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Rice (Oryza sativa L.) is the most important food crop in the world, being a staple food for
more than half of the world’s population. Recent improvements in living standards have increased
the worldwide demand for high-yielding and high-quality rice cultivars [1]. To achieve improved
agricultural performance in rice, while overcoming the challenges presented by climate change, it is
essential to understand the molecular basis of agronomically important traits related to increasing
grain yield, grain quality, disease resistance, and stress tolerance. Recently developed techniques in
molecular biology can reveal the complex fundamental mechanisms involved in the control of these
agronomic traits [2–4]. As rice was the first crop genome to be sequenced in 2004 [5], molecular research
tools are well established in rice, and wide-ranging molecular studies using natural variation, mutants,
transgenic lines, genome editing lines, and whole-genome analyses, such as genomics, transcriptomics,
proteomics, epigenetics, and metabolomics, are increasing our knowledge about factors affecting
agronomic traits. These significant advances will enable the development of novel rice cultivars,
combining superior agronomic performance with resilience to climate stresses.

As for many other crops, release of the reference genome sequence has facilitated the identification
and cloning of genetic factors, such as genes and quantitative trait loci (QTLs) involved in the control
of various agronomic traits in rice [5]. The rice genome contains more than 37,000 annotated genes.
However, notwithstanding the many research achievements to date, the individual molecular functions
of most genes are still unknown. Continuing research efforts in gene functional analysis are necessary
to elucidate the genetic networks and molecular mechanisms controlling agronomically important
traits. In the Special Issue “Molecular Research in Rice: Agronomically Important Traits”, we collected
several recent studies that identified genetic factors and revealed their molecular contributions to rice
agronomic traits under various cultivation conditions.

Increasing grain yield is a major objective in breeding programs, because of the need to meet
the increased demand for rice fueled by population growth. Changes in plant architecture, such as
in grain shape, grain number per panicle, plant height, number of tillers, leaf size, and leaf angle,
have been associated with improved grain yield. Seo et al. showed that the OsbHLH079 gene is
associated with the control of leaf angle and grain shape via brassinosteroid biosynthesis and signaling
pathways [6]. Gull et al. focused on grain shape and grain weight, and they estimated the genetic
effects of each allelic combination among seven genes—GS2, GS3, GS5, GW5, GS7, SLG7, and GW8—
in improving grain length, grain width, grain thickness, and thousand grain weight [7]. Jiang et al.
identified a semi-dwarfism gene, OsCYP96B4, which affected the content of γ-aminobutyrate (GABA),
amino acids, saccharides, and other secondary metabolites in rice plants [8]. Yu et al. detected eight
QTLs underlying heterosis in traits, including days to heading, grain yield, and plant height between
the two rice subspecies O. sativa ssp. indica and O. sativa ssp. japonica [9]. Zhang et al. found a large
set of genes that are differentially expressed at the shoot apical meristem in response to nitrogen
application, which regulated the number of tillers and panicles in rice plants [10]. Gao et al. identified
that the OsEWL4 gene was a regulator of tiller number and plant biomass (yield of above-ground
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parts in rice plants) by using targeted mutations of eight rice FLW genes using the CRISPR/Cas9
system [11]. Fan et al. produced overexpression and knockdown transformants of the OsNAR2.1 gene
and revealed that changing expression levels of the OsNAR2.1 gene altered global methylation at
the whole genome level and the phenotypes of plant height and grain yield at the plant level [12].
These novel technologies are powerful tools to understand the molecular basis of increasing rice yields.

It is also important for the understanding of the genetic basis of yield components to characterize
genes that function in chloroplast development and chlorophyll degradation during leaf greening and
senescence. Shim et al. reported that the grain shape gene GW2 was responsible for the leaf senescence
QTL qGC2. They revealed that GW2, encoding a RING-type E3 ubiquitin ligase, controlled both grain
shape and chlorophyll content by the transcriptional regulation of the cytokinin, brassinosteroid,
auxin, and abscisic acid (ABA) phytohormone signaling pathways [13]. Zhang et al. showed that the
OsCAF1 gene encodes a chloroplast RNA splicing and ribosome maturation domain (CRM) protein
and plays a key role in chloroplast development in rice [14]. Zhao et al. investigated the effects of low
temperature treatment on the greening of rice seedlings. Decreased chlorophyll content was caused by
the inhibition of δ-aminolevulinic acid and the suppression of conversion from protochlorophyllide
into chlorophyll [15].

Rice consumers pay particular attention to high grain quality, and grain quality largely determines
the market price of rice grains. Therefore, grain quality is an important trait alongside grain yield
in rice. Wu et al. detected a total of 14 QTLs for protein content in rice grains. A stably inherited
QTL, qGPC1-1, was delimited within an 862 kbp genome region on the high-density linkage map [16].
These research efforts are helpful in dissecting the genetic basis of grain components and improving
rice grain quality in future breeding programs.

Besides grain yield and quality, traits in resistance to biotic and abiotic stresses are of paramount
importance as climate change tests the resilience of rice production systems. Recent studies have provided
important knowledge of biotic interactions between rice and pathogens. Resistance genes against blast
disease caused by Magnaporthe oryzae and bacterial blight disease caused by Xanthomonas oryzae pv. oryzae
have been genetically identified. Furthermore, there are many studies investigating the molecular
mechanisms of rice immune responses, such as receptor-mediated pathogen recognition, host immune
signaling, and pathogen effector-mediated susceptibility. In this Special Issue, Kanda et al. focuses on
the BSR1 gene, which encodes a receptor-like cytoplasmic kinase subfamily VII protein and concludes
that the hyperactivation of microbe-associated molecular pattern (MAMP)-triggered immune responses
conferred robust BSR1-mediated broad spectrum resistance to fungal and bacterial pathogens [17].
Liu et al. reports that the OsAAA-ATPase1 gene enhanced the expression of pathogenesis-related genes,
salicylic acid (SA)-mediated defense responses, and resistance to rice blast fungus [18]. Liang et al.
found a novel allele of the durable blast resistance gene pi21, which was associated with basal resistance
to rice blast disease. They detected four QTLs for basal resistance, one of which was identified as a
novel haplotype of pi21 [19]. Hsu et al. developed a rice line, pyramiding five bacterial blight resistance
genes: Xa4, xa5, Xa7, xa13, and Xa21. The pyramiding line showed not only high levels of resistance to
bacterial blight disease, but also increased grain yield and grain quality [20].

Abiotic stresses, including high temperature, low temperature, and saline conditions, are an
important issue for rice cultivation because they cause significant decreases in yield and grain quality.
Various genes have been identified, cloned, and functionally characterized with the aim of overcoming
these stresses and protecting rice plants. Jiang et al. detected 11 QTLs for low temperature germination
ability and identified the DEP1, qLTG3-1, and OsSAP16 genes as being responsible for three QTLs,
proposing a novel candidate gene for another QTL, qLTG6 [21]. Yuan et al. detected a total of
36 QTLs for seed dormancy and germination behavior and identified a candidate gene for one
major effect QTL, qDOM3.1, which was involved in an ABA signaling pathway [22]. Sheteiwy et al.
evaluated the priming effects of GABA on seed gemination and seedlings under saline and osmotic
stress conditions. The salinity and osmotic stress treatments resulted in obvious increases in the
expression of OsCIPK genes that were associated with changes in cell ultra-morphology and cell cycle
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progression [23]. Liu et al. identified differentially expressed genes in anthers in a thermotolerant rice
cultivar. The expression and polymorphism analysis of the OsACT gene suggested that it may be
involved in high temperature tolerance in rice cultivars [24]. Finally, Schaarschmidt et al. investigated
alterations in more than 140 metabolites and in agronomic traits, including grain yield and plant height
under high night temperature stress conditions [25].

The significant studies mentioned here demonstrate the importance of the research community in
understanding and explaining the molecular genetic basis of agronomically important traits in rice.
To develop novel rice cultivars, showing climate resilience and strong agronomic performance in the
future, we have to identify further important genes, elucidate their molecular functions, and design
desirable genotypes based on the individual and interaction effects of important genes. In addition
to the traits described in this Special Issue, there are many other agronomically important traits that
should be explored using molecular genetic and biological research. The sharing of experimental
results among researchers facilitates the development of new rice cultivars in future rice breeding
programs. Thus, these research efforts are necessary to address the increasing food supply and security
problems around the world.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Changes in plant architecture, such as leaf size, leaf shape, leaf angle, plant height, and
floral organs, have been major factors in improving the yield of cereal crops. Moreover, changes
in grain size and weight can also increase yield. Therefore, screens for additional factors affecting
plant architecture and grain morphology may enable additional improvements in yield. Among the
basic Helix-Loop-Helix (bHLH) transcription factors in rice (Oryza sativa), we found an enhancer-trap
T-DNA insertion mutant of OsbHLH079 (termed osbhlh079-D). The osbhlh079-D mutant showed a
wide leaf angle phenotype and produced long grains, similar to the phenotypes of mutants with
increased brassinosteroid (BR) levels or enhanced BR signaling. Reverse transcription-quantitative
PCR analysis showed that BR signaling-associated genes are largely upregulated in osbhlh079-D, but
BR biosynthesis-associated genes are not upregulated, compared with its parental japonica cultivar
‘Dongjin’. Consistent with this, osbhlh079-D was hypersensitive to BR treatment. Scanning electron
microscopy revealed that the expansion of cell size in the adaxial side of the lamina joint was responsible
for the increase in leaf angle in osbhlh079-D. The expression of cell-elongation-associated genes
encoding expansins and xyloglucan endotransglycosylases/hydrolases increased in the lamina joints
of leaves in osbhlh079-D. The regulatory function of OsbHLH079 was further confirmed by analyzing
35S::OsbHLH079 overexpression and 35S::RNAi-OsbHLH079 gene silencing lines. The 35S::OsbHLH079
plants showed similar phenotypes to osbhlh079-D, and the 35S::RNAi-OsbHLH079 plants displayed
opposite phenotypes to osbhlh079-D. Taking these observations together, we propose that OsbHLH079
functions as a positive regulator of BR signaling in rice.

