resistance of
4.0/). Xiangzi 3150, which conferred resistance to 95% of 303 blast isolates from China [10].
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Chuang5S is an indica thermo-sensitive genic male sterile (TGMS) rice line bred by
Hunan Agricultural University; it has excellent agronomic characteristics, such as lower
critical sterility inducing temperature (refers to the critical temperature when a sterile line
changes from a sterile state to a fertile state), stable sterility and a high combining ability
and outcrossing rate [11]. More than ten hybrid combinations bred from Chuang5S have
been approved and widely cultivated. However, it was found in the production practice
that the rice blast resistance of Chuang5S was poor, and there is risk involved by planting
the hybrids from this male sterile line in certain areas [12,13]. Therefore, in this study, three
blast resistance genes (Pigm, Pi48, Pi49) were introgressed into Chuang5S by combining
the traditional breeding method with MAS technology to develop new PTGMS lines with
resistance to rice blast, aiming to improve the disease resistance of two-line hybrid rice bred
from Chuang5S. Meanwhile, we also evaluated the yield of hybrid combinations derived
from improved lines with one, two or three resistance genes in order to explore whether
the yield was affected by the number of resistance genes.

2. Materials and Methods
2.1. Plant Materials

In this study, Chuang5S (C5S) and NIL-C5S carrying the R gene were used as the
recurrent parents. Blast resistance gene Pigm was derived from a native variety Gumei 4
(GM4). Dominant blast resistance gene Pi48 was derived from Xiangzi 3150 (XZ3150), a
local rice variety in Hunan Province of China. Long-lasting blast resistance gene Pi49 was
derived from Mowanggu (MWG), a local variety in Yunnan Province of China. Rice variety
CO39 was used as the susceptible control. A cross was made between Chuang5S and
donor parents to generate the F; hybrids during the summer of 2011 at Changsha. After
three backcross generations, the target BC3F; lines were obtained. BC3F3 plants containing
different resistance genes were crossed to generate new F; hybrids, then F; were self-
pollinated to obtain the F, population. Then, the F, plants containing different resistance
genes were crossed to generate the F; hybrids which harbored multiple resistance genes.
After three self-pollination generations, the pedigree selection was followed to obtain the
target MF, lines (Figure 1).

2011 changsha C5S x  Donor (GM4, XZ3150, MWG)
2012 Hainan C58 x Fy

2012 changsha C5S8 x  BC4F,

2013 Hainan C8S x  BGFy

2013 changsha C58 x BCsFy

2014 Hainan BC,F,

2014 Changsha BC,F,(Pi48) BC4F5(Pigm) BCF4(Pi49)
2015 Changsha F, (Pigm+Pi48) F, (Pigm+Pi49)

2016 Changsha F, (Pigm+Pi48) X F2 (Pigm+Pi49)
2017Hainan MF, (Pigm+Pid8+Pi49)

2017 Changsha MF, (Pigm+Pi48+Pi49)

2018 Hainan MF; (Pigm+Pi48+Pi49)

2018 Changsha MF, (Pigm+Pi48+Pi49)

Figure 1. Breeding scheme for developing introgression lines of C5S carrying rice blast resistance
genes Pigm, Pi48 and Pi49.
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2.2. Molecular Marker Selection and Genotyping

Molecular markers linked to the target genes were selected based on previous research;
a set of molecular markers with polymorphism among parents were selected for foreground
selection (Table 1). SSR markers RM7178 and RM7311 were used for Pigm detection, LY2
was used to detect Pi48 and RM224 was used to detect Pi49 [12,14].

Table 1. Molecular markers used to select individuals with the resistance genes.

Gene Chr Marker Marker Position Forward Primer Reverse Primer
Pign . RM7311 11046701-11046847 agtggtcgttgaactcggag tegtggcegectttaatete
RM7178 10199892-10200042 taaccttcacagcgaacgtg ccgtgagatggectacctac
Pi48 12 Ly2 11935927-11936129 attacgctcgatagtgge ctagcgggaggttggaag
Pi49 11 RM224 27673251-27673353 atcgatcgatcttcacgagg tgctataaaaggcattcggg

DNA samples were prepared by using the SDS-CTAB method and sucrose extraction
method [15]. The PCR system (10 pL) for amplifcation was as follows: 1.0 uL 10 x buffer,
0.2 uL 5-mM dNTPs, 1.0 pL 2 pmol/uL primers, 0.1 uL. 5 U/uL Taq polymerase, 1.0 uL
DNA template (about 10 ng/pL) and 6.7 uL ddH;O. The PCR was performed on the ABI
PCR system 2700. The PCR procedure was 94 °C for 5 min, followed by 35 cycles of 94 °C
for 30 s, 55 °C for 1 min, 72 °C for 30 s and finally 72 °C for 10 min. The PCR products
were separated via electrophoresis on 8% non-denaturing polyacrylamide gel, and then
visualized via silver staining and finally observed using a fluorescent light box.

2.3. Genetic Background Examination of Pyramided Lines

The whole-genome single-nucleotide polymorphism (SNP) array RICE10K was used to
evaluate the similarity in genetic background between the improved lines and the recurrent
parent C55. This SNP array was developed based on a multiplex PCR and genotyping
using targeted sequencing technology and comprises 9906 high-quality SNP and insertion-
deletion (InDel) markers evenly distributed on the 12 chromosomes of rice with an average
density of 27 SNPs per Mb. The pyramided lines of MFg, Fg and BC3F;; were selected
and genotyped for examination of the genetic background. For each improved line or C55,
the total DNA was extracted from the leaves of 30 plants. Genetic background similarity
analysis was performed at China National Hybrid Rice Research and Development Center
(Changsha, China) according to Genotyping by Targeted Sequencing Protocol.

2.4. Phenotyping of Blast Resistance in the Field

To evaluate the rice blast resistance of the newly improved TGMS lines, the blast
resistance experiment was conducted under natural conditions in a rice blast disease
hotspot location, Daweishan Village of Liuyang City, Hunan Province, China, where rice
blast disease is epidemic every year. One hundred seeds of C5S and every newly improved
PTGMS line were sown with the susceptible control CO39, and then CO39 was sown
around them. About 30 days after seeding, the disease resistance was visually scored
according to a 0-9 SES scale (Standard Evaluation System for Rice, IRRI, 2002) when the
susceptible control CO39 showed more than 90% dead seedlings. Twenty random plants
in the middle of each line were examined, and the average score was used to measure
the disease resistance level of each line. Scores 0-3 were considered as resistant (R), 4 as
moderately resistant (MR), 5 as moderately susceptible (MS) and 6-9 as susceptible (S).

2.5. Agronomic Performance Evaluation of Rice Blast Resistance Improved Lines and Chuang5S

The MF; plants of newly improved TGMS lines and plants of C55 (CK) were trans-
planted in the field with a space of 20 cm x 20 cm at the Jiangbei experimental field of
Hunan Agricultural University, Hunan Province, in the summer of 2018. The main agro-
nomic characters of five individual plants randomly selected from each line were examined,
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including plant height, panicle length, flag leaf length, number of primary branches on the
panicle, number of grains per panicle and length of panicle exertion. One-way ANOVA
was performed to detect the statistical differences. A p-value less than 0.05 was considered
to be a significant difference.

2.6. Yield and Agronomic Performance Evaluation of Hybrid Rice Combinations Developed from
the Improved Lines and Chuang5S

Thirty-five hybrid rice combinations crossed between 7 PTGMS lines and 5 restorer
lines were evaluated during the summer of 2022. The evaluation of agronomic traits under
the natural field condition was conducted in the field at the Jiangbei experimental field of
Hunan Agricultural University, Hunan Province. Each combination was planted in a plot
of 6 rows with 8 plants per row with a space of 20 cm x 20 cm. At maturity, five plants
in the middle of each plot were taken randomly for measurements of the plant height,
panicle length, number of panicles per plant, number of grains per panicle, spikelet fertility,
1000 grain weight and yield per plant. One-way ANOVA was performed to detect the
statistical differences. A p-value less than 0.05 was considered to be a significant difference.

3. Results
3.1. Development of Gene Pyramided Lines of C5S through MAS

In this study, three backcrossing events were conducted to pyramid the rice blast
resistance genes in PTGMS line C5S. At the first step, three rice blast resistance genes (Pigm,
Pi48 and Pi49) from three donor parents (GM4, XZ3150 and MWG) were introgressed into
C5S via marker-assisted backcrossing. F; generation was obtained in the summer of 2011.
Then, three successive backcrossing generations were conducted with C5S as the recurrent
parent, and BC3F; generation was developed in the summer of 2013. For each backcross
generation, the presence of disease resistance genes in individual plants was detected using
molecular markers; only the individuals harboring the target genes and showing similar
morphological phenotypes to their recurrent parent C5S were selected for the following
steps. Subsequently, the BC3F; and its descendant pedigree individual plants selected
via MAS and field phenotyping were handled with continuous irrigation of cold water
with a temperature about of 20-22 °C in summer at Changsha, or were planted under low
temperature conditions in winter at Sanya to restore the male fertility. Finally, after two
times of self-pollination, the BC3F3 generation was obtained in the spring of 2014.

The second step was to pyramid two blast resistance genes. The hybridization between
the BC3F;5 population harboring different rice blast resistance genes of the first step was
carried out at Changsha in the summer of 2014. The F; plants were genotyped using
molecular markers, and the individuals with heterozygous genotype of target genes were
selected for self-pollination; the selected plants were handled with cold water to recover
the male fertility in Changsha. The F, populations carrying two rice blast resistance genes
were obtained in the summer of 2016.

The third step was to pyramid three blast resistance genes. The F, plants with two
rice blast resistance genes were selected for hybridization to obtain multiple F; populations
at Changsha in the summer of 2016. In each subsequent generation, the rice blast resistant
gene loci were detected using molecular markers, followed by agronomic traits selection
in the field; finally, selected individuals were induced to restore fertility to harvest seeds.
In the MF; generation, the plants with a heterozygous genotype of blast resistant genes
were selected, and in the MF; or descendant generations, the plants with a homozygous
genotype of blast resistant genes were selected.

3.2. Blast Resistance of the Pyramided Lines

The pyramided lines carrying homozygous blast resistance genes were selected for the
evaluation of leaf blast resistance at the seedling stage and panicle blast resistance at the
grain filling stage. The scores of the recurrent parent C5S and the susceptible control CO39
were 6.2 and 9.0, respectively. Three donor parents, GM4, XZ3150 and MWG, were resistant
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to leaf blast with scores of 1.6, 3.2 and 4.0, respectively. The introgression lines carrying
single blast genes Pigm, Pi48 and Pi49 showed similar resistance to the donor, with resistance
scores of 1.8, 3.6 and 4.8, respectively. In the two-gene pyramided lines, the resistance
scores of Pigm + Pi48 and Pigm + Pi49 improved lines were 1.6 and 1.8, respectively, which
were similar to Pigm monogenic lines and Pigm donor GM4, but significantly lower than
Pi48 and Pi49 monogenic lines. The three-gene pyramided lines, including Pigm, Pi49 and
Pi48, showed comparable resistance to the donor GM4 with resistance grades of 1.6, which
were significantly stronger than other monogenic lines and digenic lines (Table 2, Figure 2).
At the grain filling stage, the disease reaction scores of all improved materials were 3-5,
while the susceptible control CO39 and recurrent parent C5S showed more than 50% death
(Table 2, Figure 3). The results revealed that the blast resistance of the newly developed
lines was significantly improved in comparison to C5S.

Table 2. Blast resistance of C5S and improved lines.

Leaf Blast Resistance at Panicle Blast

Materials Blast Resistance Gene Seedling Stage Resliﬁta‘nce at Grain
illing Stage

CO39 - 9.0£0* 9
C5S - 6.2£0.5 7
GM4 Pigm 1.6 £0.2** 3
XZ3150 Pi48 324+04* 3
MWG Pi49 40+£03* 5
C55-Pigm Pigm 1.8 +0.4** 3
C5S-Pi48 Pi48 3.6 +£05* 5
C55-Pi49 Pi49 4.8 +£0.4* 5
C5S-Pigm + Pi48 Pigm + Pi48 1.6 £0.2* 3
C5S-Pigm + Pi49 Pigm + Pi49 1.8+ 0.4 ** 5
C5S-Pigm + Pi48 + Pi49 Pigm + Pi48 + Pi49 1.6 £0.2* 3

** Means the disease severity score difference between improved lines and C5S was significant at 0.01 level. For
blast resistance, scores 0-3 are resistant, score 4 is moderately resistant, score 5 is moderately susceptible and
scores of 7-9 are susceptible.
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Figure 2. Leaf blast resistance of C5S and the improved lines at seedling stage.
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Figure 3. Panicle blast resistance of C5S and the improved lines at grain filling stage.

3.3. Genetic Background Examination of the Pyramided Lines

In this study, a 10K whole-genome SNP array was used to analyze the genetic back-
ground of the gene pyramided lines. The genetic background recovery rates of the im-
proved lines 19RS00207 (Pigm) and 19RS00209 (Pi49) were 97.26% and 94.34%, respectively.
The genetic background recovery rate of the digenic line 19RS500451 (Pigm + Pi49) was
97.53%. The genetic background recovery rate of the trigenic line 19RS00625 (Pigm + Pi48
+ Pi49) was 92.68%. Fragments carrying target genes were substituted in the positions
(red dots) of Pigm in chromosome 6, Pi48 in chromosome 12 and Pi49 in chromosome 11,
indicating the successful introgression of blast resistance genes (Figure 4).
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Figure 4. Genetic background of improved lines using the 10K array. The blue color represents
homozygous genotype different from C5S, and the black color represents heterozygous genotype.
The red dots indicate the positions of the target blast resistance genes.
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3.4. Agronomic Traits of the Pyramided Lines

The main agronomic traits of the pyramided lines and their recurrent parent C5S were
evaluated; the results showed that the agronomic traits such as plant height, number of
grains per panicle and panicle length of the improved lines were lower than recurrent
parent C55. Among the improved lines, the agronomic traits of C55-3R-4 were similar to
the recurrent parent, and its plant height was not significantly different from C5S. The
improved line C55-3R-3 performed poorly in agronomic traits, and its number of grains
per panicle was significantly lower than the recurrent parents (Table 3).

Table 3. Agronomic traits of C5S and the improved lines.

. Panicle Flag-Leaf Number Number of Length of Lengfh of
. Plant Height . . the Upmost Panicle
Lines Genes Length Length Primary Grains per .
(cm) . Internode Exertion
(cm) (cm) Branches Spike
(cm) (cm)
C5S 62.7 +£0.7 221 +03 3414+14 11.0 £0.2 176.7 + 7.7 20.7+04 8.4
C5s3R1 zngJ; 41;148 T 5454£08%  199402%  27.6+1.0%  91403*  1048+£39% 162405 10.3
css3r2 zngJ; 41;48 T 539406%  187+03*  250+06*  98+02*%  1155+£46* 167 +£04* 11.7
C5S-3R-3 Pzgmp?4I;z48 + 50.0 = 0.5 ** 175 £ 0.2** 189 £1.0** 6.9 +02** 77.7 £ 2.8 ** 16.8 £ 0.5** 7.5
C5S-3R-4 Plgmpj.—;;ﬂg + 62.1 +0.8 19.7 £ 0.3 ** 271 +£1.0** 10.0 £ 0.4 ** 140.1 £ 6.9 ** 21.9 + 04 ** 6.7
C5S-3R-5 Plgmpﬁ;41;l48 + 59.8 + 0.9 ** 189 + 0.3 ** 272+ 0.9 ** 93 +04* 112.1 £ 6.1 ** 20.6 + 0.5 6.8

** means there is a significant difference at 0.01 level compared with C5S.

3.5. Agronomic Traits of the Hybrid Rice Combinations

In order to study the effect of gene introgression on the agronomic characters of
hybrid rice combinations, seven male sterile lines were crossed with five restorer lines, and
thirty-five hybrid combinations were obtained for investigation of agronomic traits. The
results showed that most of the agronomic traits of the combinations derived from four
restorer lines (R1128, HRZ, MFZ1 and YNSM) were similar to those combinations from
C5S. In the SFSM group, although panicle length and number of grains per panicle of some
combinations from improved lines was significantly higher than the combination from C5S,
the 1000-grain weight of these lines were significantly lower than that of the control, and
there was no significant difference in the plant height, number of panicles per plant and
spikelet fertility, so there was no significant difference in yield (Table 4).
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4. Discussion

Marker-assisted selection is an effective way to improve the disease resistance of rice;
the use of MAS can determine the resistance and fertility of individual plants as early as
possible, and the selected individuals are treated with low temperature to restore fertility,
thus greatly improving the selection efficiency and shortening the breeding procedure.
The blast resistance gene Pi2 was introgressed into TGMS line C815S through MAS and
phenotypic selection approaches, and the agronomic and grain quality traits of four new
TGMS lines met the requirement for two-line hybrid rice production [16]. Two PTGMS
lines, Tai S and Wo S, were developed using the broad-spectrum resistance gene Xa23
through MAS combined with phenotypic selection [17]. The blast and bacterial blight
resistance of PTGMS line Guangzhan63-45 was improved by introducing the R genes Pi2
and Xa7 through MAS [18]. The rice blast and brown planthopper resistance of PTGMS line
C815S was improved via the MAS of the Pi9, Pi47, Pi48, Pi49, Bph14 and Bphl5 genes [19].
Similar to previous studies, this study combined a traditional backcross method with MAS
to pyramid three blast resistance genes into sterile lines of C5S through several generations
of hybridization and backcrossing. The genotyping results indicate that target genes were
successfully introgressed into the improved lines. The new developed lines conferred high
resistance to rice blast in the field. The genetic background recovery rates were 97.26%
and 94.34% for the improved monogenic lines 19RS00207 (Pigrm) and 19RS00209 (Pi49),
respectively, and 97.53% for the digenic line 19R500451 (Pigm + Pi49) and 92.68% for the
trigenic line 19RS00625 (Pigm + Pi48 + Pi49). There were more fragments introduced into
the recurrent parent when more genes were pyramided, and these fragments may carry
genes affecting agronomic traits. Thus, some of the agronomic traits such as the plant
height, number of grains per panicle and panicle length of the trigenic lines were lower
than recurrent parent C5S (Table 3). However, the effects of the introduced fragments
on the performance of the hybrids were dependent on the restore lines. Among the five
restore lines used, the 1000-grain weight of hybrids from SFSM were lower than those
from the control C5S, while no difference was observed in hybrids from other restore
lines (Table 4). Importantly, the hybrid rice combinations of improved lines showed no
significant difference in yield compared to the control. The developed PTGMS lines with
blast resistance and a similar yield as C5S could be used for the hybrid rice seeds production.

In the practice of crop disease resistance breeding, repeated use of a single gene for a
long time can easily lead to the loss of resistance, thus pyramiding broad-spectrum resis-
tance genes is generally considered as an effective way to solve this problem. Multi-gene
pyramiding, which is conducive for broadening the resistance spectrum and improving
crop resistance, is an important approach for rice variety improvement [20]. Genes Pi46
and Pita were pyramided into an elite restorer line HH179 to improve its blast resistance
using the marker-assisted backcrossing procedure, and the resistance spectrum of the
three improved lines was markedly broader than that of HH179 [21]. The blast resistances
of a japonica rice variety 07GY31 was improved by pyramiding R genes Pi9, Pizt and
Pi54 [22]. The blast resistances of four sterile lines were improved by the introgression
of broad-spectrum blast resistance genes Pi37, Pit, Pid3, Pigm, Pi36, Pi5, Pi54, Pikm and
Pb1 [23]. The disease resistances of two cultivars (ASD 16 and ADT 43) were enhanced
through the introgression of bacterial blight (xa5, xa13, and Xa21), blast (Pi54) and sheath
blight (4SBR7-1, gSBR11-1 and gSBR11-2) resistance genes [24]. In our previous study, we
pyramided two rice blast resistance genes, Pi9 and Pi49, into C5S, and the results showed
that the resistances of C55-Pi9/Pi49 lines were improved when different blast strains were
inoculated [12]. In this study, we developed lines containing two or three blast resistance
genes that were resistant to leaf and panicle blast under natural conditions. The three-gene
pyramiding lines of C5S (Pigm + Pi48 + Pi49) have higher rice blast resistance levels than
the monogenic line and digenic lines. In addition, the present study results also reveal
that the gene combination with Pigm had better resistance than the remaining improved
lines. These results were consistent with the results of previous studies. The improved
lines containing one, two or three R genes can be used to breed two-line hybrid rice with
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broad-spectrum resistance and can also be used to polymerize more resistance genes into
intermediate materials via MAS to obtain new materials with a broader resistance spectrum,
wider adaptation range and durable resistance. In addition, they can be pyramided with
more genes of important agronomic traits, such as the low accumulation of heavy metals
and superior grain quality.

In this study, molecular markers linked to the target gene were used for foreground
selection, but genome-wide markers were not used for background selection in each
generation due to the cost. The genetic background examination results showed that some
non-target genomic regions of the higher generation materials still retained genotypes of
the donor, especially the large chromosomal segment of Pi48. Similar results have been
reported in previous studies. A large flanking fragment remained in the recurrent parent
when introgressing gene Pita to improve rice blast resistance [25]. The Pi48 gene was
the allele of Pita, and the Pita locus is close to the centromere region, which has a low
recombination rate. The background selection is considered to be an effective way to
improve the efficiency of recombination selection and reduce the transmission of linkage
drag. With the advances in high-throughput genotyping technology and the reduction in
genotyping costs, it has become easier to obtain high-quality whole genome genotype. New
genotyping technology such as KASP, whole genome sequencing, genotyping via target
sequencing and SNP breeding chips have been widely applied in recent years [26-30].
The use of an SNP chip for genetic background selection in each generation can select
individuals with higher genomic background recovery as early as possible and shorten the
breeding process, and, therefore, it has been widely employed in breeding programs. The
RICE6K SNP array was used for background detection in backcross breeding, and obtained
improved lines, with a genome recovery of 99.67% [31]. In the case of genomics-assisted
breeding, the background analysis using the 56K SNP chip revealed that the selected BC;F3
line has a background recovery rate of 96.8% comparing to the recurrent parent [32]. The
use of the SNP chip for background selection in the process of backcross breeding can
reduce the near isogenic line development by 2-3 years, which will further shorten the
breeding cycle [31]. Using a liquid chip based on targeted sequencing technology [33] to
further improve breeding efficiency is our future research direction on the basis of the
improved lines in this study. Using a genomics-assisted breeding strategy to polymerize
more important genes and create a series of better C5S is our next research focus.
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Abstract: The formation and development of chloroplasts play a vital role in the breeding of high-
yield rice (Oryza sativa L.). Porphobilinogen deaminases (PBGDs) act in the early stage of chlorophyll
and heme biosynthesis. However, the role of PBGDs in chloroplast development and chlorophyll
production remains elusive in rice. Here, we identified the spotted leaf 42 (spl42) mutant, which
exhibited a reddish-brown spotted leaf phenotype. The mutant showed a significantly lower chloro-
phyll content, abnormal thylakoid morphology, and elevated activities of reactive oxygen species
(ROS)-scavenging enzymes. Consistently, multiple genes related to chloroplast development and
chlorophyll biosynthesis were significantly down-regulated, whereas many genes involved in leaf
senescence, ROS production, and defense responses were upregulated in the spl42 mutant. Map-
based cloning revealed that SPL42 encodes a PBGD. A C-to-T base substitution occurred in spl42,
resulting in an amino acid change and significantly reduced PBGD enzyme activity. SPL42 targets to
the chloroplast and interacts with the multiple organelle RNA editing factors (MORFs) OsMORF8-1
and OsMOREFS-2 to affect RNA editing. The identification and characterization of spl42 helps in
elucidating the molecular mechanisms associated with chlorophyll synthesis and RNA editing in rice.