Keywords: bHLH transcription factor; lamina joint; leaf angle; long grain; brassinosteroid signaling

1. Introduction

In cereal crops, leaf angle (defined as the angle between the leaf blade and the leaf sheath) is
a key factor determining plant architecture, which also includes plant height, tiller number, and
panicle morphology [1,2]. In cereal crops including rice (Oryza sativa), plant architecture has been an
important agronomic trait for increasing crop yield. In particular, leaf angle is closely associated with
photosynthetic capacity [3]. Plants with erect leaves capture more sunlight for photosynthesis and
are amenable to much denser planting in populations with a high leaf area index for increasing total
grain yield. The lamina joint, which connects the leaf blade and leaf sheath, is central in controlling
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leaf angle [4], as the degree of leaf inclination largely depends on cell proliferation or cell expansion as
well as the cell wall composition at the lamina joint.

Brassinosteroid (BR) phytohormones affect lamina joint morphology and increase leaf angle in
rice [5]. BRs are a group of steroid phytohormones that are widely distributed in plants; more than
69 types of BRs have been isolated from diverse plants [6]. BRs play pivotal roles in cell expansion,
cell division, vascular bundle differentiation, male fertility, senescence, seed germination, grain filling,
photomorphogenesis, flowering time, root growth, and abiotic/biotic stress responses [7–13]. In rice,
BR functions in the regulation of grain size, leaf angle, and yield potential. For instance, several
mutants with low BR contents or weak BR signaling, such as dwarf2 (d2), d11, and d61, exhibit
dwarfism and produce short grains and erect leaves [14–16]. Additionally, many genes have a role
in controlling leaf angle, such as TILLER ANGLE1 (Ta1), EBISU DWARF (D2), INCREASED LAMINA
INCLINATION1 (ILI1), LEAF INCLINATION2 (LC2), INCREASED LEAF ANGLE1 (ILA1), and SLENDER
GRAIN (SLG) [1,17–21]. Moreover, loss-of-function mutants of BR-related genes, including OsDWARF4
and OsBRI1, show improved grain yield due to their ability to be planted at a higher density and their
enhanced photosynthetic rate [1,22]. Therefore, understanding the effects of BR on rice architecture
has important implications for improving yield.

BR signal transduction has been intensively studied in Arabidopsis thaliana [23]. Under normal
BR levels, BR interacts with BRASSINOSTEROID INSENSITIVE1 (BRI1) and BRASSINOSTEROID
ASSOCIATED RECEPTOR KINASE1 (BAK1), forming a BRI–BR–BAK1 complex [24,25]. This complex
inhibits the activity of BRASSINOSTEROID INSENSITIVE2 (BIN2) and activates PHOSPHATASE 2A
(PP2A) for the activation of BRASSINAZOLE RESISTANT1 (BZR1). The activated BZR1 is translocated
into the nucleus and regulates its downstream genes at the transcriptional level [23,26–28].

In rice, the BR signaling pathway remains largely unknown, since only a few components have
been reported [23]. BR interacts with OsBRI1 and is involved in the formation of the OsBRI1–OsBAK1
complex [29,30], which inactivates OsBIN2 by an unknown pathway [23]. OsBIN2 phosphorylates
OsBZR1, LEAF AND TILLER ANGLE INCREASED CONTROLLER (LIC), and DWARF AND LOW
TILLERING (DLT) and inhibits their activities. OsBZR1 upregulates ILI1 and downregulates LIC
and DLT, thus transmitting the BR signal to their downstream genes, which affect plant growth and
development [23].

BR mainly affects cell elongation and cell division; moreover, cell number and cell size largely
determine organ size during organogenesis [31,32]. Grain size (GS), another key trait determining
yield, is mainly determined by grain length (GL), grain width (GW), and grain thickness, all of which
are closely related to cell elongation or cell division. Various genes and quantitative trait loci (QTLs) in
rice, such as GS3, GS5, GW2, GW5, GW8, GW6a, qGL3, THOUSAND-GRAIN WEIGHT6 (TGW6), and
BIG GRAIN1 (BG1), affect grain size by regulating cell number [33–41]. In addition, GS2/GL2, GL7, and
POSITIVE REGULATOR OF GRAIN LENGTH1 (PGL1) regulate grain size by influencing cell size in
rice [40,42,43].

The basic helix–loop–helix (bHLH) domain transcription factors act in various biological processes
in animals and plants [44]. In flowering plants, 162 bHLH proteins have been identified in Arabidopsis
thaliana and 167 in rice [45]. These proteins are divided into two groups: typical bHLH proteins
harboring both motifs (basic and HLH motif) bind to DNA through the basic region, whereas atypical,
non-DNA-binding bHLH proteins lacking the basic region require other bHLH proteins to bind to DNA
as protein dimers [46]. For example, rice ILI1 is an atypical bHLH protein that interacts with the typical
bHLH protein OsIBH1 and represses OsIBH1 function [47]. This antagonistic regulation controls
cell length in the lamina joint. Several bHLH transcription factors, such as BRASSINOSTEROID
UPREGULATED1 (BU1), O. sativa BU1-LIKE1 (OsBUL1), and OsbHLH107, are involved in controlling
leaf angle or grain size in rice [47–50].

In this study, we show that OsbHLH079 acts as a key regulator in determining leaf angle and grain
length. OsbHLH079-overexpressing lines exhibited exaggerated leaf inclination, with longer cells on the
adaxial surface of lamina joint. In addition, OsbHLH079 is involved in modulating grain shape because
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the OsbHLH079-overexpressing mutant produced long grains. Several molecular genetic approaches
showed that the function of OsbHLH079 is closely associated with the BR signaling pathway. This
study provides new insight into the roles of OsbHLH079 in determining leaf angle and grain shape.

2. Results and Discussion

2.1. OsbHLH079 Increases Leaf Angle in Rice

To identify new components that regulate plant architecture, we screened a collection of T-DNA
insertion lines in rice in the Rice Functional Genomic Express Database [51]. We isolated a new
mutant with increased leaf angle phenotype (Figure 1a), and found that an enhancer-trap line,
PFG_3A-01275, which is derived from the Korean japonica rice cultivar ‘Dongjin (hereafter wild type,
WT)’ harbors a T-DNA containing four tandem repeats of the CaMV 35S promoter in the promoter
of OsbHLH079 (LOC_Os02g47660) (Figure 1b). To check whether the T-DNA insertion alters the
expression of OsbHLH079, we compared OsbHLH079 transcript levels in various organs between
WT and the enhancer-trap T-DNA insertion line. RT-qPCR analysis revealed that the transcript
levels of OsbHLH079 in the T-DNA line were much higher in the leaf blade, leaf sheath, and root,
compared with WT, although the degrees of overexpression varied among tissues (Figure 1c). Thus,
the gain-of-function mutant was termed osbhlh079-D.

Next, to characterize the leaf angle phenotype of osbhlh079-D in more detail, we compared the
leaf angles of the top four leaves between WT and osbhlh079-D in field-grown plants at heading stage.
The leaf angles of all four top leaves in osbhlh079-D were significantly enlarged compared to those
in WT, especially those of flag leaves (Figure 1d,e). These results indicate that the overexpression of
OsbHLH079 is closely associated with increase in leaf angle in rice.

To verify if the overexpression of OsbHLH079 leads to an increase in leaf angle, we generated
two independent transgenic rice lines overexpressing the full-length coding sequence of OsbHLH079
(35S::OsbHLH079 #2 and #12) as well as two individual RNAi-mediated knockdown lines of OsbHLH079
(35S::RNAi-OsbHLH079 #4 and #5). First, we checked whether the expression of OsbHLH079 is altered
in the 35S::OsbHLH079 and 35S::RNAi-OsbHLH079 lines. RT-qPCR analysis revealed that the transcript
levels of OsbHLH079 were upregulated in two 35S::OsbHLH079 lines (Figure 2a) and downregulated in
two 35S::RNAi-OsbHLH079 lines (Figure 2b). Next, we compared the leaf angles of top four leaves
among WT, 35S::OsbHLH079, and 35S::RNAi-OsbHLH079 at heading stage grown under NLD conditions
in the paddy field. Indeed, all the leaf angles of 35S::OsbHLH079 were much larger than WT, especially
for the flag leaf, as is the case for osbhlh079-D. By contrast, all the leaf angles of 35S::RNAi-OsbHLH079
were significantly smaller, except for the flag leaf angle (Figure 2c,d). Collectively, these results
suggested that OsbHLH079 increases leaf angle during leaf blade growth.
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Figure 1. Phenotypic characterization of the osbhlh079-D mutant in rice. (a) Phenotypes of wild-type
(WT) and osbhlh079-D at heading stage in plants grown under natural long day (NLD) conditions in the
paddy field. Scale bar = 10 cm. (b) Schematic diagram illustrating the position of the T-DNA insertion
in OsbHLH079 (LOC_Os02g47660). Open boxes and filled boxes represent the untranslated region
and coding sequence of OsbHLH079, respectively. (c) Comparison of the OsbHLH079 transcript levels
between 3-week-old plants of WT and osbhlh079-D grown under natural sunlight in the greenhouse.
The transcript level of OsbHLH079 was measured by RT-qPCR and normalized to UBQ5. Means and
standard deviations were obtained from five biological replicates. (d) The leaf angle phenotypes of
WT and osbhlh079-D at heading stage grown under NLD conditions in the paddy field. Scale bar = 1
cm. (e) Statistical analysis of leaf angles between WT and osbhlh079-D at heading stage grown under
NLD conditions in the paddy field. Means and standard deviations were obtained from ten biological
replicates. Significant differences between means were analyzed using Student’s t-test (*** p < 0.001).
These experiments were repeated twice with similar results.
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Figure 2. The leaf angles of WT, 35S::OsbHLH079, and 35S::RNAi-OsbHLH079. (a) Relative transcript
levels of OsbHLH079 in WT, 35S::OsbHLH079 #2, and 35S::OsbHLH079 #12. (b) Relative transcript
levels of OsbHLH079 in WT, 35S::RNAi-OsbHLH079 #4, and 35S::RNAi-OsbHLH079 #5. (a,b) Total
RNA was extracted from the 2-cm lamina joint tissues between the leaf blade and leaf sheath of WT,
35S::OsbHLH079 #2, 35S::OsbHLH079 #12, 35S::RNAi-OsbHLH079 #4, and 35S::RNAi-OsbHLH079 #5 at
heading stage in plants grown under NLD conditions in the paddy field. Relative expression levels of
OsbHLH079 were determined by RT-qPCR analysis and normalized to UBQ5. Means and standard
deviations were obtained from five biological replicates. Differences between means were compared
using Student’s t-test (** p < 0.01). (c) Plant phenotypes of WT, 35S::OsbHLH079 #2, 35S::OsbHLH079
#12, 35S::RNAi-OsbHLH079 #4, and 35S::RNAi-OsbHLH079 #5 at heading stage in plants grown under
NLD conditions in the paddy field. Scale bar = 10 cm. (d) Statistical analysis of leaf angles among
WT, 35S::OsbHLH079 #2, 35S::OsbHLH079 #12, 35S::RNAi-OsbHLH079 #4, and 35S::RNAi-OsbHLH079
#5 at heading stage in plants grown under NLD conditions in the paddy field. Means and standard
deviations were obtained from ten biological replicates. Significant differences between means were
analyzed using Student’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001). These experiments were repeated
twice with similar results.

2.2. OsbHLH079 Increases Grain Length in Rice

In addition to their increased leaf angle, osbhlh079-D plants produced long grains (Figure 3a).
The grain length of osbhlh079-D was longer than WT, while the grain width and grain thickness
of osbhlh079-D were smaller, resulting in no significant difference in 500-grain weight between WT
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and osbhlh079-D (Figure 3b). To confirm if the long grain phenotype of osbhlh079-D is caused by
the overexpression of OsbHLH079, we compared the grain length among WT, 35S::OsbHLH079, and
35S::RNAi-OsbHLH079. The grain lengths of two independent 35S::OsbHLH079 lines were much longer
than WT, whereas the grain lengths of two independent 35S::RNAi-OsbHLH079 lines were significantly
shorter than WT (Figure 3c,d). Collectively, these results suggested that OsbHLH079 is also involved in
the regulation of grain length in rice.

Figure 3. The grain phenotypes of WT, osbhlh079-D, 35S::OsbHLH079, and 35S::RNAi-OsbHLH079.
(a) Unhulled and hulled grain phenotypes of the osbhlh079-D mutant compared to those of WT.
Scale bar = 0.5 cm. (b) Comparison of grain length, grain width, grain thickness, and 500-grain
weight between WT and the osbhlh079-D mutant. Means and standard deviations were obtained
from twenty biological replicates. Asterisks indicate statistically significant differences (* p < 0.05,
** p < 0.01, Student’s t-test) compared to WT. NS, not significant. (c) The unhulled grain phenotype
of 35S::OsbHLH079 (upper panel), and 35S::RNAi-OsbHLH079 (lower panel) compared to that of
WT. Scale bar = 0.5 cm. (d) Statistical analysis of grain lengths among the WT, 35S::OsbHLH079 #2,
35S::OsbHLH079 #12, 35S::RNAi-OsbHLH079 #4, and 35S::RNAi-OsbHLH079 #5. Means and standard
deviations were obtained from twenty biological replicates. Significant differences between means
were analyzed using Student’s t-test (* p < 0.05, ** p < 0.01). These experiments were repeated twice
with similar results.

2.3. OsbHLH079 is a Transcription Factor of the Basic Helix-Loop-Helix (bHLH) Family in Rice

The domains of OsbHLH079 were analyzed using the NCBI-BLASTP program [52]. OsbHLH079
has a conserved basic helix–loop–helix (bHLH) domain from the 174th to 221th amino acids (Figure 4a).
Moreover, the bHLH domain was found to be a putative G-box binding type, which directly binds to
the G-box motif in the rice genome, in a previous genome-wide analysis [45]. These data suggested
that OsbHLH079 is a bHLH-type G-box binding transcription factor. To determine if OsbHLH079
acts as a transcription factor, we first examined its subcellular localization in onion epidermal cells.
The 35S::YFP (control) and 35S::YFP-OsbHLH079 constructs were introduced into the onion epidermal
cells by particle bombardment, and, at 18 h after particle bombardment, onion nuclei were stained
with DAPI to detect the nucleus. Confocal laser scanning microscopy showed that YFP-OsbHLH079
fusion proteins exclusively localized in the DAPI-stained nuclei, while YFP proteins were detected
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throughout the cells (Figure 4b). Next, we performed a transactivation activity assay for OsbHLH079
in yeast. The full-length cDNA of OsbHLH079 was fused with the yeast GAL4 activation domain
in the pGADT7 vector, or with the yeast GAL4 DNA-binding domain in the pGBKT7 vector. Then,
the yeast strain AH109, harboring the HIS3, ADE2, and LacZ reporter genes, was co-transformed
with a pair of plasmids and plated on each selective medium, as shown in Figure 4c. Only the
yeast expressing GAL4BD-OsbHLH079 grew on the selective medium lacking histidine and adenine
(Figure 4c). Furthermore, in the β-galactosidase liquid assay, LacZ activity was highly upregulated
in the yeast expressing GAL4BD-OsbHLH079 compared to that in the negative control (Figure 4d),
indicating that OsbHLH079 has transactivation activity. Taking these observations together, it can be
concluded that OsbHLH079 functions as a transcription factor of the basic helix–loop–helix (bHLH)
family in rice.

Figure 4. OsbHLH079 as a putative transcription factor. (a) Domain analysis of the 361-amino-acid-long
OsbHLH079 protein. The green box indicates a basic helix–loop–helix domain. (b) Subcellular
localization of OsbHLH079 in onion epidermal cells. The 35S::YFP and 35S::YFP-OsbHLH079 constructs
were introduced into onion epidermal cells and the cells were analyzed by confocal laser scanning
microscopy at 18 h after particle bombardment. Onion nuclei were stained with DAPI. Arrows indicate
the nucleus. Scale bar = 50 μm. DAPI, 4′,6-diamidino-2-phenylindole. (c,d) Transactivation activity
assay of OsbHLH079. The full-length cDNA of OsbHLH079 was fused with the yeast GAL4 activation
domain in the pGADT7 vector, or with the yeast GAL4 DNA-binding domain in the pGBKT7 vector,
and the fusion proteins were expressed in the yeast strain AH109. (c) Transformed yeasts were grown
on the Leu– Trp–, Leu– Trp– His–, and Leu– Trp– His– Ade– agar media for yeast cell survival assay.
(d) LacZ activity was obtained using the β-galactosidase liquid assay. The relative β-galactosidase
activity was obtained by normalizing to the activity level of the negative control. Means and standard
deviations were obtained from three biological samples. Significant differences between means were
analyzed using Student’s t-test (* p < 0.05). These experiments were repeated twice with similar results.
-, empty vector.