Keywords: chlorophyll biosynthesis; chloroplast; rice (Oryza sativa L.); RNA editing; spotted leaf;
porphobilinogen deaminase (PBGD)

1. Introduction

The chloroplast is an important organelle for photosynthesis in higher plants. Its main
function is to convert light energy into chemical energy through chlorophyll. Chlorophyll
is involved in the absorption, transmission, and conversion of light energy. It is a long-term
breeding objective to improve the chloroplast and chlorophyll photosynthesis capability.

So far, many genes related to chlorophyll synthesis in rice (Oryza sativa) have been
cloned, including glutamyl-tRNA synthetase (OsGIuRS), magnesium ion chelatase (Chl),
protochlorophyll ester oxidoreductase (OsPORB), porphobilinogen deaminase (PBGD),
and so on. OsGIluRS is the first enzyme in the chlorophyll synthesis pathway in plants.
When OsGIuRS is mutated, plant leaves turn yellowish green while plant growth and
development are inhibited. [1]. Chl contains three subunits, ChlH, ChlD, and ChlI [2,3].
Mutations in the former two gene results in a yellow-green phenotype, whereas mutating
the last one (ChlH) affects the chloroplast structure and chlorophyll biosynthesis, resulting
in plant death four weeks after germination [4,5]. Likewise, the abnormal expression of
OsPORB produces yellow, white, and necrotic spots on the leaves [6]. PBGD is an enzyme
that functions during the early stage of chlorophyll and heme biosynthesis. PBGD catalyzes
the deamination of four porphobilinogen molecules and their gradual polymerization into
linear hydroxymethylbilane. A loss-of-function mutant of PBGD in maize (cfl) exhibits
yellowing and even necrotic leaves. The necrotic spotted leaf phenotype of the cfl mutant
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is caused by the decreased activity of tetrapyrrole synthetase, accompanied by reactive
oxygen species (ROS) burst and the disturbance of the ROS scavenge system [7]. Another
loss-of-function mutant of PBGD in Arabidopsis, rugosal, showed spontaneous lesions
reminiscent of those seen in lesion-mimic mutants (LMM), such as irregularly shaped
leaves and a reduced growth. [8,9].

An LMM often exhibits hypersensitive responses in the absence of pathogens, resulting
in the production of disease-resistant substances such as ROS, plant hormones, and phenolic
complexes [10,11]. By screening rice brown necrotic spot mutants, Wang et al. identified
an LMM-related gene, OsCNGC9. This gene relies on calcium ion channels to stimulate
the plant’s own immune system, thereby regulating innate immunity in rice [10]. Another
rice LMM, apoptosis leaf and sheath 1 (als1), showed the accumulation of jasmonic acid (JA)
and salicylic acid (SA) and an increased resistance to rice fungus, indicating that ALS1
is involved in the defense responses mediated by SA and JA [11]. Moreover, most of the
rice LMMs, such as spl2, spl7, spl11, dj-Im, and pls3, accumulate ROS (such as H,O, and
O?7) in the lesion sites, thereby negatively affecting the chloroplast development [12-17].
Despite the clarification of the various PBGDs in the chloroplast development of maize
and Arabidopsis, the role of PBGD in rice defense responses and chloroplast development
remains elusive.

As a common processing event of organellar transcripts in higher plants, RNA editing
is essential for gene repair and plant development [18-21]. The mutation of the RNA
recognition motif (RRM) protein ORRM1, which was involved in the RNA editing of plant
organelles, leads to the complete loss of the functions of 12 editing sites in Arabidopsis [22].
ORRML1 interacts with multiple organelle RNA editing factors (MORFs), MORF2 and
MOREF8/RIP1, to regulate the development of chloroplasts and mitochondria [22]. The
RanBP2 zinc finger protein family member OZ1 affects the expression of the MORF protein
by interacting with ORRM1 [23]. Although MORF and RRM play crucial roles in RNA
editing in mitochondria and plastids [24,25], other factors such as PBGD have not been
studied in detail.

In this study, we identified the spotted leaf 42 mutant (spl/42) in rice. The sp/42 mutant
displayed an irregular reddish-brown blotchy phenotype at the third to fourth leaf stage,
which was accompanied throughout the whole growth period. Map-based cloning revealed
that SPL42 locates on the short arm of chromosome 2 and encodes a PBGD family protein.
Transgenic experiments confirmed that the functional defect of PBGD was the cause of the
spl42 mutant phenotype. The aim of this study is to reveal the role of PBGD in chloroplast
development and RNA editing in rice. At the same time, the characterization of the lesion-
mimic mutant spl42 helps to decipher the molecular mechanism of the defense response.
This study helps in stabilizing the production of rice, a major staple food crop for more
than half of the world’s population.

2. Results
2.1. Phenotypic Characteristics of the spl42 Mutant

The spl42 mutant was isolated from the ethyl methane sulfonate (EMS)-mutagenized
japonica variety Ningjing6 and designated according to the leaf phenotype. Under field
conditions, spl42 exhibited an irregular reddish-brown spotted leaf phenotype at the third
or fourth leaf stage, which then spread to the whole leaf (Figure 1A,B). Two weeks after
transplanting in the field, the old leaves of the spl42 mutant were full of lesion spots, but
the new leaves showed fewer spots (Figure 1C,D). As the plant developed, the spots on the
blade of the spl42 mutant continued to spread, and the mature leaves of sp/42 demonstrated
an early senescence symptom during anthesis (Figure 1E-H). To further characterize the
spl42 mutant, the chlorophyll and carotenoid contents were measured at the seedling and
heading stages. The contents of chlorophyll a and b and carotenoids in the spl42 mutant
were significantly lower than those of the wild type at both seedling and heading stages
(Figure 11]). The mature spl42 mutant plants displayed a significant reduction in the plant
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height, panicle length, flag leaf length, and seed setting rate compared with the wild type
(Table A1).

Figure 1. Phenotypic characterization of the spl42 mutant. (A,B) Individual images of wild type (WT,
left) and spl42 (right) at the four-leaf stage. Scale Bar = 5 cm. (C,D) Field phenotypes of wild type
(left) and spl42 (right) two weeks after transplanting into the field. (E,F) Images of individual plants
(left) and flag leaves (right) of wild type and sp/42 at heading stage. Scale Bar = 10 cm. (G, H) Images
of individual plants (left) and flag leaves (right) of wild type and spl42 at the mature stage. Scale
Bar = 10 cm. (LJ) The chlorophyll contents of wild type and spl42 at the seedling (left) and heading
stages (right). Error bars represent £ SD (n = 3). (K) Seedling phenotypes of wild type and spl42
under different temperature treatments. Scale Bar = 5 cm. (L) The chlorophyll content of wild type
and spl42 under different temperature treatments. Chl a: Chlorophyll a; Chl b: Chlorophyll b; Car:
total carotenoids. Error bars represent + SD (n = 3). Asterisks indicate a significant difference between
the wild type and spl42 plants by Student’s t-test, ** p < 0.01.
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Since temperature contributes to the formation of lesion-like symptoms [13], we
investigated the phenotype of the sp/42 mutant under three temperature gradients (20 °C,
25 °C, and 30 °C; see the Materials and Methods section for the treatment conditions) and
measured the chlorophyll contents. The spl42 mutant under high-temperature conditions
(30 °C) exhibited more severe red-brown spots than the wild type, accompanied by growth
inhibition. In agreement with the lesion phenotype, chlorophyll a, chlorophyll b, and the
carotenoids in the mutant were decreased significantly (Figure 1K,L). On the contrary, the
spl42 exhibited a leaf color similar to that of the wild type at low temperatures (20 °C and
25 °C) with no difference in the chlorophyll content (Figure 1K,L). These results suggested
that spl42 was sensitive to high-temperature stresses.

2.2. Chloroplast Structures and Related Gene Expression of the spl42 Mutant

Considering that the spl42 spotted leaf phenotype might be related to the abnormal de-
velopment of chloroplasts, we observed the chloroplast ultrastructure of four-leaf seedlings
by transmission electron microscopy (TEM). In wild-type seedlings, the chloroplasts devel-
oped normally and the thylakoid structures were intact and closely arranged (Figure 2A,B).
However, two types of chloroplasts were observed in mutant leaves: the first type was
from the green area of the spotted leaf where the chloroplasts were larger than those of the
wild type, and the thylakoids were relatively loosely arranged (Figure 2C,D). The second
type was the spotted leaf part of the sp/42 mutant, where the chloroplasts were broken and
degraded (Figure 2E,F).
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Figure 2. Transmission electron microscopic observation of the wild type (WT) and the sp/42 mutant
and related gene expression analysis. (A,B) Chloroplast ultrastructure of wild-type leaves at four-leaf
stage. Scale Bar = 4 pm in (A) and 1 um in (B). (C,D) Ultrastructure of the chloroplast in green part of
leaves of spl42 at four-leaf stage. Scale Bar = 4 um in (C) and 1 pm in (D). (E,F) Ultrastructure of the
chloroplast in the spotted part of spl42 at the four-leaf stage. Thy: thylakoid lamellar; CP: chloroplast;
OB: osmophilic. Scale Bar =4 um in (E) and 1 um in (F). (G) Relative expression analysis of the genes
related to leaf senescence in the wild type and the spl42 mutant. Error bars represent + SD (n = 3).
(H) Relative expression analysis of the genes related to chloroplast development in the wild type
and the spl/42 mutant. Error bars represent & SD (n = 3). (I) Relative expression analysis of the genes
related to chlorophyll biosynthesis in the wild type and the sp/42 mutant. Error bars represent + SD
(n = 3). Asterisks indicate a significant difference between WT and the spl42 plants by Student’s t-test,
**p <0.01;*p <0.05.

Based on the spotted leaf phenotype of the sp/42 mutant, we used qRT-PCR to analyze
the expression of genes related to leaf senescence in wild-type and spl42 mutant plants at
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the four-leaf seedling stage. Except for Osl30, the expression levels of other leaf senescence
genes were significantly up-regulated (Figure 2G). We also analyzed the expression of genes
related to the chloroplast development. Most of the genes involved in the chloroplast devel-
opment were significantly down-regulated, such as psaA1 (encoding photosystem I subunit
Al), psbD1 (encoding photosystem I subunit D1), ndh2 (encoding NADH dehydrogenase
subunit 2), ndh4 (encoding NADH dehydrogenase subunit 4), RCA (encoding rubisco
activase), RbcL (encoding rubisco large subunit), atpB (encoding ATP synthase subunit
B), rpoB (encoding RNA polymerase subunit B), and rpoC1 (encoding RNA polymerase
subunit C1) (Figure 2H). These results were consistent with the inhibition of chloroplast
development in the spl42 mutant. In addition, the reduced expression levels of the genes
involved in the chlorophyll synthesis indicated that the chlorophyll synthesis was severely
blocked in the spl42 mutant (Figure 2I).

2.3. ROS Accumulation Is Elevated in the spl42 Mutant

Previous studies demonstrated that leaf spot symptoms were associated with a hyper-
sensitive response (HR), accompanied by the accumulation of ROS [13]. Diaminobenzidine
(DAB) could react with hydrogen peroxide (H,O,) to form a dark brown polymerization
product, while nitro-blue tetrazolium (NBT) could be restored to a dark blue insoluble
substance by O? [10,11]. Therefore, we used DAB and NBT staining to detect the ROS
accumulation level in the leaves of wild type and spl42 mutant seedlings. The DAB staining
showed that the H,O, in the mutant was obviously accumulated (Figure 3A,B). Simi-
larly, the NBT staining indicated that the mutant had a higher level of superoxide anions
(O?7) accumulation compared with the wild type (Figure 3C,D). In addition, qRT-PCR
was performed to analyze the expression of some genes involved in the ROS scavenging
system, including APX1 and APX2 (encoding two isoforms of ascorbate peroxidase genes),
SOD-A (encoding superoxide dismutase gene), CATA and CATB (encoding two isoforms
of catalase genes), AOX1a, AOX1b, and AOXIc (encoding three isoforms of alternative
oxidase gene). Our results showed that the expression levels of CATB, AOX1a, and AOX1b
were significantly increased compared to the wild type (Figure 3E), indicating that the ROS
levels in the spl42 mutant was much higher than those in the wild type. The up-regulated
expression of genes related to the antioxidant system might be a protective mechanism for
the normal plant growth against physiological stress conditions.

At the same time, plant leaves were stained with trypan blue for the detected cell
activity. The results showed that the spl42 mutant displayed a lot of lesion spots, while
the wild type did not show any lesions (Figure A1A,B). The gene expression associated
with programmed cell death indicated that two metacaspase gene family members were
significantly upregulated (Figure A1C). Correspondingly, the content of relevant reactive
oxygen removal enzymes and reactive oxygen-related substances were mostly elevated in
the sp/42 mutant (Table A2).
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Figure 3. Comparison of reactive oxygen species (ROS) activity between wild-type and spl42 mutants
and expression analysis of genes related to ROS scavenging. (A,B) Hydrogen peroxide (H,O;) was
visualized by diaminobenzidine (DAB) staining. Scale Bar = 0.1 cm. (C,D) Superoxide anion (0%7)
was visualized by nitro-blue tetrazolium (NBT) staining. Scale Bar = 0.1 cm. (E) qRT-PCR analysis of
the genes related to ROS scavenging systems. Error bars represent + SD (1 = 3). Asterisks indicate a
significant difference between NingJing6(IN6) and the spl42 plants by Student’s t-test, ** p < 0.01.

2.4. Elevated Expression of Defense Response Genes

The activation of defense responses and an enhanced disease resistance have been
reported in a number of lesion-mimic mutants [26,27]. We first analyzed the expression
levels of endoplasmic reticulum (ER) chaperone genes consisting of OsCNX1 (encoding
cofactor for nitrate reductase and xanthine dehydrogenasel), OsBipl (encoding an ER
molecular chaperone protein), and OsPDIL1-1 (a marker indicator of unfolded protein
accumulation in the ER caused by ROS accumulation) [28]. The expression levels of
these genes in the sp/42 mutant increased by 1.7-fold, 0.8-fold, and 2.9-fold, respectively,
compared with the wild type (Figure 4A).

126



Plants 2023, 12, 403

BWT  Ospid2

WWT  Ogphi2 B

N A %% £ > % o\ N 5
e oo N N I L=

c BWT  Ospld?

Relative expression level

B L T L NG ROy AT A S e

Figure 4. Expression analysis of defense-related gene families in wild type (WT) and spl42. (A) Endo-
plasmic reticulum chaperone gene qRT-PCR analysis. (B) qRT-PCR analysis of JA signaling genes.
(C) qRT-PCR analysis of SA signaling genes. Error bars represent & SD (n = 3). Asterisks indicate a
significant difference between the WT and spl42 plants by Student’s ¢-test, ** p < 0.01; * p < 0.05.

We further analyzed the changes in the expression of the defense-related genes in-
volved in jasmonic acid (JA) and salicylic acid (SA) signaling and/or biosynthesis. Com-
pared with the wild type, the expression levels of JA signaling genes including AOS2
(encoding propylene oxide synthase), LOX (encoding lipoxygenase), PAD4 (encoding plant
anti-toxin protein), JAMyb (encoding R2R3-type MYB transcription factor), PBZ1 (encoding
disease-course related protein), and WRKY45 (encoding WRKY transcription factor) were
significantly elevated in spl/42, whereas the expression of JAZS8 (encoding a jasmonate
ZIM structural domain protein), CHS1 (encoding Chalcone synthetasel), and WRKY85
(encoding a WRKY transcription factor) was significantly lower (Figure 4B). In contrast,
most SA signaling genes PR1a, PR1b, PR3, PR4, and PR10 (encoding pathogenesis-related
proteins), NPR1 (non-expressor of pathogenesis-related genes 1), and PAL2, PAL3, PAL4,
PAL5, and PAL7 (encoding phenylalanine deaminase genes) were highly up-expressed in
spl42 compared with the wild type (Figure 4C).

2.5. Map-Based Cloning of the SPL42 Gene

An F2 population derived from the cross between the spl42 mutant and N22 was used
to map the SPL42 locus. The segregation in the F2 population was 754 plants with normal
(wild-type) leaves, and 217 with reddish-brown spotted leaves, corresponding to a 3:1
ratio (754:217, x2 = 1.89 < x2 9051 = 3.84; p = 0.1692 > 0.05), indicating that the spotted leaf
phenotype in spl42 was controlled by a single recessive-nuclear gene. The SPL42 locus
was initially mapped by 10 recessive reddish-brown spotted leaf individuals between the
markers RM6357 and RM5622 on the short arm of chromosome 2 (Figure 5A). Based on
an analysis of 217 plants with a recessive (mutated) phenotype, SPL42 was delimited to
a 123 kb genomic region between markers 2-3.6-3 and 2-3.7-3 containing fourteen open
reading frames (ORFs) (Figure 5A). The specific data and information of the fourteen
open reading frames were listed in the table through a website prediction (http:/ /plants.
ensembl.org/info/about/collaborations/gramene.html, accessed on 15 December 2022)
(Table A3). Sequencing analysis showed that only the second exon of ORF9 (0s02¢0168800)
had a single-base C to T substitution, resulting in the conversion of alanine to valine
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(Figure 5B-D). The sequencing of other thirteen candidate genes revealed no base changes
between the spl42 mutant and its wild type. Taken together, these results indicated that
05020168800 was the SPL42 candidate gene.
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Figure 5. Map-based cloning of the SPL42 gene. (A) The SPL42 locus was delimited to a 123 kb
genomic region between markers 2-3.6-3 and 2-3.7-3 on the short arm of chromosome 2. Fourteen open
reading frames (indicating by arrow) were predicted in the region. Numbers below the chromosome
indicate the numbers of recombinant individuals in gene mapping. (B) Sequencing results of the
wild type (WT) and the spl42 mutant. The mutated nucleotide was boxed. (C) Amino acid sequence
alignment of the wild type and sp/42 mutant. A star indicates the putative amino acid change between
the wild type and spl42 mutant. (D) SPL42 gene structure. ATG represent the start codon and TAG is
stop codon, and the blue boxes represent exons, while the lines between the blue boxes represent
introns. The single base substitution of C-T (arrow) causes amino acid changes.
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The genomic sequence of the Os02g0168800 gene is 2993 bp and contains five exons
and four introns. To further confirm that the single-base substitution in Os02g0168800 was
responsible for the spotted leaf phenotype of the spl42, we generated SPL42 transgenic
complementary plants in the spl42 mutant background. SPL42 transgenic complementary
plants recovered the green leaves phenotype similar to that of the wild type at the seedling
stage (Figure 6A). In order to further clarify the function of SPL42, a knockout mutant of
SPL42 was generated by CRISPR/Cas9 technology in the NingJing6 background, which
showing a spotted leaf phenotype similar to that of the mutant (Figure 6B). These results
demonstrated that SPL42 was a positive regulator of the leaf development in rice.

WwT spl42 COM-1 COM-2 COM-3 spl42  WT Crispr-1 Crispr-2 Crjspr-3

Figure 6. SPL42 complementation and knockout transgene verification. (A) Phenotypes of wild type,
spl42 mutant, and transgenic complementary plants at the four-leaf stage. (B) Phenotypes of spl42
mutant, wild type, and three knockout mutants Crispr-1/2/3.

2.6. Bioinformatics Analysis of SPL42

According to the functional prediction of the SPL42 protein sequence on the NCBI
website, SPL42 encodes a PBGD, which is a key enzyme in the chlorophyll synthesis
pathway. The homologues of SPL42 were previously reported in Arabidopsis and maize
species, both of which showed a lesion mutant phenotype once their normal functions
were disrupted [7,8]. We compared the SPL42 protein sequences with other proteins from
different species via the NCBI website and constructed phylogenetic trees to study the
evolutionary relationships between SPL42 and its homologues (Figure 7A). The results
showed that SPL42 was 93%, 91%, 90%, and 88% homologous to its counterparts in Er-
agrostis curvula (TVU32733.1), maize (GRMZM2G041159), sorghum (Sb04g004630), and
proso millet (RLM78486.1), respectively. The phylogenetic tree was divided into three
branches, including monocots, dicots, bacteria, and yeast, and SPL42 was highly conserved
among monocots. Furthermore, we found only one purine choline deaminase in the rice
genome, suggesting that sp/42 was a weak mutation in a single copy gene.
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Figure 7. Phylogenetic tree analysis of SPL42 and enzyme properties of porphobilinogen deaminase
(PBGD). (A) Phylogenetic tree analysis of SPL42 protein (boxed) with homologous proteins. The
rooted tree using percentage identities is based on a multiple sequence alignment generated with the
program MEGA-X. Scale represents percentage substitution per site. (B) Enzyme activity analysis of
porphobilinogen deaminase (PBGD) in wild type (WT) and spl42 mutants. Error bars represent &= SD
(n = 3). (C) porphobilinogen (PBG) content of the precursor of enzyme reactions in wild type and
spl42 mutants. Error bars represent + SD (n = 3). Asterisks indicate a significant difference between
WT and the spl42 plants by Student’s t-test, ** p < 0.01.

Considering that SPL42 encoded a PBGD, the enzyme activity of SPL42 and the content
of the precursors for enzymatic reactions were measured. Our results showed that the
enzyme activity of the spl42 mutant was decreased significantly, whereas the content of
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the precursors for enzymatic reactions was increased significantly (Figure 7B,C). These
results indicated that the single base change in spl42 inhibited PBGD enzyme activity and
subsequently resulted in the decrease in the chlorophyll content.