2.4. OsbHLH079 Enlarges Cell Size in the Adaxial Side of Leaf Lamina Joints by Upregulating Cell
Expansion-Related Genes

In general, the tissue-specific expression of genes is closely associated with their biological
functions. Therefore, we first checked the spatial expression patterns of OsbHLH079 in field-grown
(NLD conditions) WT at heading stage. This revealed that OsbHLH079 is mainly expressed in the stem,
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node, internode, and lamina joint (Figure 5a). Previous studies showed that several genes controlling
leaf angle are highly expressed in the lamina joint, as is the case of OsbHLH079, and the degree of leaf
inclination is mainly regulated by cell proliferation and/or cell expansion in the lamina joint, especially
in the adaxial side of the lamina joint [5,20,21,41,53–57]. Therefore, we speculated that the expression
levels of cell proliferation- or expansion-related genes in lamina joint would be altered in osbhlh079-D,
and thus compared the transcript levels of those genes in the lamina joint between WT and osbhlh079-D
by RT-qPCR analysis. The expression levels of cell proliferation-related genes, including OsCDC6,
OsMCM3, OsE2F1, and OsCYCA3;1 [58], in the lamina joint were not significantly different between
WT and osbhlh079-D (Figure 5b). However, the transcript levels of cell expansion-related genes, such as
OsEXPAs and OsXTHs [59,60], were highly upregulated in the lamina joint of osbhlh079-D compared
to WT (Figure 5c). Therefore, we hypothesized that the increased leaf angle of osbhlh079-D might be
caused by expansion of cell size, mainly in the adaxial side of lamina joints.

 

Figure 5. Expression of cell cycle- and cell elongation-related genes in osbhlh079-D. (a) Spatial expression
patterns of OsbHLH079 in WT at the heading stage grown under NLD conditions in the paddy field.
The transcript level of OsbHLH079 was determined by RT-qPCR analysis and normalized to UBQ5.
Means and standard deviations were obtained from three biological replicates. (b) Expression patterns
of cell cycle-related genes in the osbhlh079-D mutant compared to those in WT. (b) Altered expressions
of cell elongation-related genes in the osbhlh079-D mutant compared to those in WT. (b,c) Total RNA
was extracted from the 2-cm lamina joint segments between leaf blade and leaf sheath of 2-week-old
WT and osbhlh079-D grown under long day (LD) conditions (14.5 h light, 30 ◦C/9.5 h dark, 24 ◦C) with
60% relative humidity in a growth chamber. The transcript level of each gene was determined by
RT-qPCR analysis and normalized to that of UBQ5. Means and standard deviations were obtained from
three biological replicates Significant differences between means were analyzed using Student’s t-test
(* p < 0.05, ** p < 0.01). These experiments were repeated twice with similar results. NS, not significant.

Table 079. D, we observed longitudinal sections of flag–leaf lamina joints in WT and osbhlh079-D
by scanning electron microscopy. The cell length on the adaxial side in osbhlh079-D was much larger
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than WT along the adaxial–abaxial and proximal–distal axes; the abaxial cell size in osbhlh079-D was
also slightly increased in both axes (Figure 6a–h). These results suggested that OsbHLH079 increases
leaf angle by expanding the cell size on the adaxial side of the lamina joint through the upregulation of
OsEXPA and OsXTH genes (Figure 5c).

 
Figure 6. Scanning electron microscopy of the lamina joints of leaves in WT and osbhlh079-D.
(a–f) Longitudinal sections of the lamina joint of flag leaf in WT (a–c) or osbhlh079-D (d–f) at heading
stage grown under NLD conditions in the paddy field. (a,d) Close-up of abaxial regions denoted by
rectangles (left side) in (b,e), respectively. (c,f) Close-up of adaxial regions denoted by rectangles (right
side) in (b,e), respectively. Scale bar = 200 μm in (b,e). Scale bar = 50 μm in (a,c,d,f). (g) Statistical
analysis of cell lengths in (a,d). (h) Statistical analysis of cell lengths in (c,f). (g,h) Cell lengths along
the adaxial–abaxial axis and proximal–distal axis were measured on the abaxial and adaxial sides of
lamina joints. Means and standard deviations were obtained from thirty cells. Significant differences
between means were analyzed using Student’s t-test (* p < 0.05, *** p < 0.001). These experiments were
repeated twice with similar results.

2.5. OsbHLH079 Regulates the Expression of BR Signaling-Related Genes

The wide leaf angle phenotype of osbhlh079-D resembles that of mutants with elevated BR
accumulation or enhanced BR signaling [11,14,15,61–63]. Moreover, the transcript levels of several
XTHs and expansin genes, which are upregulated in osbhlh079-D (Figure 5c), are significantly increased
by BR treatment in Arabidopsis thaliana, rice, soybean (Glycine max), maize (Zea mays), and wheat
(Triticum aestivum) [59,64–70]. Therefore, we speculated that the increased leaf angle of osbhlh079-D is
caused by either elevated endogenous BR accumulation or enhanced BR signaling.

To investigate whether the expression of BR biosynthesis- or BR signaling-related genes is altered
in osbhlh079-D, we compared their transcript levels in the lamina joints of leaf blades between WT
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and osbhlh079-D. In the lamina joints, the expression of BR biosynthesis-related genes, such as D2,
D11, and BRD1 [15,16,61], was significantly downregulated in osbhlh079-D compared to that of
WT (Figure 7a). In addition, the transcript level of OsBRI1, the BR receptor, was also significantly
downregulated compared to that of WT (Figure 7b), indicating a negative feedback regulation by
enhanced BR signaling [14,63,71]. Among the BR signaling-related genes, including OsBAK1, OsBSK3,
GSK2, BU1, OsBZR1, ILI1, and DLT [14,30,47,48,72–75], the expression of OsBZR1, and its downstream
genes, such as ILI1, and DLT, was significantly altered in the lamina joint of osbhlh079-D compared
to WT (Figure 7b). For example, the expression of genes encoding positive regulators of the BR
signaling pathway, such as OsBZR1, and ILI1, was highly upregulated, but the transcript level of
DLT, which also encodes a positive regulator of BR signaling pathway but is repressed directly
by OsBZR1, was significantly downregulated in osbhlh079-D (Figure 7b). To confirm whether the
expression levels of OsBZR1, ILI1, and DLT are altered by the ectopic or knockdown expression of
OsbHLH079, we compared the expression levels of OsBZR1, ILI1, and DLT in the lamina joint among
WT, 35S::OsbHLH079, and 35S::RNAi-OsbHLH079. The transcript levels of OsBZR1, and ILI1 were
highly upregulated, while DLT expression was significantly downregulated in the lamina joint of
35S::OsbHLH079 lines, as in osbhlh079-D (Figure 7c–e). By contrast, the expression levels of OsBZR1,
and ILI1 were significantly decreased, while the transcript level of DLT was highly increased in the
lamina joint of 35S::RNAi-OsbHLH079 lines (Figure 7c–e). These results indicated that the increased
activity of OsbHLH079 enhances the BR signaling pathway by altering the expression of OsBZR1 and
its downstream genes, such as ILI1, and DLT.