2.7. Expression Analysis of SPL42

The SPL42 transcripts were detected in the roots, stems, young leaves, mature leaves,
leaf sheaths, and developing panicles, indicating that SPL42 was a constitutively expressed
gene (Figure 8A). The expression level of SPL42 was the highest in mature leaves and
relatively low in root tissues, consistent with its role in photosynthesis.
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Figure 8. Expression pattern and subcellular localization of SPL42. (A) Relative expression levels
of SPL42 in the different tissues. YL: young leaf at the four-leaf stage; ML: mature leaf; MSM:
mature stem; MR: mature root; MSH: mature sheath; P: panicle. Error bars represent + SD (1 = 3).
(B) Subcellular localization of SPL42 in rice protoplasts. (C) Subcellular localization of SPL42 in
tobacco leaves. TR2 indicates SPL42-GFP fusion vector was driven by an octopine type Ti-plasmid
right T-DNA gene 2’ promoter (TR 2). Signals from GFP fluorescence, chlorophyll autofluorescence,
bright field, and merged images were shown. Scale Bar = 2 um in (B) and 20 um in (C).
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We use the online tool ChloroP (http://www.cbs.dtu.dk/services/ChloroP/, accessed
on 15 December 2022) to predict the SPL42 protein and found that its N-terminal harbored a
chloroplast transit peptide, suggesting that SPL42 may locate in the chloroplast. To confirm
the subcellular localization, the full-length SPL42 cDNA was amplified from wild-type
cDNA, and was inserted in the PAN580 plasmid and transformed into rice protoplasts.
Confocal microscopy showed that the green fluorescence of the GFP-SPL42 fusion protein
colocalized with the autofluorescence signal of chlorophyll, indicating that SPL42 was
indeed located in chloroplasts (Figure 8B). Further, the SPL42 localization to chloroplasts
was verified by the transient expression of the TR2- SPL42 fusion protein in tobacco leaves
(Figure 8C).

2.8. SPL42 Interacts with OsMORFS-1 and OsMORFS-2 and Is Involved in RNA Editing

RNA editing is a correction mechanism for pyrimidine-cytidine mutations in plant
organelle genomes. It was previously reported that some chlorophyll synthesis-related
enzymes, including protoporphyrinogen IX oxidase 1 (PPO1) and HEMC (an Arabidopsis
homologous protein of SPL42), participate in RNA editing in Arabidopsis [29,30]. Since
SPLA2 is localized to chloroplasts, we examined 27 reported RNA editing sites in rice chloro-
plasts, as reported previously [21,31]. The results showed that six loci were significantly
different, including atpA-C1148, ndhD-C878, ndhF-C62, rpoB-C560, rps14-C80, and ropC2
(Figure A2). However, only one of them, i.e., ndhF-C62, caused an amino acid change in the
encoding protein. These results suggested that SPL42, similar to HEMC, not only affected
the chlorophyll synthesis but also participated in RNA editing in rice.

The multiple organelle RNA editing factor (MORF)/RNA-editing factor interacting
protein (RIP) extensively influenced the RNA editing sites in mitochondria and plas-
tids [24,25]. Inrice, there are a total of seven MORFs, among which OsMORF1(Os11g11020) and
OsMORF3(0s03g38490) proteins are localized in mitochondria, and OsMORF2-1(Os04g51280),
OsMORF2-2(0s06g02600), and OsMORF9(Os08g04450) proteins are localized in chloro-
plasts. However, OsMORF8-1(0Os09g04670) and OsMORF8-2(0s09g33480) are a mitochon-
drial and chloroplast dual localization [21]. We thus investigated whether SPL42 interacted
with MORFs. A yeast two-hybrid (Y2H) experiment demonstrated that SPL42 physically
interacted with OsMORF8-1 and OsMOREF8-2 (Figure 9A). A bimolecular fluorescence
complementation (BiFC) assay revealed that SPL42, OsMORF8-1, and OsMORFS-2 all
localized to overlapping cellular compartments and interacted with each other to generate
a GFP fluorescence in the nuclei of tobacco leaf cells (Figure 9B).

Previous studies showed that HEMC interacted with the PPR-protein OTP85 to in-
fluence RNA editing in Arabidopsis [24,30]. The OTP85 homolog in rice, i.e., OsOTP85
(Os03g0795200), also showed the interaction with SPL42 by Y2H and BiFC experiments
(Figure 9A,B). These results demonstrated that the SPL42 was involved in RNA editing
through an association with MORFs and PPR(s).
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Figure 9. SPL42 physically interacts with OsMORFE8-1 and OsMORF8-2. (A) SPLA2 physically interacts
with OsMORF8-1 and OsMORFS-2 in yeast. The indicated construct pairs were co-transformed into
yeast strain AH109. Interactions between bait and prey were examined on control medium 2 (SD/-
Leu/-Trp) and selective medium 4 (SD/-Leu/-Trp/-His/-Ade). AD: activation domain; BD: binding
domain. (B) Bimolecular fluorescence complementation assay showing the interactions between SPL42
and OsMORF8-1 as well as OsMORF8-2 in tobacco leaf epidermal cells. Signals from GFP fluorescence,
chlorophyll autofluorescence, bright field, and merged images are shown. The arrows indicate signal areas
with a strong interaction. Scale Bar = 20 um.
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2.9. RNA-Sequencing Analysis

To comprehensively understand the effect of the sp/42 mutant on the gene expression,
we selected the leaves of wild-type and spl42 mutant plants at the four-leaf stage for
RNA-seq analysis. A summary of the transcriptome sequencing data can be found in
the attached Figure A3. It was noteworthy that the RNA-seq results were consistent
with the aforementioned RT-PCR analyses. A total of 2772 differentially expressed genes
(DEG) were detected, of which 1777 genes were up-regulated and 995 genes were down-
regulated in the sp/42 mutant (Figure 10A). In order to further verify the reliability of
RNA-seq data, we randomly selected 10 up-regulated and 10 down-regulated genes for
gRT-PCR analysis. As predicted, the results of gqRT-PCR were generally consistent with
those of RNA-seq analysis (Figure 10B,C). The clustering analysis of differentially expressed
genes showed that most significant gene expression differences were concentrated in
the light harvesting and pigment synthesis pathways in photosystem I (Figure 10D). It
was reasonable that the expression changes in these genes in spl/42 led to the failure of
the photosynthesis pathway. Furthermore, we found that the expression levels of ten
genes related to porphyrin, the chlorophyll metabolism, and the carotenoid biosynthesis
pathway, twenty-five genes related to the photosynthesis pathway were down-regulated,
whereas seventeen genes related to peroxisome (a primary organelle associated with ROS
production) were significantly up-regulated (Figure A3). Moreover, our results of the RNA-
seq indicated that most of the genes associated with a disease resistance were up-regulated
in spl42. Collectively, the RNA-seq analysis revealed that the sp/42 might promote a ROS
production by affecting the efficiency of chlorophyll synthesis and photosynthesis.
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Figure 10. RNA-sequencing related data analysis of the wild type (WT) and the spl42 mutant. (A) Distri-
bution of volcano plot of wild type and spl42 mutant. Volcano plot shows the differential expression of
genes in accordance with fold difference and significant levels, and the criteria for significant differentially
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expressed gene screening were: IlogZRatiol > 1 and g-value < 0.05. (B,C) qRT-PCR analysis of
10 up-regulated and 10 down-regulated genes which are selected randomly from RNA-sequencing
results. Asterisks indicate a significant difference between WT and the spl42 plants by Student’s t-test,
**p <0.01; * p < 0.05. (D) Cluster analysis of differentially expressed genes in wild type and spi42
mutants.

3. Discussion
3.1. spl42 Is a Temperature-Sensitive Mutant

The normal formation and development of chloroplasts play a decisive role in breed-
ing high-yield crops. The discovery of leaf color mutants provides an ideal material for
studying the chloroplast metabolism, development, and photosynthesis, as well as molecu-
lar mechanisms of chlorophyll biosynthesis [32]. Among the reported mutants of rice leaf
spots, the lesion-like phenotype is largely affected by environmental conditions such as
the temperature, light, and humidity [33]. For example, the formation of diseased spots
in the spl7 mutant was induced by a high temperature and ultraviolet radiation [14]. Con-
versely, leaf necrosis was inhibited by a high temperature and long day in OsLSD1 antisense
plants [33]. In this study, we identified the high-temperature inducible mutant sp/42, which
is similar to spl7. The phenotype of spl42 was the most obvious under high temperature
conditions (30 °C) (Figure 1K) and, correspondingly, the chlorophyll content was decreased
significantly (Figure 1L). In addition, when spl42 was growth in the field of Hainan, China
(a natural low temperature condition), the leaf spot formation was later than its wild type
(data not shown). The lesion spots in spl42 also resulted in a significant decrease in the
photosynthetic-related parameters such as the light quantum yield and photosynthetic
rate. Moreover, spl42 exhibited other abnormal phenotypes, including the reductions in the
plant height, panicle length, flag leaf length, and seed setting rate compared with the wild
type (Table Al). These results suggest that SPL42 plays a pleotropic role in rice.

3.2. Disruption of Chlorophyll Synthesis Pathway Leads to the Production of Abnormal Chloroplast

Imbalances in metabolic pathways can lead to the accumulation of intermediate
metabolites, thereby inducing autoimmunity and cell death. For example, SPL18 encodes
an acyltransferase [34], and OsSSI2 encodes a fatty acid desaturase. Mutations in both genes
produced a necrotic plaque phenotype on the leaves [35]. Likewise, the mutation of the
protoporphyrogen III oxidase gene RLINT in the tetrapyrrole biosynthesis pathway led to a
leaf spot formation and programmed cell death [36,37]. In our study, the defect of SPL42
caused a significant reduction in not only enzyme activity but also the precursor deposition
of the PBGD enzyme reactions (i.e., porphobilinogen) in rice plants (Figure 7B,C). Since por-
phobilinogen is one of the tetrapyrrole, we hypothesized that the tetrapyrrole intermediates
in spl42 were photoactivated and oxidized by light, resulting in the accumulation of reactive
oxygen intermediates and photodynamic destruction. Moreover, the TEM analysis showed
that there were two types of chloroplasts in sp/42: one kind of chloroplasts was bigger
in size than the wild type, and its thylakoid arrangement was relatively loose, while the
chloroplast of the other one was broken and degraded and could not produce the complete
thylakoid lamella structure (Figure 2A-F). These results suggested that the phenotype of
leaf color mutants was closely related to the development of chloroplast and chlorophyll
biosynthesis. RNA-sequencing results further confirmed the down-regulation of porphyrin,
the chlorophyll metabolism, and carotenoid biosynthesis genes in spl42, consistent with
our results that chloroplast numbers are crucial for ensuring the chloroplast’s structure.

3.3. The Disorder of ROS Scavenging System May Result in the Enhancement of Defense Response
in spl42

Maintaining the homeostasis of ROS is pivotal for normal plant growth and defense
response. In many spotted leaf mutants, the balance of ROS was broken, leading to
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the disturbance of a plant development [15-17]. Under light conditions, chloroplasts in
plant cells are a major source of ROS and have been shown to control programmed cell
death in response to ROS [38]. Chloroplast damage is caused by oxidative bursts that
lead to the excessive deposition of material, such as plastoglobules and callose, in the
chloroplast [38]. In our study, the levels of ROS were abnormal in the sp/42 mutant. DAB
and NBT staining experiments confirmed the excessive accumulation of H,O, and O% in
the mutant (Figure 3A,B). In addition, the expression of SOD, POD, and MDA of the ROS
scavenging system were mostly up-regulated in spl42 (Table A2). These results suggested
that the disruption of ROS homeostasis might be one of the reasons for the formation of
the spotted leaf. More than 80% of the reported spotted leaf mutants showed an enhanced
resistance to rice blast or bacterial blight [11,39-42]. For example, the spl40 showed a higher
resistance to bacterial blight strains PXO79, PXO145, C5, and 05225 than its wild type [43].
The resistance of the spl35 to grisea and bacterial strains CH43, CH680, and PXO61 was also
significantly enhanced [27]. The RN A-Seq analysis revealed that the genes related to the
disease resistance were upregulated in sp/42, which was consistent with the changes in the
expression levels of the defense genes related to the SA and JA pathways (Figure 4A-C).

3.4. spl42 Is a Temperature-Sensitive Mutant

Previous reports indicated that Arabidopsis HEMC was involved in RNA editing by
interacting with MOREF family proteins, and PPOL1 is involved in RNA editing as an enzyme
of the chlorophyll synthesis pathway [29,30]. We examined 27 reported RNA editing genes
in rice chloroplasts. Of these, six differed in nucleotides, including atpA-C1148, ndhD-C878,
ndhF-C62, rpoB-C560, rps14-C80, and ropC2, but only one of these (ndhF-C62) underwent
a non-synonymous base change (Figure A2). In addition, yeast two-hybrid experiments
and bimolecular fluorescence complementation experiments showed that SPL42 interacted
with OsMORF8-1 and OsMORES-2, as well as OsOTP85 (Figure 9A,B). Thus, SPL42 might
be involved in RNA editing with OsMORFs and PPR protein(s). Although a model was
proposed to decipher the association of MORFs, PPRs, and HEMC [30], the detailed
molecular mechanism between SPL42 and RNA editing needs to be uncover in future.

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

The rice spl42 mutant was isolated from rice cultivar (cv.) NingJing6. An F2 population
derived from a cross between spl42 and N22 was used for the genetic analysis. Wild-
type and spl42 mutant plants were grown in Nanjing (Jiangsu province) and Lingshui
(Hainan province) under natural conditions. For temperature-sensitive treatments, plants
in the growth chamber (GXM-258B, Ningbo) were treated with a 16 h light/8 h darkness
photoperiod at a constant temperature of 20 °C, 25 °C, or 30 °C, respectively [44]. The
thousand-grain weight, seed length, and width were examined by a seed phenotyping
system (SC-G automatic test seed analysis software, Hangzhou). At the maturity of the
wild type and spl42, the plant height, number of tillers, spike length, and leaf length and
width were investigated. At seed harvest, agronomic traits such as the number of branches,
seed set, number of grains per spike, grain length, grain width, and thousand-grain weight
were investigated. The photosynthetic rate and other photosynthetic indicators of the wild
type and spl/42 mutant were measured at the maximum tillering stage using a portable
photosynthesizer (Li6400XT, LI-COR, USA) and an ultra-portable modulated chlorophyll
fluorometer (MINI-PAM, WALZ, Germany). Twenty plants were surveyed for each trait
and the mean was taken.

4.2. Measurement of Chlorophyll Contents

About 0.03 g of fresh leaves of the wild type and sp/42 mutant plants at the four-leaf
stage were collected to determine the chlorophyll contents. The cut leaves were soaked
in 95% ethanol and left out of the light for 48 h. After centrifugation, the supernatant
was collected and the optical density at 665, 649, and 470 nm was measured by using a
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spectrophotometer. Three replicates of different samples were set up. The contents of
chlorophyll a, chlorophyll b, and carotenoids were calculated according to the method
described previously [45].

4.3. TEM Analysis

For TEM analysis, normal green and spotted leaves from the fourth leaf of 2-week-old
wild-type and mutant plants grown in the field were cut into small pieces of 0.5 cm. The
detailed method was described in the previous studies [44] with minor modifications. The
leaves were fixed with 2.5% glutaraldehyde solution and vacuumed until fully sinking
to the bottom, then rinsed and incubated in 1% OsO4 (PH = 7.2) overnight at 4 °C. After
staining with uranyl acetate, the tissues were further dehydrated in an ethanol series and
then embedded in Spurr’s medium prior to ultrathin sectioning. Finally, the samples
were stained again and observed with a Hitachi H-7650 transmission electron microscope
(HITACHI, Tokyo, Japan).

4.4. DAB and NBT Staining

DAB can react with HyO; to form a dark brown polymerization product, while NBT
can be restored to a dark blue insoluble substance by O?~. Therefore, the detection of O?~
and H,O, was conducted by staining with NBT and DAB. We selected the third leaves of
the spl42 mutant and wild type at the four-leaf stage to determine the accumulation level of
reactive oxygen species. The third leaves were soaked in the prepared dye, then vacuumed
and stained overnight at 37 °C in darkness. The next day, the tissues were decolorized with
95% ethanol until the color no longer changed.

4.5. Trypan Blue Staining Test

Trypan blue, a staining reagent for testing the cell membrane integrity, was used
to stain the third leaf of the four-leaf stage of wild type and mutant spl42 leaves grown
normally under field conditions. Dead cells were stained dark blue and normal cells were
barely stained, as previously reported [28].

4.6. Determination of Reactive Oxygen Scavenger Enzyme Activity and Related Indexes

In order to study the accumulation of ROS in the mutant spl42, the third leaves of the
spl42 and wild type were selected under field conditions, and the enzymatic activities of
CAT, SOD, and POD, as well as the content of H;O, and MDA, were measured using kits
from Jiancheng Biological Co., Ltd., Nanjing, Jiangsu, China (http:/ /www.njjcbio.com/,
accessed on 15 December 2022).

4.7. Map-Based Cloning of SPL42

For gene mapping, F1 was obtained by hybridization with the spl42 mutant as the
female parent and indica cultivar N22 as the male parent. Then, F1 plants were self-crossed
to obtain F2 generation. The F2 populations were used for mapping the SPL42 gene. Ten
spl42-like individual DNA of the F2 population were selected for linkage analysis of the
whole genome. Then, additional individuals were used to narrow down the spl42 locus.
Primers for a fine localization were listed in Table A4. An SSR primer amplification system
(10 pL): template DNA (20 ng/puL) 1 pL, primer (2 mmol/L) 1 pL, mix 4 puL, ddH,O
4 yL. The amplification procedure was as follows: pre-denaturation at 94 °C for 10 s,
denaturation at 98 °C for 30 s, annealing at 58 °C for 30 s, and extension at 72 °C for 40 s.
The denaturation—annealing—extension steps were carried out for 34 cycles, and the last
step was 72 °C for 10 min and storing at 4 °C.

4.8. Transgene Constructs and Plant Transformation

For the complementation experiments, a fragment including the promoter region
(2 kb) and full-length cDNA of SPL42 in the wild type was amplified with the HB-F and
HB-R prime pairs. Then, the correct PCR product was inserted to the pCUBi1390-Flag
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vector. The resultant recombinant construct pCUbi1390-SPL42 was introduced into the
spl42 mutant by Agrobacterium-mediated transformation using the Agrobacterium tumefa-
ciens strain EHA105 [46]. For the construction of transgenic knockout, a 20 bp fragment
(CCTTGCCACCTATATCTGCC) targeted to SPL42 was designed using the CRISPR-Cas9
website tool (http://cbihzau.edu.cn/cgi-bin/CRISPR, accessed on 15 December 2022).
The targeted fragment was inserted into the CRISPR/Cas9 binary vector pCAMBIA1305.1
carrying the CaM V35S promoter. The sequenced construct was introduced into the Japonica
rice variety NingJing6. The primers used for vector construction were listed in Table A4.

4.9. Enzyme Activity Assay In Vivo

About 0.5 g of fresh leaves from the wild-type and the sp/42 mutant seedlings were
weighed and mixed with 10 mL of phosphate buffer (PBS, pH = 7.4) after grinding in
liquid nitrogen. Then, after ultrasonic crushing for 5-10 min, the supernatant was aspirated
by centrifugation and prepared for the determination of the enzyme activity. The test
method was according to the manual of plant CAT, SOD, PAD, and PBGD ELISA (enzyme-
linked immunosorbent assay) kits (Shanghai Zhen Ke Biological Tecchnology Co., Ltd.,
http:/ /www.shzkbio.com/, accessed on 15 December 2022).

4.10. RNA Preparation and Reverse Transcription Quantitative PCR (RT-gPCR)

Total RNA was extracted from the wild type and the spl42 mutant at different leaf
stages (the three-leaf to four-leaf stage) or different tissues. The detailed extraction protocol
followed the instruction of an RNA Prep Pure Plant kit (TTANGEN Biotech, Beijing, China,
http:/ /www.tiangen.com/en/, accessed on 15 December 2022). The total RNA (2 ug)
was used for a single-strand cDNA synthesis using Superiorscript Reverse Transcriptase
(Enzynomics, http:/ /www.enzynomics.com, accessed on 15 December 2022) and oligo(dT)
primers. Three technical replicates on three biological replicates were carried out for each
sample. gqRT-PCR was conducted using PikoReal real-time PCR (ThermoFisher Scientific,
https:/ /www.thermofisher.com, accessed on 15 December 2022) with SYBR Green Premix
Ex Taqll (Takara, https:/ /www.takarabio.com, accessed on 15 December 2022) according to
the manufacturer’s instructions. The primers for the qRT-PCR were listed in Table A4, and
the UBQ5 (ubiquitin5) was used as an internal control to normalize the RT-qPCR results.
Data were analyzed and processed using the 2"24CT method [44,47].

4.11. Validation of Intrachloroplast RNA Editing

The total RNA was isolated using the RN Aprep pure Plant Kit (Tengen Biochemistry
Ltd.) and first-strand cDNA was synthesized using the PrimeScript II (TaKaRa Inc., Dalian,
China) reverse transcription kit and random hexamer primers (TaKaRa). The editing
efficiency of RNA was primarily measured by sequencing the RT-PCR product according to
previously reported procedures [48,49]. The level of RNA editing at each site was measured
by the relative height of the nucleotide peaks in the sequencing results. A statistical analysis
was performed using four replicates.

4.12. Subcellular Localization Experiment

For a subcellular localization, the cDNA sequence of SPL42 was amplified from
the wild type and introduced into the vector pPCAMBIA1305.1-GFP in frame with the N
terminus of GFP. The recombinant vector was transformed into Agrobacterium EHA105 and
subsequently transformed into the 5- to 6-week-old tobacco leaves by an A. tumefaciens-
mediated method as described previously [50]. Similarly, the full-length cDNA as cloned
into the transient expression vector pAN580 with the CaMV35S promoter. The recombinant
vector was used to transform rice protoplasts as described previously [51]. GFP fluorescence
signals were observed with a confocal laser scanning microscope (LSM780, Carl Zeiss,
Germany) [50]. The primers for a subcellular localization were listed in Table A4.
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4.13. Bimolecular Fluorescence Complementation Assay

The full-length cDNA fragments of SPL42 and OsMORF8-1 and OsMORFS§-2 and
OsTP85 were cloned into the linearized pSPYNE173 and Pspyce (M) vectors, respectively.
The primers used are listed in Table A4. Different combinations of Agrobacterium contain-
ing the above plasmids were co-transformed into Nicotiana benthamiana leaves [50]. After
48 h, YFP fluorescence was observed in the leaves using an LSM780 (Carl Zeiss, Oberkoche,
Germany) confocal laser scanning microscope.

4.14. Yeast Two-Hybrid Assay

The full-length coding region of SPL42 was cloned into the pGBKT7 vector as prey.
Then, the full-length coding region of OsMORF8-1, OsMORF8-2, and OsTP85 were cloned
into the pGADT7 vector as the bait plasmid vectors. For the interaction test, each bait
construct was co-transformed with each prey construct into the yeast strain AH109, plated
on SD/-Trp-Leu medium, and grown at 30 °C for 2 days. Then, co-transformed yeast
clones were serially diluted (1:10, 1:100, 1:1000) and spotted and grown on SD/-Leu/-Trp/-
His/-Ade medium at 30 °C for 4 days. Empty vectors were co-transformed as the negative
controls. The primers used are listed in Table A4.

4.15. RNA-Sequencing Analysis

mRNA was purified from the total RNA that was extracted from the third leaves of
the wild-type and the spl42 seedlings and sent to Beijing Biomarker Biotechnology Co.
Ltd. (http://www.biomarker.com.cn/, accessed on 15 December 2022) for sequencing
and analysis. The criteria for significant differentially expressed gene screening were:
llog®Ratio| > 1 and g-value < 0.05. The gene ontology (GO) functional analysis was
performed on the Blast2GO program [52]. A pathway enrichment analysis was conducted
using the Kyoto Encyclopedia of Genes and Genomes database [53]. All requirements
for the RN A-sequencing reads will be provided in a timely manner by the corresponding
author.

Author Contributions: Conceptualization, methodology, software, formal analysis: L.L. (Linglong
Liu) and L.L. (Lin Liu ); investigation, L.L. (Lin Liu), YW, Y.T., S.S., ZW., X.D. (Xin Ding), H.Z., YH.,
S.L.and L.L. (Linglong Liu); validation, L.L. (Lin Liu) and L.L. (Linglong Liu); resources, L.L. (Lin Liu)
and L.L. (Linglong Liu); data curation, L.L. (Lin Liu) and L.L. (Linglong Liu); writing—original draft
preparation, L.L. (Lin Liu) and Y.W.; writing—review and editing, L.L. (Linglong Liu), X.D. (Xiaoou
Dong) and J.W. supervision, L.L. (Linglong Liu) and J.W.; project administration, L.L. (Linglong Liu)
and ]J.W.,; funding acquisition, L.L. (Linglong Liu) and J.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by Jiangsu key R& D project (BE2021360), National Agricultural
key Sci & Tech project (NK2022050104), Key Laboratory of Biology, Genetics, and Breeding of Japonica
Rice in Midlower Yangtze River, Ministry of Agriculture, P. R. China, Jiangsu Collaborative Innovation
Center for Modern Crop Production.

Data Availability Statement: Sequence of the sp/42 mutant gene has been deposited in NCBI (https://
www.ncbi.nlm.nih.gov, accessed on 15 December 2022) with GenBank accession number OQ186605.

Conflicts of Interest: The authors declare no conflict of interest.

139



Plants 2023, 12, 403

Appendix A

Table Al. Agronomic traits of wild type (WT) and spl42.

Agronomic Traits WT spl42
Plant height (cm) 89.75 £+ 1.58 85.70 4+ 2.10 **
Panicle length (cm) 18.64 £ 1.54 16.92 +1.21 **
Effective tiller number 5.8 £1.33 5.75 £ 1.92
Flag leaf length (cm) 28.99 + 2.87 2413 £0.83 **
Flag leaf width (cm) 1.8 £0.13 1.71 £0.07 %
Setting rate (%) 0.92 £+ 0.05 0.83 + 0.07 **
Grain length (mm) 7.58 +£0.37 757 £0.37
Grain width (mm) 31402 31+0.23
Thousand grain weight (g) 26.12 £ 0.06 26.35 + 0.24
Maximum light quantum efficiency 0.81 + 0.01 0.80 + 0.003
Quantum yield 626 £ 64.78 496 £ 28.28 **
Photosynthetic rate (umol CO?m2s71) 9.24 + 0.57 5.45 + 0.77 **
Conductance to H,O (mol HyO m—2s71) 0.27 £ 0.04 0.18 £ 0.01 **
Transpiration rate (mmol HyO m~2 s~ 1) 5.27 £ 0.46 3.84 £ 0.07 **

For 20 replicates, analysis of difference significance is based on Student’s f-test, * p < 0.05; ** p < 0.01.

Table A2. Peroxide related index content of wild type and spl42.

Peroxide Related Index Wild Type spl42

H,0, content (umol/g) 611.67 + 7.70 1044.60 + 13.38 **
CAT activity (U/g) 1436.05 £ 139.42 326.61 £+ 18.33 **
SOD activity (U/g) 1755.19 £ 23.39 2321.24 + 28.36 **
POD activity (U/g) 12,306.67 + 231.71 29,966.67 £ 124.72 **
MDA content (nmol/g) 5.04 + 0.62 8.65 £ 1.23 **

For 3 replicates, the analysis of difference significance is based on Student’s t-test, ** p < 0.01.

Table A3. The putative function of fourteen different genes in 123 kb mapping region.

ORFs Locus Functional Description

ORF1 0502g0168000 Conserved hypothetical protein
Similar to 4-hydroxyphenylpyruvate dioxygenase (EC 1.13.11.27)
ORF2 050290168100 (AHPPD) (HPIYD) (HIYJIEDaSye)pY Y&
ORF3 0502g0168200 Similar to transfactor-like protein
ORF4 0502g0168300 Hypothetical protein
ORF5 0s02g0168400 Hypothetical protein
ORF6 050240168500 Conserved hypothetical protein
ORF7 0s502g0168600 Ovarian tumor, otubain domain containing protein
ORF8 0s02g0168700 Peptidylprolyl isomerase, FKBP-type domain containing protein
ORF9 050240168800 Similar to Porphobilinogen deaminase (Fragment)
ORF10 0502g0168900 Conserved hypothetical protein
ORF11 0s02g0169000 Conserved hypothetical protein
ORF12 050240169300 Similar to Phosphoglycerate kinase, cytosolic (EC 2.7.2.3)
ORF13 0502g0169400 Similar to Argonaute 4 protein
ORF14  0s02g0169700 Glycine cleavage H-protein family protein
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Table A4. List of primer sequences (5'—3') used in this study.

Primers for map-based cloning

RM6367-F
RM6367-R
RMb5622-F
RMb5622-R
2-2.9-3-F
2-2.9-3-R
2-3.3-2-F
2-3.3-2-R
2-3.6-1-F
2-3.6-1-R
2-3.6-3-F
2-3.6-3-R
2-3.7-1-F
2-3.7-1-R
2-3.7-3-F
2-3.7-3-R
2-3.8-3-F
2-3.8-3-R

CAGACAGAACAGCGGTCAAG
GATGGATGGATGGATTGGAG
CGAAACAAGCAGCTCTAGGG
CATGTCGAATTGTGGTGAGG
AGGGCATGAAAGCAGCTCAA
TGATCGTTCCCAAGCATCCC
AGAACCCGGTCCTTCTGAAC
AAGGGAAGTCTCTGCTTGCC
CTGCTAGCCTCACACCTACG
CATCTGATGCATGCACGTCG
AGCCAAAGTTACAGTAGCATGGA
GATTGGCGCCACCAGAAAAT
TTGCAGGTAGCCACAGGATT
GTTCGTGCAGCTTGAGACCA
AAATCTGAGTTTATTGGGGGAGTTT
CAGCAACCTGGAGGCTAAAAG
TGTGTGTTGACGATTGCTGAA
AAGGCCTAAGGGGCGAAAAA

Primers for transgenic constructs

HB-F
HB-R
Crispr-F
Crispr-R

CCGGCGCGCCAAGCTTATCTCACTGCCAAGTACTCCT
GAATTCCCGGGGATCCGACAGCTCAACATTGTGGTACA
GGCACCTTGCCACCTATATCTGCC
AAACGGCAGATATAGGTGGCAAGG

Primers for yeast two hybrid

SPL42-BD-F

SPL42-BD-R

MORF8-1-AD-F
MORF8-1-AD-R
MORFS8-2-AD-F
MORFS8-2-AD-R
OsOTP85-AD-F
OsOTP85-AD-R

CATGGAGGCCGAATTCATGCCGCCGCCGCCGAGATG
GCAGGTCGACGGATCCTCATTGCAAGCTATCAAAGA
GGAGGCCAGTGAATTCATGGTGTCGGCGTCGC
CGAGCTCGATGGATCCCTACTGGTAATTCCTCCCTGGCT
GGAGGCCAGTGAATTCATGGCGTCGGCGTCG
CGAGCTCGATGGATCCCTACTGGTAATTCCTCCCTTGTCCG
GGAGGCCAGTGAATTCATGTCGTCCTCGCCTCTAACC
CGAGCTCGATGGATCCCTACCAGTAGTCACCACAAGAGCA

Primers for bimolecular fluorescence complementation (BiFC)

YC-SPL42-F

YC-SPL42-R

YN-MORF8-1-F
YN-MORFS-1-R
YN-MORF8-2-F
YN-MORF8-2-R
YN-OsOTP85-F
YN-OsOTP85-R

CATTTACGAACGATAGTTAATTAAATGCCGCCGCCGCCGAGATG
CACTGCCACCTCCTCCACTAGTTTGCAAGCTATCAAAGAAGC
CATTTACGAACGATAGTTAATTAAATGGTGTCGGCGTCGC
CACTGCCACCTCCTCCACTAGTCTGGTAATTCCTCCCTGGCT
CATTTACGAACGATAGTTAATTAAATGGCGTCGGCGTCG
CACTGCCACCTCCTCCACTAGTCTGGTAATTCCTCCCTTGTCCG
CATTTACGAACGATAGTTAATTAAATGTCGTCCTCGCCTCTAACC
CACTGCCACCTCCTCCACTAGTCCAGTAGTCACCACAAGAGCA

Primers for subcellular localization

PAN580-SPL42-F
PAN580-SPL42-R

TR2M-SPL42-F
TR2M-SPL42-R

CGGAGCTAGCTCTAGAATGCCGCCGCCGCCGAG
TGCTCACCATGGATCCTTGCAAGCTATCAAAGAAGCCAGGG
CACCAAATCGTCTAGAATGCCGCCGCCGCCGAGATG
TCGAGACGTCTCTAGATTGCAAGCTATCAAAGAAGC

Primers for quantitative real-time RT-PCR

SPL42-F
SPL42-R
UBQ5-F
UBQ5-R
HEMA-F
HEMA-R
HEML-F
HEML-R
HEMB-F
HEMB-R

TGCTTCTCGTGACAAGGATGGG
ACTGTAGATCCATCAGGTGAAGCC
ACCACTTCGACCGCCACTACT
ACGCCTAAGCCTGCTGGTT
GATGCAATCACTGCTGGAAAGCGT
CCATCTTGCCAGCACCAATCAACA
AGAACAAAGGGCAGATTGCTGCTG
TGTTTCGTCAAGTCACGGAGAGCA
TGGCATTGTCAGGGAAGATGGAGT
CCAAAGCAGCACGTATTGCTCCAA
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Table A4. Cont.

HEMC-F
HEMC-R
URO-D-F
URO-D-R
HEME-F
HEME-R
HEMF-F
HEMF-R
CHLD-F
CHLD-R
CHLH-F
CHLH-R
CHLI-F
CHLI-R
CHLM-F
CHLM-R
CRD-F
CRD-R
DVR-F
DVR-R
POR-F
POR-R
CHLG-F
CHLG-R
psaAl-F
psaAl-R
PsaA2-F
PsaA2-R
psbD1-F
psbD1-R
ndh2-F
ndh2-R
ndh4-F
ndh4-R
RCA-F
RCA-R
RbcL-F
RbcL-R
atpA-F
atpA-R
atpB-F
atpB-R
rpoB-F
rpoB-R
rpoC1-F
rpoC1-R
APX1-F
APX1-R
APX2-F
APX2-R
SOD-A-F
SOD-A-R
CATA-F
CATA-R
CATB-F
CATB-R
AOXI1a-F

TCATTCCGAGGGCTATTGGCTTCA
ACACTCTAGTTGGCCAATGGTGGA
AGGCTTCCACTGACAGGTGTTGAT
AAAGAACGCCAGGGTCAACATTCC
AATGGAGGCTTGCTTGAGCGAATG
TTGTTACCAAGGCGTCTCCTTCCA
ACTGACTGCACGATGGCAGTATGA
AGAGATCGAGCCATTCCTTTGGGT
TAGCACAGCTGTCAGAGTGGGTTT
TTGCCAGCCACCTCAAGTATCTCA
GCACGGGAACTTGGCGTTTCATTA
ACATGTCCTGGAGCTGCTTCTCAT
AGGGATGCTGAACTCAGGGTGAAA
AAGTAGGACTCACGGAACGCCTTIT
GCTTCATCTCCACGCAGTTCTACT
GCAATGACGAATCGAAGACGCACA
TGGATCTAACATGACACGCACCCA
ACTGTAACGGCATTCTTCTCCGGT
TTCTTCGAGAGGGTGATCAGGGAA
GAAACTGGCAATGGCAGCCAAGAA
TCGTCGGCCTCGTCTGAGTTTATT
AGGCCTCTCTCACTGAAAGCTGAA
CCAGCCACTGATGAAAGCAGCAAT
AGAGCGCTAATACACTCGCGAACA
GGGAGGTGGCGAGTTAGTAG
AATGCGTGAATGTGATGGAC
TTATCTTCAACGAGCGGT
TATCTCCAGGTCCTATTGTT
CTGCTACTGCTGTTTTCT
GATGTTATGCTCTGCCTG
ATCACTGTAGGACTTGGGTT
TITTCCAGAAGAAGATGCC
TCCTTATTGCTTATGCTGTC
CCGTATGCTCCCATCTTTA
AAGATGACGATCGAAAAGC
AGTACTGCTCAGCCAGCTG
AATGCGACTGCAGGTACA
GTCATGCATTACAATAGGAA
TCAAAAAGGGCAAGATGT
TTGTAATGTAGCAGGGGAAT
ATGAATGTTATTGGTGAGCCA
CTGTTCTGTGGCTITGCTCAA
GTGGGGAACTTGCTTTAGG
GCTTGTTGTATCCGTCTGA
CATAGATTAGGCATACAGGC
AATAGCGGGAGATAGGAG
AGGTGCCACAAGGAAAGATCTGGT
TCAGCAGGGCTTTGTCACTAGGAA
TCAGCAGGGCTTTGTCACTAGGAA
TCCGCAGCATATTTCTCCACCAGT
ATCTGGATGGGTGTGGCTAGCTTT
AGTACGCATGCTCCCAGACATCAA
CAACCGCAACGTCGACAACTICTT
TTCACCGGCAGCATCAGGTAGTTT
GCTTGCTTTCTGCCCAGCGATAAT
AAATAGTTTGGGCCAAGACGGTGC
CTTCGCATCGGACATCCATTA
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Table A4. Cont.

AOX1a-R
AOX1b-F
AOX1b-R
AOXIc-F
AOX1c-R
Osl2-F
OsI2-R
Osl30-F
Osl30-R
Osl43-F
Osl43-R
Osh36-F
Osh36-R
Osh69-F
Osh69-R
OsMC1-F
OsMC1-R
OsMC2-F
OsMC2-R
OsMC3-F
OsMC(C3-R
OsMC4-F
OsMC4-R
OsMC5-F
OsMC5-R
OsMC6-F
OsMC6-R
OsMC7-F
OsMC7-R
OsMC8-F
OsMC8-R

TCCTCGGCAGTAGACAAACATC
CCTGCTCAGTTCATCACCATCA
GCATAAAACGGAGTGACAATAGC
GCGTCGGATGTTCATTTTCA
CCGCCGTAAGATTTCTTCAGT
GCAGACAACAAATCGCCAAAT
TCTCCAGCAACTCTAACCAGCAT
GAGAAATCCCTTGAAGCCAA
CACAAAGCAGTGAAAGCACA
ATTCAGCATTCCACTGCAAG
ATTCAGCATTCCACTGCAAG
GTGCACCATGCACTTAATCC
CACCGACCCTTCCTGTAGTT
ACGAGCTACACGCCTACCIT
ACTTCCTTGCCAGAAGCACT
GCTTCATCAAGGCGGTGGAGTG
AAGTTGGCGACCTTGCGGATG
CGACCCGTACAGGGTGCCGA
GCACAGCGCCTCGTCGTAGC
GGCTCCTTCGTCCGCAAGAT
CACAGGAGAAACGGTTTCCTGT
TCGACGTTCGTGGAGATGCTC
ATTCACGAGCCGCCTGATCTT
GTGCCAGACCGACCAGACAT
CCGCTCTTCTCCGACAGGAT
CCACACCGCAGGGTTCTTCAT
GTCCAGGCTGCTGAGTGTATCC
ATACAGACCGTGCTGGCGTC
AGGAATGGCGTCTCGGCGTT
TCCGGCAAGTGCCTCGTAAC
CAATGCGGTCGGTCACAGGAT

Realtime PCR primers to verification RNA-seq

0s05g0474800-F
0s05g0474800-R
0s0430103500-F
0s0430103500-R
0507g0130400-F
0507g0130400-R
050630545900-F
0s0630545900-R
050740283125-F
0s0750283125-R
0s05¢0112800-F
0s05¢0112800-R
050750620400-F
050750620400-R
0502g0100100-F
0s02g0100100-R
050950416200-F
050950416200-R
0s0430581000-F
0s0450581000-R
0s0430577800-F
0s0430577800-R
0509¢0517000-F
0s09¢0517000-R
0s0330304500-F
0s0330304500-R

GACGTCCAACTCCTTCATGC
CATGGTCGGTTCTTGGTAGC
CTCCATGCTCTGCTGCAAAT
ACTTGCCGTTGTTCGAGATG
GGATACCTAGCGCCAGAACT
TCTTCGCCCACAAGTAACCT
AAGGCTTCTGCAAATGGCAA
CCATTCGCGCTGATCAGAAT
TGCTCCTGCAGCTCCTATAC
TGGTCAGGTTAGCACCAGAG
CGTCTGGTACGACTACTGCT
TTCTGCGTGTTGAGGAGGAT
CTGGCTAGGCATCTTCACCT
CGGTGCGTTTACTCCTTTCC
GCGTTCCCAAGGACTACAAC
CGAAGCAGCAGCAATCTCAT
GGTGTTCCGGAAGAAGAACG
GAGGTAGAGGGAGGAGGTGA
AGCTGTATTCCGATGAGCCA
TCGGCAGTACGTGCTCATAA
GGCTCCATCTTTGGAGGACT
TCCAAATCCAACAGCGTCAC
GCCAGAGGAGAGGAAGGAC
CTCATCTTGGCCACGAACTC
TCCAAGAATCCCAACACGGA
GAAGAGAAGCTGTCCTCCGA
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Table A4. Cont.

0s0750176900-F GTTGTGCAGTTCTGCTGGAA
0s07g0176900-R GTCGGTAACGTAGGGTTTGC
0s0750630800-F ATCTTGGACACTGCAACACG
0s07g0630800-R GTTGATGCCGAACAGGTCAT
0s07g0634600-F CCAATGCCAACTCTGGTAGC
0s07g0634600-R CCTCGGTGTAGGTGATACCC
0s0350366350-F AAGGCCAACAACAACAGCAA
0s03g0366350-R TGACGACGTTCTTCCTCTCC
0s12¢0115300-F GATGGTGATGGCGATGGTG
0s12g0115300-R CCGTCACGTAAGAGATGCAC
0s10g0533500-R ATCGAGAACGTGCCCTACTT
0s1050533500-F CATGGCCTCCTTCCTCTTGA
0s05¢0374200-F GCTCCTGTTACTTGCCCTTG
0s05¢0374200-R ATCGTGGAAGCTGAAATGGC
Primers for RNA editing site in chloroplast
atpA-F CCCAGGGGATGTTTTTTATT
atpA-R TGAAAAAAGCGTCCATTGTC
ndhD-F ATTTTGGCTTCCTTATTGC
ndhD-R GCCTCTACCCTGTCAACG
ndhF-F ATATGCATGGGTAATCCCTC
ndhF-R AGTGGCTCCTAAGAAAAGTG
ropB-F ACTAAGCGTGCTATTCTCAA
ropB-R TTTATGGTCTAATTCCGAGC
rps14-F ATGGCAAAAAAAAGTTTGATTC
rps14-R TTACCAACTGGATCTTGTTGCA
rpoC2-F GGTCCTTGGGGATTCTTGAT
rpoC2-R TCTTGTTTTGTGGGTAACGG
Appendix B
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Figure Al. Trypan blue staining experiment and meta caspase gene family expression analysis.
(A,B) Trypan blue staining in wild type (WT) and mutant sp/42 leaves. Scale bars = 0.1 cm. (C)
qRT-PCR analysis for meta caspase family genes. Error bars represent & SD (1 = 3). Asterisks indicate
a significant difference between WT and the spl42 plants by Student’s t-test, ** p < 0.01.

144



Plants 2023, 12, 403

atpA-C1148 ndhD-C878 ndhF-C62 rpoB-C560 rps14-C80 ropC2
CARATTAAAAT ARGTTRAAGCT  (oarriacata  ©00TTCAAATC:  TTTTTBAAGATC o rrrimycorg,
100% 100% % 0% % %
. bt gy
CAAATITAAAAT AAGTTAAGCT!I  CCATTGACATA.  GGGTTCAAATC: TTTTTRAAGAT TTTTIfHACCTG!

n%

Figure A2. Changes in RNA editing efficiency in chloroplasts of the wild type and the spl42 mutant.