To verify whether the response to BR treatment is enhanced by the overexpression of OsbHLH079,
we carried out a BR-induced lamina joint inclination assay. For this assay, 2-cm lamina joint segments
were detached from 10-day-old seedlings of WT and osbhlh079-D grown in darkness and treated with
1 μM BL for 48 h in darkness. Then, we compared the extent of lamina inclination of osbhlh079-D
with WT. As shown in Figure 7f, osbhlh079-D was more sensitive to BR (24-epibrassinolide) treatment.
Moreover, the difference in the extents of lamina inclination between WT and osbhlh079-D increased
as the BR concentration increased (Figure 7b). These data indicated that BR signaling is enhanced in
osbhlh079-D. Therefore, we concluded that OsbHLH079 enhances the BR signaling pathway, which
leads to the expansion of cell size in the adaxial side of lamina joints via upregulation of OsEXPAs and
OsXTHs, resulting in an increase in leaf angle in rice (Figure 8).
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Figure 7. OsbHLH079 acts as a positive regulator of the brassinosteroid signaling pathway.
(a) Expression patterns of brassinosteroid (BR) biosynthesis-related genes in the osbhlh079-D mutant
compared to those in WT. (b) Altered expressions of BR signaling-related genes in the osbhlh079-D
mutant compared to those in WT. (c–e) Altered expressions of OsBZR1 (c), ILI1 (D), and DLT (E) in
35S::OsbHLH079 and 35S::RNAi-OsbHLH079 compared to those in WT. (a–e) Total RNA was extracted
from the 2-cm lamina joints between leaf blade and leaf sheath of 4-week-old plants of WT, osbhlh079-D,
35S::OsbHLH079, and 35S::RNAi-OsbHLH079 grown under LD conditions (14.5 h light, 30 ◦C/9.5 h
dark, 24 ◦C) with 60% relative humidity in a growth chamber. The transcript level of each gene was
determined by RT-qPCR analysis and normalized to UBQ5. Means and standard deviations were
obtained from three biological replicates. Asterisks indicate statistically significant differences (* p< 0.05,
** p < 0.01, Student’s t-test) compared to WT. (f) BR-induced lamina joint inclination in WT and the
osbhlh079-D mutant. The 2-cm lamina joint segments of 10-day-old seedlings of WT and osbhlh079-D
grown at 30 ◦C in darkness were treated with 1 μM BL for 48 h in darkness. Scale bar = 0.5 cm. BL,
24-epibrassinolide. (g) Dose-dependent responses of the lamina joint of WT and osbhlh079-D to various
concentrations of BL. Means and standard deviations were obtained from more than ten biological
replicates. Significant differences between means were analyzed using Student’s t-test (* p < 0.05,
** p < 0.01). These experiments were repeated twice with similar results. BL, 24-epibrassinolide.
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Figure 8. A proposed model of the OsbHLH079-mediated regulatory network in the BR signaling
pathway. OsbHLH079 enhances brassinosteroid signaling by upregulating genes encoding positive
regulators of the BR signaling pathway, such as OsBZR1, and ILI1, and downregulating DLT, which
also encodes a positive regulator of BR signaling and downregulated directly by OsBZR1. Then, altered
expressions of BR-responsive genes such as OsEXPA, and OsXTH produce changes in leaf angle and
grain length. Arrows and bars indicate positive and negative regulation, respectively. Solid and dashed
lines indicate direct regulation and possible feed-forward regulation, respectively.

2.6. OsbHLH079 Might Indirectly Regulate Expressions of OsBZR1, and ILI1

As OsBZR1 directly regulates the expression of ILI1, and DLT [23], it is possible that (1) OsbHLH079
modulates the expression and/or activity of OsBZR1, (2) OsbHLH079 directly regulates other genes
because OsBZR1 has a limited function, in which the effect of overexpressed OsBZR1 occurs only
when the binding site of negative regulators, such as 14-3-3 or GSK2, is mutated in plants [23,63,76],
or (3) OsbHLH079 directly regulates downstream genes of OsBZR1, such as ILI1, and DLT, and
expression of OsBZR1 is increased by a feedback regulatory loop.

To examine the possible roles of OsbHLH079 in the transcription of OsBZR1, ILI1, and DLT in
rice, we investigated the promoter sequences of OsBZR1, ILI1, and DLT (−2000 to −1 from the ATG).
It revealed that OsBZR1 or ILI1 did not contain the G-box sequence (CACGTG; a putative binding site
of bHLH-type transcription factors), but only one CACGTG sequence in the promoter region (-989 to
−984 from ATG) of DLT. These findings suggest that OsbHLH079 regulates OsBZR1 and ILI1 indirectly,
although we cannot exclude the possibility that OsbHLH079 binds to the promoter regions of OsBZR1
and ILI1.

2.7. OsbHLH079 Might Directly Regulate the Cell Expansion-Associated Genes

PHYTOCHROME INTERACTING FACTOR LIKE1 (OsPIL1) functions as a key regulator of
internode elongation [77]. OsPIL1-overexpressing rice plants (Ubi::OsPIL1) formed elongated internodes
via larger cells through direct regulation of its downstream genes, such as OsEXPA4 and 1-ACC
OXIDASE, via binding to the G-box element. Both OsPIL1 and OsbHLH079 are bHLH-type transcription
factors. Thus, it can be speculated that OsbHLH079 directly binds to the promoter regions of cell
expansion-related genes, such as OsEXPAs and OsXTHs. The expression of cell expansion-related
genes was increased to a much greater extent in the osbhlh079-D mutant compared to the increased
expression of BR signaling-associated genes (OsBZR1, and ILI1) (Figure 5c, Figure 7b). The increased
expression of BR-related genes in osbhlh079-D and OsbHLH079-overexpressing plants may have caused
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a significant change in the expression of the downstream genes, but we could not exclude the possibility
that OsbHLH079 directly regulates the cell expansion-associated genes.

2.8. OsbHLH079 Increases Grain Length by Altering TGW6 Expression

In rice, several genes and QTLs, including GS3, GS5, GW2, GW5, GW8, TGW6, GW6a, qGL3,
and BG1, affect grain size by regulating cell number, and GS2/GL2, GL7, and PGL1 affect grain size
by influencing cell size [33–43]. GW2 is a RING-type E3 ubiquitin ligase and acts as a negative
regulator of cell division [33]. GW2-overexpressing transgenic rice showed a reduced grain-width
phenotype. Increased expression of GW2 could be one of the reasons for the slender-grain phenotype
of the osbhlh079-D mutant (Figure S1). TGW6 encodes an IAA-glucose hydrolase, and loss of function
of TGW6 results in enhanced grain weight, resulting in increased grain yield [38]. RNAi-TGW6
rice plants showed an increased-grain-length phenotype, which could be one of the reasons for the
long-grain phenotype of the osbhlh079-D mutant (Figure S1). It is possible that the regulatory function of
OsbHLH079 is associated with not only the BR signaling pathway, but also the auxin-related pathway,
which is closely involved in the control of grain size and grain yield [38].

2.9. OsbHLH079 is an Ortholog of Arabidopsis CRYPTOCHROME-INTERACTING bHLH 1

In the genome-wide analysis, 167 bHLH genes in rice and 162 bHLH genes in Arabidopsis were
identified and analyzed by amino acid sequence-based alignments. As a result, they were divided into
25 subfamilies [45]. OsbHLH079 belongs to the C group with 24 genes in rice and 23 genes in Arabidopsis.
The C group contains all the Arabidopsis CRYPTOCHROME-INTERACTING bHLH (AtCIB) genes
(AtCIB1, AtCIB2, AtCIB3, AtCIB4, and AtCIB5), and OsbHLH079 was annotated to be an AtCIB1-like
gene [45]. In Arabidopsis, CIB1 interacts with cryptochrome 2 (CRY2), and this complex affects various
developmental processes, such as hypocotyl elongation, flowering time, stomata opening, hypocotyl
bending, programmed cell death, plastid development, and silique elongation [35,78–85]. In soybean,
GmCIB1 binds to the E-box (CANNTG) motif and acts as a transcriptional activator to regulate leaf
senescence-associated genes [86]. In rice, OsbHLH079 might be an ortholog of CIB1, and the bHLH
domain was a highly conserved among amino acid sequences of AtCIB1, GmCIB1, and OsbHLH079
(Figure S2). Additionally, the osbhlh079-D mutant flowered earlier than WT under long-day and
short-day conditions (Figure S3), which provides more insight into additional regulatory functions of
OsbHLH079 in rice growth and development, similar to AtCIB1.

3. Materials and Methods

3.1. Plant Materials and Growth Conditions

The enhancer-trap T-DNA insertion mutant of OsbHLH079 (LOC_Os02g47660; PFG_3A-01275;
designated as osbhlh079-D) in rice was isolated from the Korean japonica cultivar ‘Dongjin’, and obtained
from the Rice Functional Genomic Express Database [51]. For phenotypic characterization, rice plants
were grown under natural long day (NLD) conditions in the paddy field (37◦N latitude, Suwon,
Republic of Korea). Rice was also grown in growth chambers under long-day (14.5 h light, 30 ◦C/9.5 h
dark, 24 ◦C) conditions or short-day (10 h light, 30 ◦C/14 h dark, 24 ◦C) conditions with 60% relative
humidity. The light sources used in the artificial growth chamber were light-emitting diodes (LEDs),
and the average photon flux density was around 500 μmol m−2 s−1.

3.2. Vector Construction and Rice Transformation

To generate the 35S::OsbHLH079, and 35S::RNAi-OsbHLH079 transgenic rice plants, the full-length
cDNA of OsbHLH079, and the partial cDNA fragment of OsbHLH079 were amplified from the
first-strand cDNA obtained from leaves of WT by reverse-transcription polymerase chain reaction
(RT-PCR) using gene-specific primers (Table S1), and subcloned into pCR8/GW/TOPO (Invitrogen,
USA). After confirming the sequences, the full-length cDNA of OsbHLH079, and the partial cDNA
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fragment of OsbHLH079 were transferred into the pMDC32 Gateway binary vector [87], and the
pANDA vector [88], respectively, by LR reaction using Gateway LR Clonase II Enzyme Mix (Invitrogen,
USA). The resulting constructs, 35S::OsbHLH079, and 35S::RNAi-OsbHLH079, were transformed into
Agrobacterium tumefaciens strain LBA4404, and then introduced into calli generated from mature
embryos of WT through Agrobacterium-mediated transformation, respectively [89].