The red box represents the only RNA editing site that changes amino acid of encoding protein.
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Figure A3. Differential map of genes in different pathways between wild type and spl42 mutant.
(A) Differential genes in photosynthesis pathway. (B) Differential gene of photosynthesis-antenna
protein. (C) Differential genes of the peroxisome pathway. (D) Differential genes for the interaction
between plants and pathogens.
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Abstract: Heading date (HD) is one of the agronomic traits that influence maturity, regional adapt-
ability, and grain yield. The present study was a follow-up of a previous quantitative trait loci (QTL)
mapping study conducted on three populations, which uncovered a total of 62 QTLs associated
with 10 agronomic traits. Two of the QTLs for HD on chromosome 7 (§HD7a and qHD7b) had
a common flanking marker (RM3670) that may be due to tight linkage, and/or weakness of the
statistical method. The objectives of the present study were to map QTLs associated with HD in a
set of 76 chromosome segment substitution lines (CSSLs), fine map and validate one of the QTLs
(gHD?7b) using 2997 BCsF,.3 plants, and identify candidate genes using sequencing and expression
analysis. Using the CSSLs genotyped with 120 markers and evaluated under two short-day and two
long-day growing conditions, we uncovered a total of fourteen QTLs (gHD2a, gHD4a, gHD4b, gHDb5a,
gHD6a, gHD6b, gHD7b, gHD7c, qHD8a, qHD10a, gHD10b, gHD11a, gHD12a, and gHD12b). However,
only gHD6a and qHD7b were consistently detected in all four environments. The phenotypic variance
explained by gHD6a and gHD7b varied from 10.1% to 36.1% (mean 23.1%) and from 8.1% to 32.8%
(mean 20.5%), respectively. One of the CSSL lines (CSSL52), which harbored a segment from the
early heading XieqingzaoB (XQZB) parent at the gHD7b locus, was then used to develop a BC5F;.3
population for fine mapping and validation. Using a backcross population evaluated for four seasons
under different day lengths and temperatures, the gHD7b interval was delimited to a 912.7-kb region,
which is located between RM5436 and RM5499. Sequencing and expression analysis revealed a total
of 29 candidate genes, of which Ghd7 (0Os07¢0261200) is a well-known gene that affects heading
date, plant height, and grain yield in rice. The ghd7 mutants generated through CRISPR/Cas9 gene
editing exhibited early heading. Taken together, the results from both the previous and present study
revealed a consistent QTL for heading date on chromosome 7, which coincided not only with the
physical position of a known gene, but also with two major effect QTLs that controlled the stigma
exertion rate and the number of spikelets in rice. The results provide contributions to the broader
adaptability of marker-assisted breeding to develop high-yield rice varieties.

Keywords: rice (Oryza sativa L.); quantitative trait locus; chromosome segment substitution lines;
gHD?7b; fine-mapping

1. Introduction

Rice is a staple food for more than 50% of the world’s population, with its production
expected to increase by about 25% in 2030 to keep pace with population growth. Rice
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is a facultative, short-day crop that flowers earlier under short-day (SD) conditions and
later under long-day (LD) conditions [1]. Heading date (HD) is a crucial trait affecting
rice adaption to diverse cultivation areas, cropping seasons, maturity, and grain yield [2].
The development of early- or late-maturing cultivars depends on ecological conditions.
In the regions where growing seasons are short, the aim is to develop early maturing
varieties to escape frost damage, but there may be a yield penalty. However, in the regions
where growing seasons are long, the aim is to develop late-maturing varieties with all of
the assimilates efficiently transmitted to the grains, thereby enhancing grain weight and
yield. Generally, there was a trade-off between flowering time and yield, which aimed to
maximize production [3].

Numerous studies have been conducted to map and characterize 712 HD genes
and quantitative trait loci (QTLs) that have been documented in the Gramene database
(http:/ /archive.gramene.org/qtl/ (accessed on 29 August 2022)). The E1/Ghd7 was the
first HD QTL reported in rice, which possesses a functional dominant E1 allele and a
non-functional el allele [4]. The allelic variation of Ghd7 contributes to the geographic
distribution of cultivated rice [5], which has been investigated for photoperiod sensitivity
and regional adaptability [6]. The functional Ghd7 alleles (e.g., Ghd7-1, Ghd7-2, and Ghd7-
3) delay heading, while the non-functional alleles (e.g., Ghd7-0 and Ghd7-0a) shorten
heading date in the different genetic backgrounds of rice. Both the Ghd7-1 and Ghd7-3
alleles were found in rice varieties grown in the tropics, subtropics, and areas with hot
summers and long growing seasons in China and Southeast Asia. The Ghd7-2 allele was
found in temperate japonica varieties from Japan and northern China and had a smaller
phenotypic effect than Ghd7-1 [7]. Sel/Hd1 was the first cloned heading-date QTL, an
ortholog of Arabidopsis CONSTANS that promotes and suppresses flowering under short-
and long-day growing conditions, respectively [8]. Heading date 6 (HA6) [9], Heading date 3a
(Hd3a) [10], Early heading date 1 (Ehd1) [11], Days to heading 8 (DTHS8)/Ghd8 [12], Heading date
17 (Hd17) [13], RICE FLOWERING LOCUS T 1 (RFT1) [14], and Days to heading 2 (DTH2) [3]
are other HD QTLs in rice that have been cloned using a map-based approach. The analysis
of these genes exhibited two main photoperiodic flowering pathways in rice: Hd1-Hd3a
and Ghd7-Ehd1-Hd3a/RFT1. Major QTLs associated with the late heading, such as Ghd7,
Hd1, DTH8/GhdS8, and DTH7/Ghd7.1 [5,15], showed a strong correlation with an increase
in grain yield, which suggests that the use of such types of HD QTLs can significantly
influence rice’s productivity and adaptability to specific growing conditions.

Recent progress in molecular technology and statistical methodology has provided
researchers an opportunity to map and characterize HD QTLs in diverse types of popu-
lations, including F;, recombinant inbred lines (RILs), and doubled haploid lines (DHLs)
in rice [16,17]. However, these populations may not be ideal for the precise mapping
of QTLs due to the simultaneous segregation of multiple loci originating from the two
parents. Moreover, it would be more challenging to determine the actual genetic actions of
the QTLs and differentiate the QTL effects from background noise [18,19]. Chromosome
segment substitution lines (CSSLs) are genetic stocks that consist of overlapping segments
of the complete genome of any genotype. CSSLs have been widely used to map QTLs
accurately, evaluate gene interactions, discover new alleles, and compare the phenotypic
effect of genes or QTLs [19,20]. Further fine mapping of QTLs of interest can be done by
constructing segregating populations obtained from crossing one of the CSSLs and their
recurrent parent [21].

In a previous study, our group identified 9 HD QTLs in a RIL population (Figure S1)
and 2 BCF; populations derived from a cross between XieqingzaoB (XQZB) and Zhonghui9308
(ZH9308), which individually accounted for 2.6-18.6% of the phenotypic variance [22].
Three of the nine HD QTLs were mapped on chromosome 7 between RM3670 and RM2
markers (jHD7a), between RM5436 and RM3670 (§HD7b), and between RM118 and RM3555
(gHD?7¢), explaining 18.6%, 12.1%, and 5.6%, respectively. The gHD7a and the gHD7b QTL
were physically located between 13,439,924-16,022,676 bp and 9,075,636-13,439,924 bp,
respectively. RM3670, located at 13,439,924 bp, was a common flanking marker in both
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gHD7a and qHD?7b, suggesting that the two QTLs are either tightly linked or the statistical
method wrongly identified them as two independent QTLs. Both issues may be resolved
using CSSLs, which form the basis of the present study. Therefore, the objectives of the
present study were to understand the phenotypic variation of the CSSLs for heading date,
fine map the HD QTL on chromosome 7, and identify candidate genes associated with HD
under short- and long-day rice-growing conditions. Furthermore, we were also interested
in determining the proportion of phenotypic variance explained by one of the QTLs on
chromosome 7, validating and fine mapping its position using the BC5F,.3 population
derived from a cross between one of the CSSLs and the recurrent parent, identifying
candidate genes near the target QTL, and determining its actual effect in mutants generated
through CRISPR/Cas9 gene editing.

2. Results
2.1. Phenotypic and Genotypic Analysis of CSSLs

Seventy-six CSSLs and the two parents were evaluated for HD under natural SD (NSD)
at Hainan in 2015-2016 and under natural LD (NLD) at Hangzhou in 2014-2015 for two
seasons. The XQZB matured about 32 and 20 days earlier than the ZH9308 in the Hangzhou
and Hainan growing conditions, respectively (Figure 1A,B; Table 1). The days to heading of
76 CSSLs exhibited 59 to 122 days in NLDs and from 93 to 124 days in NSDs (Figure 1C-F;
Table 1). Overall, HD showed continuous variation in both growing conditions but skewed
distribution (Table 1, Figure 1). The broad-sense heritability was computed from all four
environments, Hainan, and Hangzhou, and were 0.83, 0.82, and 0.79, respectively (Table 1).
PC1 and PC2 from the principal component analysis (PCA) accounted for 75.7% and 15.5%,
respectively (Figure 52), with most CSSLs showing an average heading date clustered
together at the origin. Highly-significant positive correlations were observed among the
tested environments for heading date (Figure S2).

Table 1. Summary of heading dates of parents and 76 chromosome segment substitution lines (CSSLs)
evaluated under two natural short-day conditions at Hainan and long-day conditions at Hangzhou.

Parents P 76 CSSLs 2
Year/Location ZH9308 XQZB Min Max Mean SD Kurtosis Skewness H
2014 Hangzhou 91.83 £ 1.11** 60.17 + 1.10 60.40 119.22  87.12 8.89 5.21 —0.23
2015 Hangzhou 88.33 4+ 0.50 ** 56.67 + 0.54 57.67 12428  88.21 9.42 4.45 —0.33 079
2015 Hainan 110.99 £ 1.52 ** 91.00 £+ 1.31 96.57 12494 110.87 3.94 433 0.63
2016 Hainan 109.67 £ 1.24 ** 91.44 + 1.67 90.00 122.80 103.59 6.10 1.54 0.36 082
Combined
Trait Min Max Mean %G 02GxE o%E cv H?
80.77 119.78  97.45 34.86 2491 8.98 3.08 0.83

2 Values for CSSLs are minimum (Min), maximum (Max), mean, standard deviation (SD), and repeatability (H?).

b Data of parents are presented as mean £ SD with ** indicating significant differences between ZH9308 and
XQZB at the p < 0.01.

2.2. QTL Analysis of the CSSLs

The genetic linkage map of the CSSL population was constructed using 87 simple
sequence repeats (SSRs) and 33 insertion/deletion (InDel) markers that followed the 1:1
Mendelian segregation pattern (Figure S3). A total of 120 markers were distributed across
the whole genome with total coverage of 1311.02 <M using the Kosambi function of IciMap-
ping software (Figure S3; Table S1). Inclusive composite interval mapping conducted on
the BLUP HD data of the four environments using a LOD threshold value > 2.5 identi-
fied 14 QTLs associated with heading date on Chr2 (gHD2a), Chr4 (gHD4a and gHD4b),
Chr5 (gHDb5a), Chr6 (gHD6a and gHD6b), Chr7 (gHD7b and gHD7c), Chr8 (gHD8a), Chr10
(gHD10a and gHD10b), Chrl11 (gHD11), and Chrl2 (gHD12a and qgHD12b) (Table 2). The
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proportion of phenotypic variance (PVE) explained by each QTL ranged from 0.4% to 36.1%,
and the additive effect from —15.4 to 18.2. Of the fourteen QTLs, only gHD6a and qHD7b
were consistently detected in all four environments, from 10.1% to 36.1% (mean 23.14%)
and from 8.1% to 32.8% (mean 20.5%), respectively. The remaining 12 QTLs were detected
only in 1 or 2 environments (Table 2). We then focused on gHD?7b for further research due
to its consistent detection not only in all four environments in the present study, but also in
two types of mapping populations in our previous study [23]. The favorable alleles of all
QTL with a negative additive effect originated from the XQZB, while those with a positive
allele originated from ZH9308. The XQZB allele at the gHD7b leads to early heading under

both NSD and NLD conditions (Figure 1A,B; Table 2).
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Figure 1. Comparison of ZH9308 and XQZB parents with ** indicating significant differences at
p < 0.01 (A,B) and heading date distribution of the 76 chromosome segment substitution lines (CSSLs)
based on the best linear unbiased prediction (BLUP) evaluated at the Hangzhou and Hainan growing
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Table 2. Chromosomal locations of putative HD QTLs under four different environments using 76

CSSL populations.

QTLs Year/Location ? Chr. Region (cM) Flanking Markers LODP PVE (%) ¢ Add 4

gHD2a 2015HZ 2 19.77 RM6424-InD31 2.80 2.54 2.37
qHD4a 2014HZ 4 6.58 InD62-RM1205 38.89 9.87 13.13

2015HZ 4 10.54 RM1205-RM5979 6.46 4.50 1.75

gHD4b 2015HZ 4 21.08 RM3839-RM241 11.33 9.14 8.79
qHDba 2014HZ 5 25.20 RM3638-RM6841 2.59 0.45 —0.47
2016HN 5 14.52 InD79-RM3638 291 7.78 -391

gHD6a 2014HZ 6 6.58 RM5754-RM5963 49.67 19.03 18.21

2015HN 6 5.27 RM510-RM5754 11.12 36.14 6.78

2015HZ 6 6.58 RM5754-RM5963 13.14 10.13 9.90

2016HN 6 527 RM510-RM5754 8.83 25.01 8.67

gHDG6b 2014HZ 6 11.85 RM20069-InD9%4 3.77 0.33 0.36
gHD7b 2014HZ 7 27.69 RMB3859-RM5875 54.42 26.54 —15.44
2015HN 7 27.69 RM3859-RM5875 3.24 8.10 —2.61
2015HZ 7 27.69 RM3859-RM5875 26.56 32.84 —12.90

2016HN 7 27.69 RMB3859-RM5875 7.55 20.33 —6.76

gHD7c 2015HZ 7 21.13 RM1132-RM455 2.56 2.79 0.88
qHD8a 2014HZ 8 791 RM5556-RM22529 46.40 16.12 —-12.03
2015HZ 8 791 RM5556-RM22529 1591 13.30 —8.22
gHD10a 2015HZ 10 2.63 InD133-InD135 12.27 9.14 —13.28
2015HN 10 2.63 InD133-InD135 6.67 18.74 —-7.37

gHD10b 2016HN 10 6.58 RM6142-RM5620 3.60 8.89 —-5.96
gHD11a 2014HZ 11 10.54 RM7463-RM26652 18.14 1.94 —7.76
2015HZ 11 17.16 RM26652-InD151 2.51 3.10 —2.72

gHD12a 2014HZ 12 2.63 InD156-RM7003 15.42 2.21 —6.10
gHD12b 2014HZ 12 23.82 InD165-RM1300 2.85 0.43 —0.44

2 Year/Location refers to the year of the experiment (2014, 2015, and 2016) followed by the location (Hangzhou—
HZ/Hainan—HN). ® Logarithm of odd, ¢ the proportion of the phenotypic variance explained by the QTL
effect, 9 the sign of the additive effects shows the parental origin of the favorable alleles (negative = XQZB and
positive = ZH9308).

2.3. Photoperiodic Response of gHD7b

The CSSL52 is one of the chromosome segment substitution lines, which contains
two segments from XQZB in the ZH9308 background and harbors the early heading allele
at the gHHD7b region flanked by RM3859 and RM5875 markers (Figure S4). ZH9308 and
CSSL52 were evaluated for five consecutive seasons under NLD and NSD conditions with
different day lengths and temperatures (Figure 2A-D). There were significant HD differ-
ences (p < 0.01) between the parents in all the studied environments (Figure 2E-G). ZH9308
headed 24.6-26.4 days later than CSSL52 at Hangzhou NLD conditions (Figure 2E,G). At
Hainan NSD conditions, ZH9308 headed 6.2-10.4 days later than CSSL52 (Figure 2EG).
Similarly, ZH9308 had a higher plant height than CSSL52 under all five environments
(Figure 2H). Taken together, ZH9308 headed later than CSSL52 under both SD and LD
conditions, and the phenotypic differences of days to heading were more significant under
LD conditions. Due to longer days to heading, ZH9308 also exhibited a taller PH, longer
panicle length, more numbers of internodes, longer internode length, a greater number
of panicles per plant, and a more significant number of grains in the main panicle than
CSSL52 (Figures S5 and S6).
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Figure 2. Comparison of heading date and plant height of ZH9308 and CSSL52 under five environ-
mental conditions. (A-D) Daily photoperiod (A,B) and mean temperature (C,D) under Hangzhou
and Hainan conditions in 2020 during the rice-growing season. (E,F) The phenotype of ZH9308 and
CSSL52 under Hangzhou (E) and Hainan (F). The photo was taken at the CSSL52 heading stage in (E)
and the CSSL52 maturation stage in (F). (G,H) Days to heading (G) and plant height (H) comparison
between parents from 2019-2021 under NLD conditions in Hangzhou and NSD conditions in Hainan.
The asterisks ** indicate significance between the parents at the p < 0.01, according to Student’s f-test.

Heading date showed a highly-significant positive Pearson correlation with plant
height (r = 0.83, p < 0.01), panicle length (r = 0.86, p < 0.01), and number of grains in the
main panicle (r = 0.79, p < 0.01) (Table S2). Plant height showed high positive correlations
with the panicle length (r = 0.83, p < 0.01) and number of grains in the main panicle (r = 0.80,

154



Plants 2022, 11, 2288

p < 0.01). Similarly, there was also a significant positive correlation between panicle length
and number of grains in the main panicle (r = 0.76, p < 0.01) (Table S2).

2.4. QTL Mapping in BCsF,.3 Population

The gHD7b was initially delimited to the 7.1 Mb region between the RM3859 and
RM5875 markers (Table 1). We used a BCsF;, population to validate and fine map the
gHD7b QTL, which was developed by crossing CSSL52 that has the early-heading allele
with the ZH9308 parent and then backcrossing the progenies five times with the ZH9308 to
develop a secondary F, (BCsF,) population for fine mapping gHD7b (Figure S7).

Using a linkage map of 9 markers near the gHD7b QTL and heading data of a subset of
501 BCsF, plants (Figure 3) evaluated for two consecutive seasons under Hangzhou NLD
and two seasons under Hainan NSD conditions (Figure S8), we mapped the gHD7b QTL
between the InDel4373 and InDel3 markers. The QTL was detected in all four environments
(seasons) and was between 10.8% and 41.1% in each environment (mean = 26.0%), and
had a LOD score ranging from 4.9 to 62.7 (mean = 33.8). Under Hangzhou conditions,
however, the gHD7b had a very large effect (31.5-41.1%) and more significant LOD scores
(59.8-62.7) than in the Hainan conditions (PVE = 10.8-21.2%, LOD = 4.9-7.5), which was
about two-fold greater in the mean phenotypic effect and nearly ten-fold larger in the
mean LOD score (Table S3). We then classified the 501 BCsF; as late and early heading and
calculated the mean difference in heading date. The average difference between the early
and late segregating progenies was 9.6 and 25.5 days under NSD and NLD, respectively
(Figure S8). A Chi-square analysis performed on the BCsF, population fit the expected
3 (late):1 (early) ratio (386:115; X% = 0.52, p = 0.47), indicating that gHD7b behaves as a single
dominant gene that is more functional under LD conditions than SD conditions.

2.5. Fine Mapping of gHD7b

To narrow down the confidence interval of the gHD7b identified using the 501 BCsF;
plants, we used a total of 2997 BCsF,.3 individuals genotyped with 7 markers that were
polymorphic between the ZH9308 and CSSSL52, as well as the two flanking InDels
(InDel4373 and InDel3) identified during the initial mapping. The genotype data re-
vealed 14 homozygous recombinants (Figure 3D) that belong to 4 groups (G1 = 3 plants,
G2 =5 plants, G3 = 4 plants, and G4 = 2 plants). The recombinant plants in G1 had the
same heading date (86.0 d) as the ZH9308 parent (85.2 d), while the remaining three re-
combinant groups had nearly the same heading date (56.2-58.0 d) as the CSSL52 parent
(58.8 d). In the fine mapping, InDel4477, located at 9,075,693 bp, was the closest marker to
gHD?7b, while RM5436 and RM5499 were the flanking markers located at 9,075,636 bp and
9,988,139 bp on chromosome 7. In contrast to the G1 recombinants that had the ZH9308
parent genome between RM5436 and RM5499 at the gHD7b interval, the remaining three
groups of recombinants (G2 to G4) all inherited the CSSL52 genome. The physical interval
between RM5436 and RM5499 markers spans 912.7 kb (Figure 3D), which was confirmed
using 20 BC5F3.4 progeny from each recombinant group.

2.6. Candidate Gene Analysis of gHD7b and Validation Using CRISPR/Cas9

A candidate gene search using the physical position of the two flanking markers
identified during the fine mapping (RM5436 and RM5499) in the Gramene database (https:
//www.gramene.org/ (accessed on 29 August 2022)) using the Oryza sativa japonica group
reference genome identified 29 predicted genes, of which 18 had Oryza indica homologues
that fell within the 912.7-kb region (7:9,075,636-9,988,139) of gHHD7b (Figure 3E and Table S4).
ORF4 (Os07g0261200) is physically located at 9,152,377 bp on chromosome 7, encodes the
CCT motif family protein, and has been annotated as Ghd7 (Os07¢0261200). We then
sequenced Os07¢0261200 in the two parents using seven markers (M1 to M7), which
revealed a 5.984-kb deletion in the ORF4 region in the CSSL52 parent but not in ZH9308
(Figure 3F). The expression levels of 0s07¢0261200 in CSSL52 were also nearly zero as
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compared with ZH9308, which also suggests that Ghd7 is a probable putative candidate
gene for gHD7b (Figure S9).
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Figure 3. Coarse mapping and fine mapping of §HD7b on chromosome 7. (A) The position of
gHD?7b based on 76 CSSLs genotyped with 12 molecular markers on chromosome 7. (B) The position
of gHD7b based on 501 BCsF; plants genotyped with 7 markers located between RM3859 and
RMS5875 (the flanking markers identified using the CSSLs). (C) Fine mapping of gHD7b using BCsF;.3
plants genotyped with 7 markers that mapped between InDel4373 and InDel3 (the flanking markers
identified using the 501 BCsF, plants). (D) Genotypes and phenotypes of the two parents (ZH9308
and CSSL52) and 14 homozygous recombinant lines used for fine mapping of gHD7b. The ZH9308 and
CSSL52 genotypic markers are represented by white and black bars, respectively. The 14 homozygous
recombinants belong to four groups (G1 = 3 plants, G2 = 5 plants, G3 = 4 plants, and G4 = 2 plants).
The superscripted letters (a and b) indicate statistically significant differences in the heading dates of
recombinants relative to the parents. (E) Approximately 29 open reading frames (ORFs) were located
between the two flanking markers identified during the fine mapping (RM5436 and RM5499), which
are summarized in Table S4. (F) Sequence comparison between ZH9308 and CSSL52 with 5.984-kb
deletion in CSSL52 at Os07¢0261200 using 7 markers (M1 to M7). The deleted region in CSSL52 is
significant, and seven molecular markers (Ghd7-M1 to Ghd7-M7) linked with gHD7b are amplified in
ZH9308.

To validate the mutant phenotype, we knocked out Ghd7 in the Nipponbare genetic
background utilizing the CRISPR/Cas9 system (Figure 4A). The HD of the wild type was
9.4 days later than the ghd7 mutant under NLD conditions in Hangzhou (Figure 4B,C)
and 2.0 days later under NSD conditions in Hainan (Figure 4C). The wild-type showed
significant differences with the ghd7 mutant for HD, plant height, and the number of grains
per panicle (Figure 4D,E).
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Figure 4. Heading date of wild-type (WT) and ghd7 mutant in the Nipponbare genetic background.
(A) Schematic of the Ghd7 gene with the sgRNA:Cas9 targets (green) and corresponding protospacer-
adjacent motif sequences (underlined). The insertion nucleotide is shown as a red letter. (B) The
phenotype of WT and mutant ghd7 at the heading stage under Hangzhou conditions. (C) Days to
heading of WT and ghd7 under natural long-day Hangzhou and natural short-day Hainan conditions.
(D,E) Comparison of the WT and ghd7 mutant for plant height (D) and the number of grains in the
main panicle (E) under natural long-day conditions. The data are expressed as mean values & SD.
The asterisks ** indicate significance between WT and ghd7 mutant at the p < 0.01, as determined by
Student’s {-test.

3. Discussion

Heading date is one of the most important agronomic traits and varies widely in
rice depending on the genetic differences among genotypes, environmental conditions,
day length, temperature, and their interactions [23]. A clear understanding of the genetic
drivers of heading dates is essential for cultivating rice in different geographical regions
and seasons [24]. Numerous genetic mapping studies were conducted to identify genes
and QTLs associated with heading using bi-parental populations, such as F,, backcross,
doubled haploid lines, RILs, and CSSLs [25,26]. Hundreds of genomic regions related
to HD have been reported in rice; however, few have been mapped and cloned [27].
gHD7b was identified using two types of populations that were 76 CSSLs and a BCsF;
population. Using 76 CSSL lines, the present study confirmed the gHD7b QTL that we
previously reported between markers RM5436, located at 9,075,636 bp, and RM3670, located
at 13,439,924 bp [22]. However, the physical interval of the QTL was about double in the
CSSLs (7120.8 kb) as compared with the previous study (4364.3 kb), which is likely due to
the small population size of the CSSLs. The use of 501 BCsF, plants reduced the physical
confidence interval of the QTL to 1245.9 kb, followed by 912.7 kb when it was fine-mapped
using 2997 BCsF,.3 plants (Figure 3). RM5436 and RM5499 were the flanking markers of the
gHD7b QTL after fine mapping, which were also previously reported as flanking markers
for a major QTL (qSSP7), thereby controlling the number of spikelets per panicle [28], and
another major QTL (gSE7), thereby influencing the stigma exertion rate [29] in rice. A
candidate gene search conducted using the physical interval of the gHD7b (7:9,075,636—
9,988,139) and the Oryza sativa japonica group reference genome in Gramene identified a
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total of 29 candidate genes. Ghd7 (Os07g0261200) is one of the 29 candidate genes, which
has been extensively studied for its effect on influencing heading date, grain yield, plant
height, and other agronomic traits in rice [7,30]. However, other multiple genes should also
be explored in the future.

One of the challenges in QTL mapping is identifying QTLs that are consistently
detected across different environments, which was not the case for gHD7b. This QTL was
consistently detected in all environments regardless of the type of mapping populations,
but its effect and LOD scores tend to be very erratic. The LOD score for the gHD7b varied
from 3.2 to 54.4 in the 76 CSSLs and from 4.9 to 62.7 in the 501 BCsF; plants, while the
phenotypic variance explained by the QTL varied from 8.1% to 32.8% in the CSSLs and from
10.8% to 41.1% in the BC5F, plants (Table 2 and Table S3). A previous study showed that the
QTL effect detected by the different mapping populations and environmental conditions
is not necessarily the same [31]. In our case, the discrepancies may be due to differences
in the population size and/or the type of mapping populations. CSSLs are powerful for
QTL discovery studies due to the presence of multiple overlapping segments and several
recombination events [32]. Still, the small size of the population in the current study may
affect the QTL results. The BCsF, population size, on the other hand, was ideal for QTL
discovery studies in terms of population size but has limited recombination frequency,
which makes it inferior in terms of mapping resolutions. The two phenotyping locations
were also different in both temperature and day length, with Hangzhou’s showing a higher
temperature and longer day length than Hainan (Figure 2A-D), which resulted in a clear
difference in phenotype between the parents in Hangzhou'’s than Hainan (Figure 2E-H) [33].
As a result, the proportion of phenotypic variance explained by gHD7b was very low in
Hainan in both the CSSL and BCsF; populations (Tables 2 and S3). Liu et al. [23] also
reported relatively low effects for gHD1b in Hainan than in Hangzhou. The differences in
heading dates between the wild-type and the ghd7 mutant were also smaller in Hainan
than in the Hangzhou growing conditions, and recent studies also support this result [34].
These results suggest gHD7b as a major HD QTL function, mainly under LD conditions.

Our sequencing result revealed that at the Ghd7 locus, the gHD7bX?4® allele belongs
to Ghd7-0, which is non-functional, and the gHD?7 pZHI308 4]lele belongs to Ghd7-4, which
is functional together with Ghd7-1, Ghd7-2, and Ghd7-3 [35]. The non-functional Minghui
63 allele of Ghd7 showed non-significant phenotype differences under SD conditions [7].
However, under SD conditions, the gHD7bX2%B allele flowered earlier than the gHD 7519308
allele (Figure 2G). These phenotypic differences may be caused by background differences,
indicating gHD7b also functions in SD conditions, but the effect is smaller than that in
LD conditions. The two flanking molecular markers for gHD7b (RM5436 and RM5499)
and the seven molecular markers that mapped within the QTL confidence interval (Ghd7-
M1 located at 9,150,263 to Ghd7-M7 located at 9,155,572 bp) can contribute towards the
effort in the breeding of rice varieties using marker-assisted selection (MAS). For example,
gHD7b%1%3%8 could be useful in breeding late-maturing cultivars. When the rice cultivars
with Ghd7-0a, Ghd7-0, and Ghd7-2 alleles originating from northern China were introduced
to southern China, their heading date would be significantly earlier. The gHD7b#H%308
allele could be introduced into these cultivars to prolong their heading date to make them
have delayed heading and increase their yield. On the contrary, gHD7b*R%B could be useful
in breeding early-maturing cultivars. When the rice cultivars with Ghd7-1, Ghd7-3, and
Ghd7-4 alleles originating from the tropical and subtropical regions were introduced to
northern China, their grains couldn’t reach maturity due to later heading. The gHD7bXQ%B
allele could be introduced into these cultivars to make early heading to mature and harvest
in time.

4. Materials and Methods
4.1. Population Development and Phenotyping

The present study was conducted using three populations. One of the populations
was developed by crossing 134 RILs with Zhonghui9308 (ZH9308), which was then back-
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crossed three times, and selfed six times to form BC4Fg generation. The RILs were initially
developed from a cross between an early-heading XieqingzaoB (XQZB) donor parent and a
late-heading ZH9308 recipient parent and parental lines of Xieyou9308 (an indica-japonica
subspecies super hybrid rice with 87.5% indica and 12.5% japonica genome) [22]. Seventy-six
of the 134 BC4F¢ lines were selected to represent CSSLs for QTL mapping, and the geno-
types of the 76 CSSLs were also investigated [36]. The second population was developed
by crossing one of the CSSLs (CSSL52) that exhibited early heading with the ZH9308 parent
and then backcrossing the progenies four times with the ZH9308 to develop a secondary
BCsF;, population for validation and a BCsF,.3 population for the fine-mapping of the
gHD7b QTL (Figure S1).

A set of 76 CSSLs along with parental lines, ZH9308 and XQZB, were evaluated
for heading date through a Randomized Complete Block (RCB) design consisting of
3 replications, with 4 rows X 8 plants for each line at Hangzhou and Hainan for 4 seasons.
Each plot consisted of 4 rows of 1.32 square meters with 16.5 cm x 26.5 cm spacing between
plants and rows. The BCsF, population, along with ZH9308 and CSSL52 parents, was
evaluated for two years under NLD (day length >14 h) conditions in Hangzhou, Zhejiang
Province (120.0° E, 30.15° N), and NSD (day length <12 h) conditions in Lingshui, Hainan
Province (110.0° E, 18.5° N). HD was recorded as the number of days from the sowing
date to the emergence of the first heading. Plant height (PH) was measured from the
ground level to the tip of the panicle at full physiological maturity. Internode length was
recorded as the length between two nodes. Number of panicles per plant was recorded
as the number of all panicles per plant. Panicle length (PL) was recorded from the neck
to the apex of the panicle. The number of grains in the main panicle was recorded as the
filled grain numbers of the main panicle. Paddy field management followed conventional
practices [37].

4.2. Test of Day Length Response in Growth Chambers

To investigate the photoperiodic response, ZH9308 and CSSL52 plants were grown
under CLD (14 h light, 30 °C/10 h darkness, 25 °C) and CSD (10 h light, 30 °C/14 h darkness,
25 °C). The humidity was 75%, and the light intensity was 300 umol m—2 s~ [38].

4.3. Molecular Markers Development and DNA Extraction

Polymorphisms between ZH9308 and CSSL52 were screened using Insertion/Deletion
(InDel) and Simple Sequence Repeat (SSR) markers [39]. To determine the candidate genes
of gHD7b QTL, the sequence between RM3859 and RM5875 was downloaded from the
EnsemblePlants (http://plants.ensembl.org/index.html (accessed on 29 August 2022)) and
Gramene website (https://www.gramene.org/ (accessed on 29 August 2022)) using the
Oryza sativa japonica group reference genome by a blast search of the primer sequences.
New InDel markers in the QTL region were designed based on differences in genomic
sequence between Indica and Japonica using the Primer Premier 5.0 software (PREMIER
Biosoft International, San Francisco, CA, USA). The markers are listed in Tables S5 and Sé6.
The markers that amplified the mutated region between parents are listed in Table S7.

Genomic DNA was extracted from the fresh leaves of parents and the secondary F,
(BCsF,) population using the cetyltrimethylammonium bromide (CTAB) method described
by Luo et al. [40]. A polymerase chain reaction (PCR) was performed in a 12 puL volume
that consisted of 5 pL of master mix, 3 uL of ddH,O, 2 pL of 10 pmol uL—1 primers (1 pL
forward primer and reverse primers), and 2 uL of template genomic DNA (200 ng). The
PCR amplification protocol consisted of a pre-denaturation step (95 °C for 3 min), followed
by 32 cycles (denaturation at 95 °C for 15 s, annealing at 55 °C for 15 s, and extension at
72 °C for 5 s), and final extension (72 °C for 10 min). The PCR products were separated
using gel electrophoresis on 8% non-denaturing polyacrylamide gel and visualized with
silver nitrate staining using a formaldehyde solution [41].

159



Plants 2022, 11, 2288

4.4. RNA Extraction and gRT-PCR

The total RNA was extracted from leaves of ZH9308 and CSSL52 using an RNAprep
Pure Plant kit (Tiangen Biotech Co., Ltd., Beijing, China). A total of 50 uL of complementary
DNA (cDNA) was synthesized using 5 pg of RNA with ReverTra Ace® qPCR RT Master
Mix with gDNA Remover (Toyobo Co., Ltd., Osaka, Japan). Real-time quantitative RT-PCR
(RT-qPCR, 20 pL reaction volume) was performed using 0.5 uL of cDNA, 0.2 uM of each
gene-specific primer, and TB Green Premix ExTaq II (Takara Bio, Inc., Kusatsu, Shiga,
Japan) in a LightCycler®480 II (Roche). The rice Ubg gene (Os030234350) was exploited
as the endogenous control. The primers for qRT-PCR were designed using GeneScript
(https:/ /www.genscript.com/tools/real-time-pcr-tagman-primer-design-tool (accessed
on 29 August 2022)) and are displayed in Table S7.

4.5. Generation of ghd7 Mutant Using CRISPR/Cas9 System

The CRISPR/Cas9 system was used to knock out Ghd7 according to the methods as
described previously [42]. The 18-bp sgRNA:Cas9 target sequence of Ghd7 was introduced
into the pCas9-sgRNA vector at the Aarl site. The final vector was transformed into
Nipponbare using Agrobacterium-mediated transformation [43]. The primers used are
displayed in Table S7.

4.6. Statistical Analysis

The experimental design in each environment was a randomized complete block de-
sign with three replications per environment/location. The best linear unbiased prediction
(BLUP) values were obtained through META-R v6.03 [44], using the linear model:

Yik = p + Rep; + Geny + ¢j (within the environment)
Y = 1+ Rep; (Envj) + Envj X Geny + Geny + Envj + ¢ (across environments)

where Yjy is the trait of interest, p is the mean effect, Rep; is the effect of the jth replicate,
Geny is the effect of the yth genotype, € is the error associated with the jth replication,
and the yth genotype, which is assumed to be normally and independently distributed. For
across environments, Yjj is the trait response, Env; is the jth environment, Rep; (Envj) is
the effect of jth replication in the jth environment, and Env; x Geny is the environment
and genotype interaction. The resulting analysis produced the adjusted trait phenotypic
values in the form of BLUP within and across environments. The BLUP model considers
genotypes as random effects. Broad sense heritability (H?) and repeatability (H) were
calculated according to Alemu et al. [45] using META-R software.
o’g . .
=————>——— (within the environment)
0’g + o%e/reps
_ o’g
 02g + o2ge/env + o2e/(reps x env)

(across environment)

where o2g and o2e are the genotypic and error variance, o2ge is the genotype by envi-
ronment interaction variance, rep is the number of replicates, and env is the number of
environments.

QTL analysis was performed using the inclusive composite interval mapping (ICIM)
function implemented in QTL IciMapping software [46]. A LOD threshold value >2.5
indicates the presence of QTL (selected by 1000 permutation tests to obtain a 0.05 genome-
wide probability level of Type I error, with a search step of 1 cm). QTLs were named by
placing a “q” at the beginning of the trait “HD”, followed by the chromosome number.
For more than one QTL on the same chromosome, a second identifier was placed after the

chromosome number reported previously [47].
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5. Conclusions

A total of fourteen significant (LOD > 2.5) HD QTLs (gHD2a, gHD4a, gHD4b, gHD5a,
gHDG6a, gHD6b, qHD7b, qHD7c, qHD8a, qHD10a, qHD10b, gHD11a, gHD12a, and gHD12b)
were detected in the 76 CSSL populations concerning the position and introgression seg-
ments under four different environments. We focused on gHD7b for further research
due to its stability. A secondary F, (BCsF,) population was developed by backcrossing
CSSL52 with recurrent parent ZH9308, and gHD7b was narrowed down to the 912.7-kb
region, flanked by markers RM5436 and RM5499 using 2995 individuals from the secondary
Fy.3 (BCsF;.3) population. The CSSL52 allele at the gHD7b locus negatively regulates HD
under SD and LD conditions. Sequencing and expression analysis demonstrated that
0507¢0261200 encodes Ghd7, a suitable candidate gene for gHD7b. The ghd7 mutant gener-
ated through CRISPR/Cas9 promoted the heading date and validated Ghd7 as a putative
candidate gene for HD. Further study on gHD7b will contribute to MAS and the developing
late-maturing varieties that can be used in diverse geographical regions.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants11172288/s1, Figure S1: Breeding scheme for QTL iden-
tification and fine mapping, Figure S2: GGE Biplot of days to heading from 76 CSSLs tested in
four environments, Figure S3: Linkage map of 76 CSSLs derived from ZH9308 x XQZB using
120 polymorphic markers, Figure S4: A schematic representation of ZH9308, XQZB, and CSSL52
plants to show differences on chromosome 7 near gHD?7b, Figure S5: Agronomic trait phenotypes of
ZH9308 and CSSL52, Figure S6: Measurement of agronomic traits of ZH9308 and CSSL52, Figure S7:
Phenotypes and genotypes of ZH9308, CSSL52, and secondary F, (BCsF,) population, Figure S8:
Frequency distribution of heading date in the secondary F, (BCsF;) population under Hainan and
Hangzhou conditions, Figure S9: The expression levels of 05070261200 in ZH9308 and CSSL52,
Table S1: Chromosome-wise SNP markers and genetic map length of rice CSSL population, Table S2:
Pearson correlation coefficients among heading date and yield-related traits, Table S3: Evaluation of
heading date QTL gHD7b under Hainan and Hangzhou conditions, Table S4: Candidate genes within
912.7-kb physical regions of gHD7b on chromosome 7, Table S5: Polymorphic DNA markers used in
heading-date QTL analysis in 76 CSSLs and the secondary F, (BCsF;) population, Table S6: DNA
markers used in QTL analysis and fine mapping of gHD7b, Table S7: Markers used for sequencing,
gRT-PCR, and CRISPR.

Author Contributions: Conceptualization, WW., Y.Z., S.C. and L.C.; methodology, W.W.; software,
A.S,; investigation, A.S.,,L.S,,LL., AL, ZY,QY, GB.A., PX,RMK,]J.L. and X.S,; resources, Y.Z.;
writing original draft preparation, A.S.; writing review and editing, A.S. and W.W.; supervision, WW.;
project administration, W.W.; funding acquisition, W.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was supported by grants from the National Key R&D Program of China
(2020YFE0202300), the National Natural Science Foundation of China (31871604, 32071996, and
31961143016), the Fundamental Research Funds of Central Public Welfare Research Institutions
(CPSIBRF-CNRRI-202102), Hainan Yazhou Bay Seed Lab (B21H]J0219), and the Agricultural Science
and Technology Innovation Program of the Chinese Academy of Agricultural Sciences (CAAS-
ASTIP2013-CNRRI).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1. Saito, H.; Okumoto, Y.; Tsukiyama, T.; Xu, C.; Teraishi, M.; Tanisaka, T. Allelic differentiation at the E1/Ghd7 locus has allowed
expansion of rice cultivation area. Plants 2019, 8, 550. [CrossRef] [PubMed]

2. Li, X,;Sun, Y; Tian, X; Ren, Y; Tang, J.; Wang, Z.; Cheng, Y.; Bu, Q. Comprehensive identification of major flowering time genes
and their combinations, which determined rice distribution in Northeast China. Plant Growth Regul. 2018, 84, 593-602. [CrossRef]

161



Plants 2022, 11, 2288

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Wu, W,; Zheng, XM.; Lu, G.; Zhong, Z.; Gao, H.; Chen, L.; Wu, C.; Wang, H.J.; Wang, Q.; Zhou, K,; et al. Association of functional
nucleotide polymorphisms at DTH2 with the northward expansion of rice cultivation in Asia. Proc. Natl. Acad. Sci. USA 2013,
110, 2275-2280. [CrossRef]

Syakudo, K.; Kawase, T. Studies on the quantitative inheritance (11): A. Rice (Oryza sativa L.) (d) Inheritance of the heading
duration and the quantitative function of the causal genes in its determination. (1) On the quantitative function of the genes E1,
E2 and D1. Jpn. ]. Breed. 1953, 3, 6-12. [CrossRef]

Zhang, J.; Zhou, X.; Yan, W.; Zhang, Z.; Lu, L.; Han, Z.; Zhao, H.; Liu, H.; Song, P; Hu, Y.; et al. Combinations of the Ghd7,
Ghd8 and Hd1 genes largely define the ecogeographical adaptation and yield potential of cultivated rice. N. Phytol. 2015, 208,
1056-1066. [CrossRef] [PubMed]

Wei, H.; Wang, X.; Xu, H.; Wang, L. Molecular basis of heading date control in rice. Abiotech 2020, 1, 219-232. [CrossRef]

Xue, W.; Xing, Y.; Weng, X.; Zhao, Y.; Tang, W.; Wang, L.; Zhou, H.; Yu, S.; Xu, C.; Li, X; et al. Natural variation in Ghd7 is an
important regulator of heading date and yield potential in rice. Nat. Genet. 2008, 40, 761-767. [CrossRef]

Yano, M.; Katayose, Y.; Ashikari, M.; Yamanouchi, U.; Monna, L.; Fuse, T.; Baba, T.; Yamamoto, K.; Umehara, Y.; Nagamura, Y.;
et al. Hd1, a major photoperiod sensitivity quantitative trait locus in rice, is closely related to the Arabidopsis flowering time gene
CONSTANS. Plant Cell. 2000, 12, 2473-2483. [CrossRef]

Takahashi, Y.; Ayahiko, S.; Takuji, S.; Masahiro, Y. Hd6, a rice quantitative trait locus involved in photoperiod sensitivity, encodes
the a subunit of protein kinase CK2. Proc. Natl. Acad. Sci. USA 2001, 98, 7922-7927. [CrossRef]

Kojima, S.; Takahashi, Y.; Kobayashi, Y.; Monna, L.; Sasaki, T.; Araki, T.; Yano, M. Hd3a, a rice ortholog of the Arabidopsis FT
gene, promotes transition to flowering downstream of Hd1 under short-say conditions. Plant Cell Physiol. 2002, 43, 1096-1105.
[CrossRef]

Doi, K; Izawa, T.; Fuse, T.; Yamanouchi, U.; Kubo, T.; Shimatani, Z.; Yano, M.; Yoshimura, A. Ehd1, a B-type response regulator in
rice, confers short-day promotion of flowering and controls FT-like gene expression independently of Hd1. Genes Dev. 2004, 18,
926-936. [CrossRef]

Wei, X.; Xu, J.; Guo, H,; Jiang, L.; Chen, S.; Yu, C.; Zhou, Z.; Hu, P.; Zhai, H.; Wan, J. DTHS8 suppresses flowering in rice, influencing
plant height and yield potential simultaneously. Plant Physiol. 2010, 153, 1747-1758. [CrossRef]

Matsubara, K.; Tanaka, E.O.; Hori, K.; Ebana, K.; Ando, T.; Yano, M. Natural variation in Hd17, a homolog of Arabidopsis ELF3
that is involved in rice photoperiodic flowering. Plant Cell Physiol. 2012, 53, 709-716. [CrossRef]

Tanaka, E.O.; Matsubara, K.; Yamamoto, S.I.; Nonoue, Y.; Wu, J.; Fujisawa, H.; Ishikubo, H.; Tanaka, T.; Ando, T.; Matsumoto, T.;
et al. Natural variation of the RICE FLOWERING LOCUS T 1 contributes to flowering time divergence in rice. PLoS ONE 2013, 8,
€75959.