3.3. RNA Extraction and Reverse Transcription-Quantitative PCR (RT-qPCR) Analysis

Total RNA was extracted from 2-cm lamina joint segments or other tissues using the MG Total
RNA Extraction Kit (Macrogen, Seoul, Republic of Korea) according to the manufacturer’s instructions.
First-strand cDNAs were synthesized from 2 μg of total RNA using oligo(dT)15 primers and M-MLV
reverse transcriptase (Promega, USA). The relative transcript levels of each gene were measured by
quantitative PCR (qPCR) using gene-specific primers, and rice Ubiquitin5 (UBQ5) was used as an
internal control (Table S1) [90]. GoTaq qPCR Master Mix (Promega, USA) was used in a 20 μl total
reaction volume, and quantitative PCR was performed using a LightCycler 480 (Roche, Switzerland).
qPCR conditions were 95 ◦C for 2 min, and then 45 cycles of 95 ◦C for 10 s and 60 ◦C for 1 min.

3.4. Subcellular Localization of OsbHLH079

To investigate the subcellular localization of OsbHLH079, the 35S::YFP-OsbHLH079 construct
was prepared. The full-length coding sequence of OsbHLH079 was amplified with gene-specific
primers (Table S1), and fused with YFP in the pEarleyGate 104 (pEG104) vector through LR
reactions using Gateway LR Clonase II Enzyme Mix (Invitrogen, USA). The resultant construct,
35S::YFP-OsbHLH079, and the 35S::YFP construct were introduced into onion epidermal cells using
a DNA particle delivery system (Biolistic PDS-1000/He; Bio-Rad, Hercules, CA, USA), respectively.
The transformed onion epidermal cells were incubated on Murashige and Skoog phytoagar medium
(pH 5.7) under dark conditions at 25 ◦C for 18 h, and then onion nuclei were stained with 300 nM
4′,6-diamidino-2-phenylindole (DAPI; Invitrogen, USA) in phosphate-buffered saline for 5 min. YFP
and DAPI fluorescence were observed using a confocal laser scanning microscope (SP8X, Leica,
Germany) with excitation wavelengths of 458 and 405 nm and emission wavelengths of 514 and 488 nm
for YFP and DAPI, respectively.

3.5. Transactivation Activity Assay

Transactivation activity assay was performed as previously described with some modifications [91].
The full-length coding sequence of OsbHLH079 was amplified by PCR and fused with the yeast GAL4
activation domain in the pGADT7 vector (Biosciences Clontech, Palo Alto, CA, USA), or with the
yeast GAL4 DNA binding domain in the pGBKT7 vector (Biosciences Clontech, Palo Alto, CA, USA),
respectively. Then, the yeast strain AH109 was co-transformed with a pair of plasmids, and plated on
each medium, as shown in Figure 4c. The yeast β-galactosidase liquid assay was carried out according
to the Yeast Protocols Handbook (Clontech) using chlorophenol red-β-D-galactopyranoside (CPRG,
Roche Biochemical) as the substrate.

3.6. Scanning Electron Microscopy

Scanning electron microscopy was conducted as previously described with some modifications [92].
The lamina joints of flag leaves of WT and osbhlh079-D at heading stage grown under NLD conditions
in the paddy field were excised and sectioned longitudinally as previously described [56]. The samples
were fixed with modified Karnovsky’s fixative (2% paraformaldehyde, 2% glutaraldehyde, and 50 mM
sodium cacodylate buffer, pH 7.2) at 4 ◦C for 24 h, and washed with 50 mM sodium cacodylate
buffer (pH 7.2) three times at 4 ◦C for 10 min each. Next, the samples were post-fixed at 4 ◦C for
2 h with 1% osmium tetroxide in 50 mM sodium cacodylate buffer (pH 7.2), and washed twice with
distilled water at room temperature, followed by dehydration with a gradient series of ethanol. After
dehydration, the samples were processed as follows: dried in liquid CO2 using a critical point dryer
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(EM CPD300, Leica, Germany), and coated with platinum using a sputter coater (EM ACE200, Leica,
Austria). The processed samples were observed by scanning electron microscope (AURIGA, Carl Zeiss,
Germany).

3.7. BR-Induced Lamina Joint Inclination Assay

The BR-induced lamina joint inclination assay was performed as previously described with some
modifications [93]. Sterilized seeds of WT and the osbhlh079-D mutant were grown on Murashige
and Skoog (MS) medium in an artificial growth chamber at 30 ◦C under dark conditions for 10 days.
Then, the 2-cm lamina joint segments of WT and osbhlh079-D were excised, and incubated on distilled
water containing various concentrations of 24-epibrassinolide (BL), an active form of brassinosteroid
(Sigma), at 30 ◦C in darkness for 48 h. The angle between lamina and sheath was measured using
ImageJ software [94].

3.8. Gene Information

Sequence data from this article can be found in the National Center for Biotechnology
Information (NCBI): OsbHLH079, Os02g0705500; UBQ5, Os01g0328400; OsCDC6, Os01g0856000;
OsMCM3, Os05g0476200; OsE2F1, Os02g0537500; OsCYCA3;1, Os03g0607600; OsEXPA3, Os05g0276500;
OsEXPA4, Os05g0477600; OsEXPA5, Os02g0744200; OsEXPA6, Os03g0336400; OsEXPA7, Os03g0822000;
OsXTH2, Os11g0539200; OsXTH28, Os03g0239000; D2, Os01g0197100; D11, Os04g0469800; BRD1,
Os03g0602300; OsBRI1, Os01g0718300; OsBAK1, Os08g0174700; OsBSK3, Os04g0684200; GSK2,
Os05g0207500; BU1, Os06g0226500; OsBZR1, Os07g0580500; ILI1, Os04g0641700; DLT, Os06g0127800;
GS2, Os02g0701300; GS3, Os03g0407400; GS5, Os05g0158500; GS6, Os06g0127800; GW2, Os02g0244100;
GW6a, Os06g0650300; GLW7, Os07g0505200; GW8, Os08g0531600; TGW6, Os06g0623700; GL7,
Os07g0603300; PGL1, Os03g0171300; PGL2, Os02g0747900; qGL3, Os03g0646900; RGA1, Os05g0333200;
RGB1, Os03g0669200; SRS5, Os11g0247300; TH1, Os02g0811000; BG1, Os03g0175800; DEP1,
Os09g0441900; OsMAPK6, Os06g0154500.

4. Conclusions

We found that OsbHLH079 increases leaf angle and grain length in rice. Rice overexpressing
OsbHLH079 (osbhlh079-D and 35S::OsbHLH079) showed wider leaf angle and longer grain length, and
RNA-mediated knockdown lines of OsbHLH079 (35S::RNAi-OsbHLH079) exhibited narrower leaf angle
and shorter grain length compared to those of WT. Our data also revealed that OsbHLH079 enhances
BR signaling by modulating the expression levels of BR signaling-related genes (OsBZR1, ILI1, and
DLT) which lead to increases in leaf angle and grain length. This study opens up the possibility to
improve grain yield per unit area in rice by controlling plant architecture and seed shape.
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Abbreviations

bHLH basic Helix-Loop-Helix
BL 24-epibrassinolide
BR Brassinosteroid
DAPI 4′,6-diamidino-2-phenylindole
GL Grain length
GS Grain size
GW Grain width
LD Long day
NLD Natural long day
QTL Quantitative trait loci
SD Short day
WT Wild-type
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Abstract: The market success of any rice cultivar is exceedingly dependent on its grain appearance,
as well as its grain yield, which define its demand by consumers as well as growers. The present
study was undertaken to explore the contribution of nine major genes, qPE9~1, GW2, SLG7, GW5, GS3,
GS7, GW8, GS5, and GS2, in regulating four size and weight related traits, i.e., grain length (GL), grain
width (GW), grain thickness (GT), and thousand grain weight (TGW) in 204 diverse rice germplasms
using Insertion/Deletion (InDel) markers. The studied germplasm displayed wide-ranging variability
in the four studied traits. Except for three genes, all six genes showed considerable association with
these traits with varying strengths. Whole germplasm of 204 genotypes could be categorized into
three major clusters with different grain sizes and weights that could be utilized in rice breeding
programs where grain appearance and weight are under consideration. The study revealed that TGW
was 24.9% influenced by GL, 37.4% influenced by GW, and 49.1% influenced by GT. Hence, assuming
the trend of trait selection, i.e., GT > GW > GL, for improving TGW in the rice yield enhancement
programs. The InDel markers successfully identified a total of 38 alleles, out of which 27 alleles were
major and were found in more than 20 genotypes. GL was associated with four genes (GS3, GS7,
GW8, and GS2). GT was also found to be regulated by four different genes (GS3, GS7, GW8, and GS2)
out of the nine studied genes. GW was found to be under the control of three studied genes (GW5,
GW8, and GS2), whereas TGW was found to be under the influence of four genes (SLG7, GW5, GW8,
and GS5) in the germplasm under study. The Unweighted Pair Group Method with Arithmetic means
(UPGMA) tree based on the studied InDel marker loci segregated the whole germplasm into three
distinct clusters with dissimilar grain sizes and weights. A two-dimensional scatter plot constructed
using Principal Coordinate Analysis (PCoA) based on InDel markers further separated the 204 rice
germplasms into four sub-populations with prominent demarcations of extra-long, long, medium, and
short grain type germplasms that can be utilized in breeding programs accordingly. The present study
could help rice breeders to select a suitable InDel marker and in formulation of breeding strategies
for improving grain appearance, as well as weight, to develop rice varieties to compete international
market demands with higher yield returns. This study also confirms the efficient application of
InDel markers in studying diverse types of rice germplasm, allelic frequencies, multiple-gene allele
contributions, marker-trait associations, and genetic variations that can be explored further.
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1. Introduction