Ye, J.; Niu, X; Yang, Y.; Wang, S.; Xu, Q.; Yuan, X.; Yu, H.; Wang, Y.; Wang, S.; Feng, Y.; et al. Divergent Hd1, Ghd7, and DTH7
alleles control heading date and yield potential of Japonica rice in northeast China. Front. Plant Sci. 2018, 9, 35. [CrossRef]
Yano, M.; Harushima, Y.; Nagamura, Y.; Kurata, N.; Minobe, Y.; Sasaki, T. Identification of quantitative trait loci controlling
heading date in rice using a high-density linkage map. Theor. Appl. Genet. 1997, 95, 1025-1032. [CrossRef]

Yuan, R.; Zhao, N.; Usman, B.; Luo, L.; Liao, S.; Qin, Y.; Nawaz, G.; Li, R. Development of chromosome segment substitution lines
(CSSLs) derived from Guangxi wild rice (Oryza rufipogon Griff.) under rice (Oryza sativa L.) background and the identification of
QTLs for plant architecture, agronomic traits and cold tolerance. Genes 2020, 11, 980. [CrossRef]

Fan, J.; Hua, H.; Luo, Z.; Zhang, Q.; Chen, M.; Gong, J.; Wei, X.; Huang, Z.; Huang, X.; Wang, Q. Whole-Genome sequencing of
117 chromosome segment substitution lines for genetic analyses of complex traits in rice. Rice 2022, 15, 5. [CrossRef]

Uehara, K.B.; Furuta, T.; Masuda, K.; Yamada, S.; Angeles-Shim, R.B.; Ashikari, M.; Takashi, T. Construction of rice chromosome
segment substitution lines harboring Oryza barthii genome and evaluation of yield-related traits. Breed. Sci. 2017, 67, 408-415.
[CrossRef]

Balakrishnan, D.; Surapaneni, M.; Mesapogu, S.; Neelamraju, S. Development and use of chromosome segment substitution lines
as a genetic resource for crop improvement. Theor. Appl. Genet. 2019, 132, 1-25. [CrossRef]

Shen, W.Q.; Zhao, B.B.; Yu, G.L.; Li, EF,; Zhu, X.Y.; Ma, EY,; Li, Y.F,; He, G.H.; Zhao, EM. Identification of an excellent rice
chromosome segment substitution line Z746 and QTL mapping and verification of important agronomic traits. Acta Agron. Sin.
2021, 47, 451-461. [CrossRef]

Liang, Y.; Zhan, X.; Gao, Z.; Lin, Z.; Yang, Z.; Zhang, Y.; Shen, X.; Cao, L.; Cheng, S. Mapping of QTLs associated with important
agronomic traits using three populations derived from a super hybrid rice Xieyou9308. Euphytica 2012, 184, 1-13. [CrossRef]
Liu, L.; Zhang, Y,; Yang, Z.; Yang, Q.; Zhang, Y.; Xu, P; Li, ].; Islam, A.; Shah, L.; Zhan, X,; et al. Fine mapping and candidate gene
analysis of gHD1b, a QTL that promotes flowering in common wild rice (Oryza rufipogon) by up-regulating Ehd1. Crop J. 2022, 10,
1083-1093. [CrossRef]

Hori, K.; Yasunori, N.; Ono, N.; Shibaya, T.; Ebana, K.; Matsubara, K.; Ogiso-Tanaka, E.; Tanabata, T.; Sugimoto, K.; Taguchi-
Shiobara, F; et al. Genetic architecture of variation in heading date among Asian rice accessions. BMC Plant Biol. 2015, 15, 115.
[CrossRef] [PubMed]

Ma, L; Yang, C.; Zeng, D.; Cai, J.; Li, X;; Ji, Z.; Xia, Y.; Qian, Q.; Bao, ]. Mapping QTLs for heading synchrony in a doubled haploid
population of rice in two environments. J. Genet. Genom. 2009, 36, 297-304. [CrossRef]

162



Plants 2022, 11, 2288

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Surapaneni, M.; Balakrishnan, D.; Mesapogu, S.; Addanki, KR.; Yadavalli, V.R.; Tripura Venkata, V.G.N.; Neelamraju, S.
Identification of major effect QTLs for agronomic traits and CSSLs in rice from Swarna/Oryza nivara derived backcross inbred
lines. Front. Plant Sci. 2017, 8, 1027. [CrossRef]

Zhu, H.; Li, Y; Liang, J.; Luan, X,; Xu, P; Wang, S.; Zhang, G.; Liu, G. Analysis of QTLs on heading date based on single segment
substitution lines in rice (Oryza Sativa L.). Sci. Rep. 2018, 8, 13232. [CrossRef]

Xing, Y.Z.; Tang, W.J.; Xue, W.Y.; Xu, C.G.; Zhang, Q. Fine mapping of a major quantitative trait loci, §SSP7, controlling the
number of spikelets per panicle as a single Mendelian factor in rice. Theor. Appl. Genet. 2008, 116, 789-796. [CrossRef]

Zhang, K.; Zhang, Y.; Wu, W.; Zhan, X.; Anis, G.B.; Rahman, M.H.; Hong, Y.; Riaz, A.; Zhu, A.; Cao, Y. 4SE7 is a major quantitative
trait locus (QTL) influencing stigma exsertion rate in rice (Oryza sativa L.). Sci. Rep. 2018, 8, 14523. [CrossRef]

Wang, X.; Zhou, T.; Li, G.; Yao, W.; Hu, W.; Wei, X,; Che, ].; Yang, H.; Shao, L.; Hua, J.; et al. A Ghd7-centered regulatory network
provides a mechanistic approximation to the optimal heterosis in an elite rice hybrid. Plant J. 2022, Epub ahead of print. [CrossRef]
Kang, Y.; Zhang, M.; Zhang, Y.; Wu, W.; Xue, P.; Zhan, X.; Cao, L.; Cheng, S.; Zhang, Y. Genetic mapping of grain shape associated
QTL utilizing recombinant inbred sister lines in high yielding rice (Oryza sativa L.). Agronomy 2021, 11, 705. [CrossRef]

Zhu, J.; Niu, Y,; Tao, Y,; Wang, ] ; Jian, J.; Tai, S.; Li, J.; Yang, J.; Zhong, W.; Zhou, Y. Construction of high-throughput genotyped
chromosome segment substitution lines in rice (Oryza sativa L.) and QTL mapping for heading date. Plant Breed. 2015, 134,
156-163. [CrossRef]

Sun, Z.; Zhu, Y.; Chen, J.; Zhang, H.; Zhang, Z.; Niu, X; Fan, Y.; Zhuang, J. Minor-effect QTL for heading date detected in crosses
between indica rice cultivar Teqing and near isogenic lines of IR24. Crop |. 2018, 6, 291-298. [CrossRef]

Wang, G.; Wang, C.; Lu, G.; Wang, W.; Mao, G.; Habben, J.E.; Greene, T.W. Knockouts of a late flowering gene via CRISPR-Cas9
confer early maturity in rice at multiple field locations. Plant Mol. Biol. 2020, 104, 137-150. [CrossRef]

Lu, L.; Yan, W.; Xue, W.; Shao, D.; Xing, Y. Evolution and association analysis of Ghd7 in rice. PLoS ONE 2012, 7, e34021.

Riaz, A.; Huimin, W.; Zhenhua, Z.; Zegeye, A.W.; Yanhui, L.; Hong, W.; Pao, X.; Zequn, P,; Xihong, S.; Shihua, C.; et al.
Development of chromosome segment substitution lines and genetic dissection of grain size related locus in rice. Rice Sci. 2021,
28,322-324. [CrossRef]

Yang, H.; Yang, Q.; Kang, Y.; Zhang, M.; Zhan, X.; Cao, L.; Cheng, S.; Wu, W.; Zhang, Y. Finding Stable QTL for plant height in
super hybrid rice. Agriculture 2022, 12, 165. [CrossRef]

Sun, B.; Zhan, X.D.; Lin, Z.C.; Wu, W.X,; Yu, P; Zhang, Y.X.; Sun, L.P; Cao, L.Y.; Cheng, S.H. Fine mapping and candidate gene
analysis of gHD5, a novel major QTL with pleiotropism for yield-related traits in rice (Oryza sativa L.). Theor. Appl. Genet. 2017,
130, 247-258. [CrossRef]

Murray, M.G.; Thompson, W.F. Rapid isolation of high molecular weight plant DNA. Nucleic Acids Res. 1980, 8, 4321-4325.
[CrossRef]

Luo, Z.Y.; Zhou, G.; Chen, X.H.; Lu, Q.H.; Hu, W.X. Isolation of high-quality genomic DNA from plants. Bull. Hunan Med. Univ.
2001, 26, 178-180.

Creste, S.; Tulmann, N.A.; Figueira, A. Detection of single sequence repeat polymorphisms in denaturing polyacrylamide
sequencing gels by silver staining. Plant Mol. Biol. Rep. 2001, 19, 299-306. [CrossRef]

Miao, J.; Guo, D.; Zhang, J.; Huang, Q.; Qin, G.; Zhang, X.; Wan, J.; Gu, H.; Qu, L.]. Targeted mutagenesis in rice using CRISPR-Cas
system. Cell Res. 2013, 23, 1233-1236. [CrossRef] [PubMed]

Hiei, Y.; Komari, T.; Kubo, T. Transformation of rice mediated by Agrobacterium tumefaciens. Plant Mol. Biol. 1997, 35, 205-218.
[CrossRef] [PubMed]

Alvarado, G.; Rodriguez, FM.; Pacheco, A.; Burguefio, J.; Crossa, J.; Vargas, M.; Pérez-Rodriguez, P.; Lopez-Cruz, M.A. META-R:
A software to analyze data from multi-environment plant breeding trials. Crop J. 2020, 8, 745-756. [CrossRef]

Alemu, A.; Brazauskas, G.; Gaikpa, D.S.; Henriksson, T.; Islamov, B.; Jorgensen, L.N.; Koppel, M.; Koppel, R.; Liatukas, Z.;
Svensson, J.T.; et al. Genome-wide association analysis and genomic prediction for adult-plant resistance to septoria tritici blotch
and powdery mildew in winter wheat. Front. Genet. 2021, 12, 661742. [CrossRef]

Meng, L.; Li, H.; Zhang, L.; Wang, J. QTL IciMapping: Integrated software for genetic linkage map construction and quantitative
trait locus mapping in biparental populations. Crop J. 2015, 3, 269-283. [CrossRef]

McCouch, S.R. Gene nomenclature system for Rice. Rice 2008, 1, 72-84. [CrossRef]

163



plants

Article

YTH Domain Proteins Play an Essential Role in Rice Growth
and Stress Response

Weiwei Ma 1, Song Cui 2, Zhenfei Lu !, Xiaofeng Yan 2, Long Cai ?, Yongfa Lu !, Kefeng Cai 1, Huacheng Zhou !,
Rongrong Ma 1, Shirong Zhou >* and Xiaole Wang 1*

check for
updates

Citation: Ma, W.; Cui, S.; Lu, Z,; Yan,
X.; Cai, L.; Lu, Y.; Cai, K.; Zhou, H.;
Ma, R.; Zhou, S.; et al. YTH Domain
Proteins Play an Essential Role in
Rice Growth and Stress Response.
Plants 2022, 11, 2206. https://
doi.org/10.3390/ plants11172206

Academic Editors: Xiangjin Wei,
Yingxin Zhang, Weixun Wu and

Guiai Jiao

Received: 19 July 2022
Accepted: 22 August 2022
Published: 25 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Institute of Crop Sciences, Ningbo Academy of Agricultural Sciences, Ningbo 315000, China

State Key Laboratory for Crop Genetics and Germplasm Enhancement, Jiangsu Plant Gene Engineering
Research Center, Nanjing Agricultural University, Nanjing 210095, China

*  Correspondence: srzhou@njau.edu.cn (S.Z.); linda2086415@163.com (X.W.)

Abstract: As the most prevalent epi-transcriptional modification, m®A modifications play essential
roles in regulating RNA fate. The molecular functions of YTH521-B homology (YTH) domain
proteins, the most known READER proteins of m®A modifications, have been well-studied in animals.
Although plants contain more YTH domain proteins than other eukaryotes, little is known about their
biological importance. In dicot species Arabidopsis thaliana, the YTHDFA clade members ECT2/3/4
and CPSF30-L are well-studied and important for cell proliferation, plant organogenesis, and nitrate
transport. More emphasis is needed on the biological functions of plant YTH proteins, especially
monocot YTHs. Here we presented a detailed phylogenetic relationship of eukaryotic YTH proteins
and clustered plant YTHDEFC clade into three subclades. To determine the importance of monocot
YTH proteins, YTH knockout mutants and RNAi-induced knockdown plants were constructed and
used for phenotyping, transcriptomic analysis, and stress treatments. Knocking out or knocking
down OsYTHs led to the downregulation of multicellular organismal regulation genes and resulted
in growth defects. In addition, loss-of-function ythdfa mutants led to better salinity tolerance whereas
ythdfc mutants were more sensitive to abiotic stress. Overall, our study establishes the functional
relevance of rice YTH genes in plant growth regulation and stress response.

Keywords: YTH domain protein; CRISPR; rice; growth; stress response

1. Introduction

In the past 30 years, epigenomic modifications (DNA modifications, RNA modifica-
tions, and histone modifications) have been widely studied and shown to play essential
roles in regulating gene expression, stress resistance, development, and other key biological
processes [1-4]. Current studies demonstrate that the epi-transcriptional modifications,
especially the most prevalent m®A modification, exist widely in eukaryotic RNAs and
function in regulating RNA fate, such as alternative splicing, RNA export, 3’ untranslated
region (UTR) processing, and RNA stability [5]. In plants, m®A modification is an essential
and extensive molecular mechanism in regulating organ development [6-14], circadian
rhythm [15], fruit ripening [16], and stress tolerance [11,12,17-20]. A recent study also
revealed that FTO-mediated m®A demethylation in rice caused a more than threefold
increase in grain yield [21]. As a critical post-transcriptional regulatory pathway, dynamic
reversible m® A modification after RNA transcription is an exciting and efficient new way
to regulate gene expression, which provides a new approach to understanding epigenetic
regulation in plants and further improves agronomic traits in plant breeding.

As the most known READER proteins of m® A modifications, YT521-B homology (YTH)
domain proteins are also found in most eukaryotic species and are well-studied, especially
in vertebrates [5]. Three categories can be classified in animal YTH proteins, namely the
YTHDF (YTH domain-containing family protein) family, YTHDC1 (YTH domain-containing
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protein 1, also called DC1), and YTHDC2 (YTH domain-containing protein 2, also called
DC2). Most vertebrates have three YTHDF members, whereas only one YTHDF protein
was found in invertebrate species. By influencing RNA stability, alternative splicing, or
translation, YTHDFs mainly take part in stem cell differentiation/cancer progression [22—
24] and neuronal function [25-31]. In contrast, YTHDC1 and YTHDC2 function in sex
determination by affecting the alternative splicing and 3’ untranslated region (UTR) pro-
cessing [28-30,32-38].

Compared to the restricted members of YTH proteins in animals, plants contain much
more YTH proteins, whereas little is known about their biological importance. In Ara-
bidopsis, the ECT2/3/4 are well-studied and important for cell proliferation and plant
organogenesis. ECT2 forms a complex in vivo with m® A RNA via its YTH domain, whereas
plants depleted of ECT2 show a trichome branching defect [12]. Weaker trichome branching
defects can also be observed in ect3 single mutants, whereas ect2/ect3 double mutants
exhibit more severe trichome defects and delayed post-embryonic leaf formation [13]. By
additional mutation of ECT4, ect2/ect3/ect4 triple mutants have exacerbated the slow
growth of leaf primordia and serrated-edged leaves, which resembles that of mta knock-
down plants [39]. Recently, Arribas-Hernandez, Rennie et al., reveal the mode of RNA
recognition by YTH domain-containing proteins (ECT2/3) using HyperTRIBE which co-
heres the genetic and molecular studies of mPA-YTH function [20,40]. Other than YTHDF
proteins, AtCPSF30L, as one of the YTHDC members, modulates nitrate content by reg-
ulating nitrate transport and assimilation in plants [41]. This raises the question, what
are the functions of the rest of plant YTH proteins? Why does the plant need so many
YTH proteins?

To answer these questions, we present our research on YTH proteins in a monocot
model plant—rice. In this research, a detailed phylogenetic relationship of eukaryotic
YTH proteins was solved, and a total of five subclades could be found within the plant
YTHDF clade, and no YTHDC2 was found in plant species. To determine the importance
of rice YTH proteins, YTH knockout mutants and RNAi-induced knockdown plants were
constructed. Agricultural trait changes were observed within these transgenic plants,
and transcriptomic data supported that the expression level of multicellular organismal
regulation genes has changed. In addition, transcriptomic data showed that most mutants
enriched stimulus response genes, indicating that OsYTH genes may also contribute to a
stress response which was further supported by a stress tolerance assay. In conclusion, we
hypothesize that the large number of YTH proteins in vascular plant species participated in
balancing self-growth and adaptation to variant growth environmental changes that plants
cannot avoid.

2. Results
2.1. Phylogenetic Analysis of YTH Proteins

Previous studies have conducted much work on the phylogenetic relationship of
YTH family proteins, but either these works focused only on a specific group of species
or YTH proteins in which the researchers are interested [42,43]. In this research, 561 YTH
domain-containing proteins (Supplementary Tables S1-53) from 37 plant species, 47 animal
species, and two yeasts were collected, covering most eukaryotic categories. YTH domains
were used for phylogenetic tree construction.

In coincidence with previous studies on animal YTH proteins, the phylogenetic tree of
YTH proteins can be classified into three categories (Figure 1), which are YTHDC1, YTHDC?2,
and YTHDF family, representing the three categories described in animals [6]. All the plant
YTHDC proteins are more closely related to YTHDC1 proteins, and no YTHDC2 homolog
was found in plant species (Figure 1). Besides, the plant YTHDF proteins are paralogs to
animal YTHDF proteins. The YTHDF genes of non-vascular plant species such as algae,
liverworts, or mosses formed the outgroup of all plant YTHDF proteins whereas vascular
plant YTHDF genes formed three well-supported clades YTHDFA /B/C (Support value = 95,
97, 98, respectively) as the previous study suggested [12]. Furthermore, by adding the
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0—4 YTHDEC proteins from other angiosperm species (Supplementary Table S1).
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Figure 1. Phylogenetic tree of YTH domains from animal and plant YTH proteins using maximum
likelihood method. Phylogenetic analysis of the eukaryotic YTH family. An unrooted maximum
likelihood tree was constructed with igtree focusing on major model species representing a wide
taxonomic range. Numbers on branches indicate the percentage of trees in which associated taxa
clustered together during bootstrap analysis (1000 bootstraps). Only the values on the main clades
are shown.

Unlike the conserved YTHDCI1 genes in all species collected in our research (most
animal species have only one copy of YTHDC1), plant YTHDC1 can be divided into two
subclades, DC1A and DC1B (Figure 1). Moss, liverworts, fern, and most dicots have
both DC1A and DC1B proteins, whereas monocot plants have only DC1A protein, which
indicates that a loss event has occurred in the common ancestor of modern monocot species.
Other than YTHDC1 proteins, the number of YTHDFs also varied from species to species
(Supplementary Tables S1 and S2). Most non-vascular or non-vertebrate species have
only limited YTHDF genes (usually 1-2), whereas vascular or vertebrate species have
more. Within Chondrichthyes and vertebrate animals, exactly three YTHDF genes can be
recognized. The only exception is in species from Salmoniformes and Neoteleostei families,
which have an additional copy of the YTHDF1 gene (Figure 1 and Supplementary Table S2).
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In contrast, vascular plants have more YTHDF genes, which usually vary from 4 to 20
(Supplementary Tables S1 and S2).

Numerous works have been conducted to reveal the molecular function of animal
YTHSs, whereas a few focused on Arabidopsis YTH proteins (ECT2/3/4 and AtCPSF30L).
To obtain an initial understanding of the functions of YTH domain proteins in monocot
plants, rice YTH proteins were used for further study.

2.2. Expression Analysis of the OsYTH Genes in Different Tissues/Organs

Seven tissues/organs (young seedling, root, stem, leaf, sheath, young panicle, and
matured panicle) at different development stages were used for tissue expression pattern
analysis. The result showed that most OsYTHs are ubiquitously expressed across plant
development, except for OsYTHDF5C, which is merely expressed in tissues other than
young seedlings (Figure 2). Among the tissues tested, the OsYTHs showed relatively higher
expression levels in sheath and panicles than other tissues. OsYTHDFIA showed the
highest expression level of all the YTH genes (Figure 2A). The other two YTHDFA members
also showed higher expression levels than YTHDFB and YTHDFC genes (Figure 2). These
results are consistent with the previous study that ECT2 and ECT3 are the most highly
and widely expressed members of the YTH family in Arabidopsis [13]. The rest of the YTH
members showed relatively lower expression levels, with OsYTHDF2B and OsYTHDF1C
performing the highest expression level in each clade (Figure 2B-D).
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Figure 2. The tissue expression patterns of the YTHDFA (A), YTHDFB (B), and YTHDFC (C) members
and YTHDC1A (D) in different tissues of rice. Different colors denoted different tissues. Values are
means =+ SD of three independent biological replicates.

2.3. Characterization of Loss-of-Function Mutants and Knockdown Plants

To learn the function of YTH proteins in rice, the CRISPR-Cas9 system was used
to generate loss-of-function mutations. Except for OsYTHDF2C and OsYTHDCIA, ten
loss-of-function mutants with either an insertion or deletion of one or few bases at the
target sequences which caused early termination were successfully gained and confirmed
by sequencing (Supplementary Figures S1-54). For OsYTHDF2C, although several lines
carrying a loss-of-function mutation were detected in TO generation and seeds were col-
lected (Supplementary Figures S1C and S4B), all the T1 seeds failed to germinate. On
the other hand, osythdcla mutations were detected in multiple transgenic lines, but all
the mutations did not lead to frameshift changes (Supplementary Figures S1D and S4F).
These results indicate that OsYTHDF2C and OsYTHDC1A might be very important for
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plant development, whose loss-of-function mutation will be lethal for plants. For these
two genes, three lines of siRNA-induced knockdown plants were carried out for each gene
whose expression level has been confirmed by RT-PCR results (Supplementary Figure S5)
and used for further studies.