Rice is the most consumable food commodity in the world and is used as a staple by more than
50% of the world’s population [1]. Rice is also the third-highest produced agricultural commodity
after sugarcane and maize [2]. It is a highly valuable grain crop with regard to human nutrition,
as well as caloric intake, which provides more than one-fifth of the calories being consumed by humans
worldwide [3]. The rapid increase in the human population is further boosting its demand. In some
countries, rice is the only staple food, whereas in some other countries, rice is consumed as a traditional
dish, as well as an important ingredient in different dishes. In the international market, quality of rice
grain is highly indicative of its price, which also reflects its sale-ability. Therefore, both yield and grain
quality are equally important parameters for varietal improvement in rice breeding programs.

Commercial success of a modern rice cultivar is highly dependent on grain size related traits (e.g.,
grain length, grain width, and thickness) for quality and grain weight associated traits (most importantly
thousand grain weight) for grain yield [4]. Grain size related traits determine the rice’s final market
value as defined by consumer preferences, which are a combination of grain size, length, and thickness
(Figure 1). Some consumers prefer long grains, while some prefer short and bold grains. Likewise,
grain yield is determined by three major components, including grain weight, panicles per plant, and
grains per panicle. Among these, the most associated trait is grain weight which is determined as the
1000 grain weight. Therefore, grain length, width, and thickness along with the 1000 grain weight, are
central benchmarks for breeding grain appearance, as well as yield improvement, in rice. However,
due to the quantitatively inherited nature of these traits, breeders hardly rely on phenotypes for their
improvement [5]. Therefore, the use of genetic markers is considered superior to phenotyping [6],
because such markers are not affected by the environment and are more efficient and reliable compared
to phenotypic data.

Figure 1. Longitudinal and radial-pattern cross section diagrams of rice grain showing the grain length
(GL), grain width (GW), and grain thickness (GT).
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A number of Quantitative Trait Loci (QTLs) for grain appearance and weight have already been
investigated and reported by different scientists [7–20]. More often, grain length, thickness, and width
are regarded as determinants of grain appearance whereas the 1000 grain weight determines grain
weight and eventually grain yield. As reported, these traits are under the control of several or many
genes and are highly influenced by environmental factors. So far, several major QTLs influencing grain
appearance and grain weight have already been characterized and investigated by many researchers.
These major genes/QTLs include qPE9~1 [17], GW2 [12], SLG7 [21,22], GW5 [23–26], GS3 [27–29],
GS7 [30], GW8 [31], GS5 [32], and GS2 [33–36].

GS2 (GRAIN SIZE 2), also reported as GL2 (GRAIN LENGTH 2) or PT2 (PANICLE TRAIT 2), is a
rare allele directly controlling two important grain size related traits, including grain width and grain
length in rice. GS2 is found to encode a transcriptional regulator protein named Growth-Regulating
Factor 4 (OsGRF4), which is then targeted by OsmiR396, which is a microRNA causing termination
of the OsGRF4 function. Several studies have shown that a 2 bp substitution mutation in GS2
disturbs the binding of OsmiR396 on OsGRF4, resulting in its overexpression, which in turns increases
cell enlargement and enhances cell division in grains, causing longer and wider rice grains [33–36].
GS3 (GRAIN SIZE 3) was among the first reported genes to have minor effects on grain thickness and
width. In published studies on GS3, the GS3 was demonstrated to be a negative regulator of grain
size, and its encoded putative transmembrane protein contains a plant-specific organ size regulation
(OSR) domain as a negative regulatory motif, whose function is inhibited by its tumor necrosis factor
receptor/nerve growth factor receptor (TNFR/NGFR) family, cysteine-rich domain and von Willebrand
factor type C (VWFC) domain. All four domains have been reported to regulate cell divisions in the
upper epidermis of the glume inside the rice seed, causing minor effects on the cell size [29].

GS5 (GRAIN SIZE 5) has been reported by many researchers who described this gene as a regulator
of grain filling and weight. GS5 promotes cell division in rice seed and, to some extent, elongation
of the cells located in the lemma and palea [32]. The encoded protein of GS5 (i.e., putative serine
carboxypeptidase) executes its function as a positive regulator of a subset of the transition genes
(G1-to-S) of cell cycle, causing increased cell divisions and resulting in enhanced grain filling and
grain weight. Likewise, the GW2 (GRAIN WIDTH 2) gene encodes a protein (RING-type) that has E3
ubiquitin ligase activity, which degrades the ubiquitin–proteasome pathway. GW2 negatively regulates
cell division by suppressing its substrate(s) to proteasomes for regulated proteolysis. The absence
or loss of the GW2 function via its mutation causes enhanced milk filling in grains and enlarged
endosperm cells, resulting in a wider spikelet hull [12].

GW5 (GRAIN WIDTH 5), also reported as SW5 (SEED WIDTH 5) and GSE5, was investigated by
many researchers [23–26], who discovered that GW5 is negatively associated with rice grain width
and weight. Later, it was revealed that GW5 actually encodes a calmodulin-binding protein, and
GW5 physically interacts with calmodulin AsCaM1-1, which is responsible for grain width in rice.
The deletion of GW5 or its mutations result in wider grains, indicating its negative effects on grain
width. Likewise, SLG7 (GRAIN LENGTH 7), also known as GW7 (GRAIN WIDTH 7), has been identified
to encode a TONNEAU1-recruiting motif protein responsible for increased cellular division in the
longitudinal direction and reduced cell division in the transverse direction [37]. This gene was found
to be responsible for grain appearance by altering cell divisions, thereby having significant effects on
regulating grain weight, as well.

GW8 (GRAIN WIDTH 8) has been reported as a positive regulator of cell proliferation and has a
positive association with seed width and seed weight [31]. It encodes SQUAMOSA promoter-binding
protein-like 16 (AsSPL16), that was discovered to regulate the expression of several genes involved in
G1-to-S transition, similar to the regulatory role of the GS5 gene [31,32]. It was revealed that a higher
expression of the GW8 gene promoted cell division and grain filling, resulting in increased grain width
and a higher grain yield.

GS7 (GRAIN SHAPE 7), a robust QTL known to regulate grain shape, has been reported [30] to
control the grain length, roundness (thickness), and area (size) in rice. Likewise, another gene, qPE9~1,
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also known as DEP1 (DENSE AND ERECT PANICLE 1), encodes a G protein γ subunit found to be
involved in the regulation of erect panicles, grains per panicle, nitrogen uptake, and stress tolerance
through a G protein signal pathway [17,38]. In another study, the protein was also found to regulate
plant architecture, grain size, and grain yield in rice. The qPE9–1 protein contains an N-terminal
G gamma-like (GGL) domain, a putative transmembrane domain, and a C-terminal cysteine-rich
domain [39]. Overexpression of protein qPE9–1 has been found to be responsible for increased grain
size and yield in rice.

In the past few years, PCR based InDel markers have gained popularity in diversity studies
because of their reproducibility, ease of use, and co-dominant inheritance [40]. InDel markers have
been extensively utilized as powerful phylogenetic markers for mapping and other genetic studies in
different crops [41–48]. Here, based on deletion insertion polymorphisms (DIPs), InDel markers were
deployed successfully to study marker trait association and genetic variations. InDels are becoming
more famous, as their genotyping requires a low start-up cost, and because they are efficient, relatively
simple, and applicable to a wide range of species for which expressed sequence tag (EST) collections are
available. Therefore, the leading goals of this study were to assess the efficacy of InDels to (1) estimate
the population structure, allelic frequencies, and genetic variation in diverse germplasms comprising
204 rice genotypes; (2) sort the germplasms based on the distribution of the InDel marker loci; (3) assess
the allele based contribution of the target genes and their association with individual traits; (4) and
engagement of InDel markers to understand the genetics of traits for efficient breeding [49,50].