In all the mutants/knockdown plants, agricultural trait changes have been observed
(Figure 3 and Supplementary Figure S6). Most mutants/knockdown plants showed de-
creases in plant height, the number of spikelets per panicle, setting rate, and grain weight
(Figure 3A,D-F and Supplementary Figures S6A,D-F), whereas the heading date did not
change too much in either mutation or knockdown plants (Figure 3C and Supplementary
Figure S6C). Loss-of-function of YTHDFA clade protein led to a significantly decreased
tiller number whereas other mutants/knockdown plants performed conversely (Figure 3B
and Supplementary Figure S6B). These results indicated that the rice YTH proteins are
essential for shaping the plant architecture.
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Figure 3. Quantification of several agricultural traits of DFA clade mutants including plant height
(A), tiller number (B), heading date (C), spikelets number per panicle (D), setting rate (E), and
1000 grain weight (F). Values are shown as mean =+ SD. The significance of difference was determined
by Student’s t-test (*, p < 0.05; **, p < 0.01).

2.4. OsYTHs Are Essential for Plant Growth

Transcriptomic analyses were carried out for a deeper view of “how does lack of YTH
proteins interference with the plant”. Thousands of significantly differentially expressed
genes (DEGs) were found within yth mutants or knockdown plants compared to the
wildtype transcriptomic data (Figure 4A and Supplementary Figure S7).

Within the YTHDFA clade, which showed the most significant agricultural trait
changes, 1139 different expression genes (DEGs) were shared by all three ythdfa mu-
tants (Figure 4A), with the multicellular organismal development process enriched by
GO analysis (Figure 4B). A total of 77 organismal development-related genes exhibited
expression changes in YTHDFA clade mutants, out of which 65 genes were significantly
decreased, including OsYABBY5 [44], OsCD1 [45,46], OsAPO?2 [47,48], OsARF5 [49], Os-
AGOIc [50], SD1 [51], OsAS2 [52], whose mutants/knockdown plants were previously
reported and showed developmental defects (Figure 4C and Supplementary Table S4).
Other than YTHDFA members, the multicellular organismal development process was
also enriched in osythdf4c and RNAi-OsYTHDCI1A plants (Supplementary Figure S8). In
combination with the mutation phenotype of these genes, these results indicate that rice
YTH domain-containing proteins, mainly YTHDFA clade members and OsYTHDC1A, affect
plant architecture by regulating the expression of organismal development-related genes.
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Figure 4. The Venn diagram, GO enrichment analysis, and heatmap of DEGs in YTHDFA clade
mutants. (A) The Venn diagram showing unique and shared DEGs in YTHDFA mutants. (B) The
GO enrichment analysis of 1139 DEGs shared within YTHDFA clade. (C) Expression heatmap of
77 organismal development-related genes. Heatmap was drawn according to log, FC values, which
were calculated pairwise based on the expression level of each mutant and wild-type plant.

2.5. YTH Proteins Are Required for Stress Response

Previous studies have proven that m®A modifications and ECT2 take part in stress
response [11,12,17-19]. Interestingly, “response to biotic stimulus” and “response to abiotic
stimulus” were also commonly enriched by GO analysis in most mutants/knockdown
plants, except for osythdf3a (Supplementary Figure S8), indicating that the rice YTH proteins
also take part in stress response progresses. Among the DEGs related to “response to biotic
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stimulus” and “response to abiotic stimulus”, 38 abiotic response genes (including response
to drought, salt, cold, heat, ABA, Ion deficiency, and UV damage), 17 biotic response genes
(including response to rice blast, bacterial blight, sheath blight, rice dwarf, planthopper,
etc.) and 38 LRR disease resistance genes were recognized. Heat map clustering showed
that the mutants that carried YTHDFA clade mutations have a similar pattern in both biotic
and abiotic stress response genes. In contrast, mutants that carried YTHDFB or YTHDFC
clade mutations gathered into another clade (Figure 5, Supplementary Tables S6 and S7)
(only mutants were used for heat map analysis due to relatively low expression changes
in knockdown plants). Around half of the abiotic stress response genes (17 out of 38) and
a third of the biotic stress response genes (20 out of 55) showed an opposite expression
change from ythdfa clade mutants to others (Figure 5). A total of 21 LRR genes were
significantly upregulated with three downregulated in ythdfb and ythdfc mutants whereas
the ythdfa mutants did not show significant changes (Figure 5B).
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Figure 5. Expression heatmap of 38 abiotic response genes (A) and 55 biotic response genes (B) which
have been previously reported. Heatmap was drawn according to log2FC values, which were
calculated pairwise based on the expression level of each mutant and wild-type plant.

As the transcriptomic result reveals that the OsYTHs take part in abiotic stress re-
sponses, four abiotic stress response patterns were tested in a cultivated variety of Nip-
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ponbare, including salt, drought/PEG-induced osmotic stress, and cold. As ABA plays
a vital role in the stress response and tolerance of plants, the ABA response was also
determined. Most OsYTH genes significantly upregulated after abiotic stress treatment for
3-6 h, whereas some OsYTHs responded later (Supplementary Figure 59). In contrast, most
YTH genes didn’t show significant expression changes under ABA treatment. These results
indicated that the OsYTH genes take part in stress response and might not through the
ABA signal pathway:.

To further investigate the connection between YTH proteins and phenotypes un-
der abiotic stress, loss-of-function mutants and knockdown plants were treated with
100 mM /150 mM NaCl as described in the methods section. At the end of the 100 mM NaCl
treatment, all plants showed complete growth retardation with shorter shoots/roots, lower
water content, and lower biomass (Figure 6). In comparison to the WT (D] for YTHDFA
clade mutants and NIP for YTHDFB/YTHDFC clade mutants and RNAi-OsYTHDC1A), all
the ythdfa mutants showed significantly lower growth retardation on shoot/root length and
biomass, whereas the ythdfb and ythdfc mutants showed marked reduction (Figure 6A,B,D).
The percentage of water content was not substantially different between WT and most
mutants (Figure 6C). In order to determine the survival rate under salt stress, 150 mM NaCl
was applied to all the wild-type plants and mutants with different treatment times (7 days
for assays 1 and 2, 8 days for assay 3). Most ythdfc mutants and RNAi-OsYTHDCIA plants
showed lower survival rates than the wild-type for all the three assays, whereas ythdfb
mutants remained similar to NIP (Supplementary Figure S10A). The ythdfa mutants did not
show significant changes under the 7-day treatment, but the survival rates of osythdf2a and
osythdf3a were significantly higher when the salt treatment time was extended to 8 days
(Supplementary Figure S10A,B). In conclusion, the loss of ythdfa genes results in better
tolerance to salinity treatment, with ythdfc and ythdcla mutants being more sensitive to salt
stress. These results indicated that apart from regulating plant growth, which is mainly
related to the function of YTHDFA clade members and YTHDC1A, OsYTHs also contribute
to stress response progresses.
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Figure 6. Phenotypic evaluation of YTH mutants/knockouts under salt stress. The shoot length
(A), root length (B), water content (C), and biomass (D) values correspond to a % of the change in salt
relative to control. Values are shown as mean =+ SD. The significance of the difference was determined
by Student’s t-test (*, p < 0.05; **, p < 0.01).
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3. Discussion

In this research, we constructed a fine phylogenetic tree of YTH proteins covering most
of the eukaryotic categories, which helped us to solve the relationship between animal YTH
proteins and plant YTH proteins, clustered the plant YTH proteins, and further raised our
interest in the importance of numerous YTH proteins in plants, especially monocot plants.
Expression analysis showed that most YTH genes have ubiquitous expression patterns
with the exception of OsYTHDF5C. The transcriptomic analysis of knockout mutants and
knockdown plants revealed that OsYTH genes might take part in growth regulation and
stress responses progress. The in-field phenotype proved that the loss of YTHDFA clade
members and OsYTHDC1A would lead to defects in plant architecture development. Other
than growth regulation, the OsYTHs also contribute to stress response progress which was
proved by stress response analysis and salinity tolerance assay.

One of the main functions of animal YTHs is to regulate stem cell differentiation/cancer
progression [22-24]. Arabidopsis ECT2/3/4 are also reported to be important for organo-
genesis and cell proliferation through binding to the m°A site and affecting mRNA stabil-
ity [6,12,13,53,54]. Single mutants in AtYTH genes do not exhibit obvious developmental
phenotypes other than abnormal trichome branching, and double or triple mutations
in ECT2/ECT3/ECT4 lead to delayed growth and aberrant morphology [6,12,13,53]. In
this study, most single mutants of OsYTHs showed multiple growth defects, including
decreased plant height, changed tiller number, and smaller panicles, showing that rice
YTH proteins play similar roles in regulating plant architecture. The transcriptomic re-
sults also supported that the knockout of rice YTHDFA clade members, OsYTHDF4C, and
knockdown of OsYTHDCIA, will lead to expression changes of multicellular organismal
development-related genes. Notably, the heading date did not change in both mutation
and knockdown plants, indicating that the rice YTH proteins do not take part in regulating
the timing of flowering. In addition, we also found that OsYTHDF2C and OsYTHDCI1A
loss-of-function mutations are lethal for plants. Previous studies have also proved that
ect2 /ect3/ect4 triple mutations slow down the growth of leaf primordia, but do not affect
the initiation timing of leaf primordia [53]. These results indicate that the m®A -YTH
regulatory module plays a vital role in plant organogenesis by regulating the expression
level of organogenesis-related genes, especially in monocot species.

Qian and his team member have reported that the nuclear YTHDF?2 preserves 5'UTR
methylation of stress-induced transcripts under heat stress, further promoting cap-independent
translation initiation [55]. Aside from the response to abiotic stress, m® A modification and
YTHDEF?2 also act as critical regulators of immune cell homeostasis by mediating the gene
expression of immune-related signaling pathways [56,57]. In plants, stress response genes
were upregulated in ect2/3/4 mutants, although possibly through indirect effects [20], and the
expression pattern of YTH genes can also be induced by biotic and abiotic stress [58,59]. In this
study, we found that not only do the expression levels of OsYTHSs respond to stress stimulus
but also that the OsYTHs take part in a stress response by regulating the expression of stress
response genes. Transcriptomic results showed that the expression levels of numbers of the
stress response genes were changed in most osyth mutants. NaCl treatment also demonstrated
that OsYTHs are important for abiotic stress resistance, especially for YTHDFA clade and
YTHDFC clade members. Aside from abiotic stress, biotic stimulus response genes were also
enriched in transcriptomic results. The function of OsYTHs in biotic stress remains further
studied. In addition, the extra YTHDF1-like gene found in five species of Salmoniformes
and Neoteleostei (Supplementary Table S2) which usually lived in harsh environments (such
as highly variable salinity, temperature fluctuations, low oxygen levels, and heavily pol-
luted ecosystems) also reminds us that this additional YTHDF1-like gene might contribute
to their adaptation to different environments. After all, these findings indicate that YTH
domain-containing proteins and m®A modifications might be related to the adaptability to the
environment not only in animals but also in plants.

With the help of the phylogenetic tree we constructed in this study, we can discover
that the expansion event mainly occurred after the initiation of land plants, which have
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more complicated organs (leaf, stem, roots, flowers, and fruits) and live in more complicated
environments (Figure 1). Transcriptomic analysis and phenotype evidence, together with
the previous study on ECT2/3/4 [6,13,14,54], indicated that the land plant YTHDFA clade
members contributed to the organogenesis progress. In addition, knocking out YTHDFA
clade members results in growth defects and increased tolerance to abiotic stress, whereas
knocking out YTHDFC clade members (especially YTHDFCI and YTHDECII subclade
members) results in more tiller number and more sensitivity to abiotic treatments. Taken
together, we hypothesized that the numerous numbers of plant YTH proteins balanced
the development of multicellular organisms and their responses to environmental stimuli,
which allowed the land plants to generate various tissue types and adapt to different living
environments.

Numerous studies have shown that m®A and YTH domain-containing proteins play
important roles in animals, including cell differentiation [22-24], learning, memory, and
fitness to environment [25-31]. It attracts attention to the study of mP®A and its readers in
plants. In this study, we mainly focused on the phenotype and transcriptomic changes
(especially organogenesis and stress response) of loss-of-function mutants and knockdown
plants and showed that the plant YTH proteins are not only crucial for plant architecture
but also take part in stress response, which, given an initial work on the function of YTH
domain-containing proteins in rice, provides an advancement in the further studies of the
biological functions of plant YTH proteins. Substantial work is left to be conducted on
screening out the target genes of YTH proteins and exploring the molecular mechanisms of
YTH-mediated post-transcriptional regulating systems.

4. Materials and Methods
4.1. Sequence Selection, Multiple Sequence Alignments, and Phylogenetic Reconstruction

BLAST searches (blastp) were performed starting from known Human and Ara-
bidopsis YTH domains on 86 species representing the diversity of the Eukaryote lin-
eage at the Uniprot (https://www.uniprot.org/blast/ (accessed on 18 August 2022)),
NCBI (https:/ /www.ncbi.nlm.nih.gov/ (accessed on 18 August 2022)), and Phytozome 13
(https:/ /phytozome-next.jgi.doe.gov/ (accessed on 1 November to 15 December 2018)).
Each time a new YTH was found in a given species, it was used as a query in a new
BLAST search until no new YTH gene was found. Sequences annotated as “partial se-
quence” or “low-quality sequence” were discarded, and other YTH sequences were aligned
using the MUSCLE v3.8.425 [60] on Geneious v2021 software using standard parame-
ters. Maximum likelihood (ML) trees were reconstructed using the iqtree web server [61]
(http:/ /iqtree.cibiv.univie.ac.at/ (accessed on 18 August 2022)) with the JTT + I + G4 amino
acids replacement matrix. Main branch support values were estimated from bootstrap
analyses of 1000 replicates. All manipulations on phylogenetic trees were performed with
Figtree (v1.3.1).

4.2. Growth Conditions and Abiotic Stress Treatment

Oryza sativa sub. Japonica var. Nipponbera (NIP) and Dongjin (DJ) were used as the
wild-type ecotypes. Transgenic and wild-type seeds were soaked in water for germination
at 37 °C for three days and then grown in a paddy field in Nanjing. For tissue expression
pattern analysis and transcriptomic analysis, wild-type and transgenic plants were grown
in climate chambers (BES1500QH-LED, BOERSI) after germination with 70% humidity and
14 h light/10 h dark photoperiod for two weeks before sampling. For determination of
YTH gene expression response pattern to abiotic stress, 14-day-old NIP seedlings were
grown in nutrient solution supplemented with 150 mM NaCl/100 mM ABA /20% PEG4000
for salt/ ABA /PEG treatment for previously determined time, respectively. Cold treatment
was conducted under 5 °C. For determining the salinity tolerance, germinated seeds were
grown in the nutrient solution with or without (mock) 100 mM NaCl under the same
growth condition at 25 °C under 14 h light/10 h dark in a growth room. The plant height,
root length, water content, and biomass were measured after 14 days. For determining the
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survival rates under salt stress, 14-day-old seedlings were subjected to the nutrient solution
containing 150 mM NaCl for seven days (for assays 1 and 2) or eight days (for assay 3) at
25 °C under 14 h light/10 h dark in a growth room and subsequently grown in the nutrient
solution for recovery. The survival rates were calculated after recovery for seven days.

4.3. Vector Construction and Rice Transformation

To knock out the OsYTH genes, 18-bp gene-specific spacer sequences of each target
gene were cloned into the entry vector pCRAC harboring both Cas9 and sgRNA segments.
Mutation type was determined by PCR and sequencing.

To knock down OsYTHDF2C and OsYTHDC1A, both anti-sense and sense versions of
specific 416 bp or 418 bp fragments from the coding region of either gene were amplified
and successively inserted into the Sacl and SnaBI restriction site of the LH-FAD1390RNAi
binary vector to form the RNAi construct.

All the resulting plasmids were transformed into rice variety Nipponbera (NIP, as
transgenic receptor for ythdfb/ythdfc/ythdcla knockout/knockdown plants) and Dongjin
(D], as transgenic receptor for ythdfa knockout mutants) by Agrobacterium-mediated
transformation and subsequently confirmed by PCR sequencing. Primer sequences for
vector constructions and sequencing are listed in Supplementary Table S5.

4.4. Measurement of Morphological Traits

For measuring the plant height, tiller number, and heading date of each loss-of-
function mutant/knockdown, 6 individuals were selected and measured manually in the
field. For panicle traits, at least 9 panicles from 3 individuals were selected and dried at
50 °C for 5 days. The number of empty grains was counted manually and the number
of filled grains and 1000-grain weight were measured by SC-G automatic seeds test and
thousand kernels weightier (WANSHEN). The setting rate was calculated by numbers of
filled grains/numbers of total grains.

For the salinity-tolerant assay, the shoot length (cm) was measured from the base of
the stem to the tip of the topmost leaf of the plants. Root length (cm) was measured for
each plant. Fresh weight (FW) was determined immediately after collecting the samples,
followed by tissue drying at 50 °C for 7 days for the determination of dry weight (DW).
Water content was estimated as follows %WC = (FW—DW)/DW) x 100 and biomass refers
to the dry weight. All parameters are presented as percentages relative to control plants.

4.5. Total RNA Isolation and RT-PCR Analysis

Young seedlings were collected 14 days after germination and leaf blades, sheath,
stems, and panicles were collected 60 days after germination. Total RNA were isolated from
frozen tissues using a ZR Plant RNA MiniPrep Kit (ZYMO Research, Beijing, China) and
reverse transcribed using a QuantiTect reverse transcription kit (Qiagen, Shanghai, China)
according to the manufacturer’s protocol. RI-PCR was performed with an SYBR premix
Ex Taq Kit (TaKaRa, Kusatsu, Japan) according to the operation manual and amplified in
an ABI 7500 using primers listed in Supplementary Table S5. Data from three biological
replicates were analyzed following the AACT method.

4.6. Transcriptomic Analysis

For transcriptomic analysis, three 2-week-old seedlings from two or three different
transgenic lines were sampled and total RNA were extracted. Experiments were conducted
following standard procedures of Shanghai Applied Protein Technology, Co., Ltd. (APT,
Shanghai, China). Briefly, total RNAs were extracted with RNAprep Pure Plant Kit (TTAN-
GEN, Beijing, China) and quantified by NanoDrop 2000C spectrophotometer (Thermo
Fisher Scientific, Waltham, MA, USA). RNA integrity was checked by RNA Nano 6000
Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technologies, Santa Clara, CA,
USA). For cDNA synthesis, a total 1 ug RNA for each sample was treated with DNase
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I to eradicate the genomic DNA and then used as a template for reverse transcription
(QuantiTect Reverse Transcription Kit, Qiagen, China).

We added fragment buffer to break into short segments using short segment RNA
as template. Sequencing libraries were created using NEB Next Ultra RNA Library Prep
Kit following manufacturer’s instructions. The index codes were added to each sample.
Paired-end cDNA libraries with an insert size of 300 bp were constructed for transcriptome
sequencing and sequenced on Illumina HiSeq 4000 platform (Illumina Inc., San Diego, CA,
USA) at Shanghai Applied Protein Technology, Co., Ltd. (APT, Shanghai, China).

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/plants11172206/s1, Figure S1: CRISPR/Cas9-induced mutation
types of YTHDFA clade (A), YTHDEB clade (B), YTHDFC clade (C), and YTHDC clade (D) mutants in
rice T1 transgenic plants (18bp target sequences were showed in blue with PAM in red). Figure S2: The
multiple-sequence alignment of wild-type and mutation-type YTHDFA clade proteins used in this
study. CRISPR-Cas9 system induced mutations lead to a serial of amino acid changes and early
termination. Red box above the sequences shows the YTH domain. Figure S3: The multiple-sequence
alignment of wild-type and mutation-type YTHDFB clade proteins used in this study. CRISPR-Cas9
system induced mutations lead to a serial of amino acid changes and early termination. Red box above
the sequences shows the YTH domain. Figure S4: The multiple-sequence alignment of wild-type and
mutation-type YTHDEFC clade proteins (A-E) and OsYTHDC1A (F) used in this study. CRISPR-Cas9
system induced mutations lead to a serial of amino acid changes and early termination. Red box
above the sequences shows the YTH domain. Figure S5: (A,B) Expression fold change of OsYTHDF2C
(A) and OsYTHDC1A (B) mRNA in knockdown plants. The values obtained with wild type plants
were referred to as 1 and shown as mean =+ SD. Figure S6: Quantification of several agricultural traits
of mutants/RNAI plants except DFA clade mutants, including plant height (A), tiller number (B),
heading date (C), spikelets number per panicle (D), setting rate (E), and 1000 grain weight (F). Values
are shown as mean £ SD. The significance of difference was determined by Student’s-test (*, p < 0.05;
**,p < 0.01). Figure S7: The Venn diagrams show unique and shared DEGs in YTHDFB (A) and
YTHDFC (B) mutants. Figure S8: GO enrichment analysis of YTH mutants/knockdown plants. A-L
represent for the GO enrichment results for genes differentially expressed in osythdfla (A), osythdf2a
(B), osythdf3a (C), osythdf1b (D), osythdf2b (E), osythdf3b (F), osythdflc (G), RNAi-OsYTHDF2C
(H), osythdf3c (I), osythdf4c (J), osythdf5c (K), and RNAi-OsYTHDCI1A (L) compared with wild
type. “Multicellular organismal development”, “Response to stress”, “Response to abiotic stimulus”,
and “Response to biotic stimulus” were marked in black. Figure S9: Expression patterns of OsYTH
genes under different abiotic stresses (salt, drought, PEG, cold) and exogenous ABA application.
Expression data are means of three independent biological replicate and normalized with the relative
expression levels at the same treatment time under mock treatment. Figure S10: OsYTH genes
contribute to salt stress response progress. (A) percentage survival rates (Percentage is the ratio
of number of plants with green new leaves to number of total plants) of WT/mutant seedlings
after 150 mM salt stress treatment in three assays. About 20 seedlings were used in each assay.
(B) phenotypes of WT/mutant seedlings under salt stress for 8 days and recovery for 7 days (assay 3);
Table S1: Gene numbers of plant YTH genes. Table S2: Gene numbers of animal and yeast YTH genes.
Table S3: YTH proteins used in phylogenetic analysis. Table S4: the relative expression level of 77
organismal-development-related genes used for heatmap analysis. Table S5: Primers used in this
study. Table S6: Log?2 expression changes of abiotic response genes in OsYTH mutants. Table S7: Log?2
expression changes of biotic-response genes in OsYTH mutants.
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