2. Results

2.1. Descriptive Statistics and Phenotypic Variability for Rice Grain Size and Weight

Descriptive statistics (Table 1) were determined for all four studied traits, i.e., grain length (GL),
grain thickness (GT), grain width (GW), and thousand grain weight (TGW), to elaborate the phenotypic
variations of the respective traits in 204 rice germplasms. Collected data of whole studied germplasm
for each trait is given in Table S1 (as Supplementary Material) The average values (Mean ± Standard
Error) of 204 rice genotypes for GL, GW, GT, and TGW were observed to be 8.162 ± 0.065 mm,
2.932 ± 0.019 mm, 2.156 ± 0.012 mm, and 25.858 ± 0.199 g, respectively. The germplasm consisting
of 204 rice genotypes showed an appreciable range for the estimated GL: 4.640 (ranging from 6.01 to
10.65 mm). Conversely, GW and GT showed lower range values (i.e., 1.800 and 1.000, respectively),
ranging from 2.05 to 3.85 mm and 1.86 to 2.86 mm, respectively. Likewise, TGW was found to have an
substantial range of 20 (ranging from 17 g to 37 g), depicting a wide range of variation also suggested
by the higher value of variance (i.e., 8.070 in the studied germplasm). On other hand, the variance for
GL (0.864) was recorded to be higher than the variance of GW and GT (having a variance of 0.073 and
0.027, respectively) (Table 1). The coefficient of variation (CV%) for all the studied traits (i.e., GL, GW,
GT, and TGW) was 11.4%, 9.2%, 7.7%, and 11%, respectively. Kurtosis and skewness both symbolize
the modes of gene action [51], and estimate the gene numbers controlling the trait [52], respectively.
Estimated values of the skewness and kurtosis for all the studied traits are given in Table 1. Skewness
was observed for GL, GT, and TGW, with values of 0.514, −0.148, 1.075, and 1.501, while the estimated
kurtosis values were −0.511, 1.092, 1.965, and 1.590, respectively (Table 1).

Figure 2 shows the score plot showing phenotypic variability within the germplasm on a biplot
using principal component analysis (PCA), with the first two components representing the maximum
proportion (PC1 = 56.8%, PC2 = 31.1%) of the total variation. This shows that sufficient phenotypic
variation is present in the germplasm to study genetic variation in the germplasm [53].
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Table 1. Descriptive statistics for grain length (GL), grain width (GW), grain thickness (GT), and
thousand grain weight (TGW) of germplasms containing two hundred and four (204) rice germplasms.

Parameters GL (mm) GW (mm) GT (mm) TGW (g)

Minimum 6.010 2.050 1.860 17.0
Maximum 10.650 3.850 2.860 37.0

Range 4.640 1.800 1.000 20.0
Arithmetic Mean 8.162 2.932 2.156 25.858

Standard Error of Arithmetic Mean 0.065 0.019 0.012 0.199
Standard Deviation 0.929 0.270 0.165 2.841

Variance 0.864 0.073 0.027 8.070
Coefficient of Variation (CV) 0.114 0.092 0.077 0.110

Skewness (G1) 0.514 −0.148 1.075 1.501
Kurtosis (G2) −0.511 1.092 1.965 1.591

Figure 2. Score plot showing variability within the germplasms of 204 rice germplasms on a biplot using
principal component analysis, with the first two components representing the maximum proportion
(87.9%) of the total phenotypic variation for the studied traits.

Based on clustering, 204 germplasms were classified into three distinct clusters (I, II, III), as depicted
in Figure 3. The major cluster, i.e., Cluster I, consisted of 182 genotypes. Cluster II consisted of
8 genotypes, whereas Cluster III had only 14 genotypes. Cluster I was further subdivided into Cluster
IA and Cluster IB for simplification. Cluster IA consisted of 78 entries, and Cluster IB contained
104 entries of germplasm. The average grain length of Cluster I was calculated to be 8.01 mm, whereas
the average GW and GT were 2.96 mm and 2.16 mm, respectively. The thousand grain weight (TGW) of
this group was 25.63 g. Cluster II showed the highest values for the average GL (8.83 mm), indicating
that the entries of this group had the maximum grain length. This group also had the maximum GT
(2.27 mm), GW (3.02 mm), and the heaviest grain, as indicated by its TGW value (i.e., 30.43 g). Cluster
III contained genotypes with a medium grain length (8.25 mm), but their GW (2.71 mm), GT (2.03 mm),
and TGW (21.70 g) were the lowest among the groups [54].
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Figure 3. UPGMA Dendrogram showing variability in 204 rice germplasms in three distinct clusters for
the studied traits estimated on the similarity index using the Euclidean distances between the groups.

2.2. Factor Analysis and Phenotypic Correlation among the Four Traits for Rice Grain Size and Weight

The Pearson correlation coefficients (r) were estimated for pair-wise analysis among the studied
traits (i.e., GL, GW, GT, and TGW) using diverse germplasms comprising 204 rice germplasms (Table 2).
A correlation analysis between GL and GW showed a highly significant (p ≤ 0.01) but negative
association (r = −0.604 **) between these two traits. Such a negative linear relationship has also been
reported by other researchers [20,55]. GL and GT were also negatively correlated (r = −0.398 *), which
was also significant (p ≤ 0.05) and strong. In the case of TGW, GL showed a significant (p ≤ 0.05) and
positive association (r = 0.249 *), depicting the linear relationship between these two traits. A highly
significant (p ≤ 0.01) and positive relationship (r = 0.686 **) was also observed between GW and GT,
indicating that GW was 68.6% positively influenced by GT in the studied rice germplasm. Likewise,
GW showed a significant (p ≤ 0.05) and positive association (r = 0.374 *) with TGW. GT was also found
to have a highly significant (p ≤ 0.01) and positive association (r = 0.491 **) with TGW. These results
further revealed that TGW was 24.9% influenced by GL, 37.4% influenced by GW, and 49.1% influenced
by GT. Hence, we assume the trend of trait selection (i.e., GT > GW> GL) for improving TGW in yield
enhancement programs. The same results were also confirmed using Factor analysis in the Minitab
software by producing a biplot for all the traits to further study the pattern of association among the
traits. The results confirmed the importance of GT followed by GW and GL in improving TGW and
paddy yield. Figure 4 shows a two-dimensional (2D) representation of the associations among the
traits [56–58].

Table 2. Correlation coefficient analysis among the four studied traits for grain size and weight.

Traits GL GW GT

Grain length (GL) 1.000
Grain width (GW) −0.604 ** 1.000

Grain thickness (GT) −0.398 * 0.686 ** 1.000
Thousand grain weight (TGW) 0.249 * 0.374 * 0.491 **

** highly significant at p ≤ 0.01; * significant at p ≤ 0.05.

30



Int. J. Mol. Sci. 2019, 20, 4824

 

Figure 4. Factor analysis of the four grain size and weight related traits in rice germplasm comprising
204 genotypes; the first two factors represent more than 85% of the total variation. Traits with a positive
association have vectors with an acute angle (<90) between their vectors and are closer to one another,
while traits with negative associations have an obtuse (>90) angle between their vectors and are found
far from one another in the biplot.

2.3. InDel Based Estimation of the Allelic Distribution of Fifteen Genes in the Determination of Grain Size
and Weight

A number of genes and their alleles in different combinations have been found to be involved
in determining the ultimate size, shape, and weight of rice grains (also detected by previous
researchers) [7–20]. An amplification profile of 14 Insertion/Deletion (InDel) markers of nine studied
genes related to grain size and weight in 204 rice germplasms is given in Figure 5. A functional
insertion–deletion (InDel) marker (sequences of reverse and forward primers are given in Table 8)
was used to determine the allelic frequency of the qPE9~1 gene in the germplasm. The InDel marker
produced 270 bp and 350 bp fragments, which corresponded to the A- and B-allele, respectively
(Figure 5). The results (Table 3) showed that A- and B-alleles were distributed in the germplasm with
frequencies of 0.8922 and 0.1078 (i.e., ~89% and ~11% of the whole germplasm) in 364 and 44 genotypes,
respectively. The frequencies of alleles in the genotypes are given in Table 3. The germplasm with
an A-allele of this gene was observed to have a lower grain length (7.94 ± 0.920 mm), whereas the
B-allele was found to control grain length (Table 4) in rice grains, as suggested by the longer grain
length (8.24 ± 0.961 mm) in the germplasm possessing the allele. Entries with lower grain widths
(2.95 ± 0.275 mm) retained the A-allele, whereas the B-allele was retained by germplasm with higher
values of gain width (3.05 ± 0.209 mm). For the GW2 gene, another InDel marker (Table 8) was used to
determine its allelic distribution in the germplasm. The A-allele (labelled for the fragment at 500 bp)
was present in 290 rice genotypes (with 0.7108 allelic frequency), whereas the B-allele (labelled for the
fragment at 520 bp) was present in 116 entries, with an allelic frequency of 0.2843 (Table 3). The A-allele
was observed in the germplasm having grains with a lower grain width (2.95 ± 0.273 mm), whereas the
B-allele was found in the germplasm with more grain width (3.02 ± 0.253 mm). However, the results
for the gene associations with any traits were non-significant.

The InDel marker SLG7-InDel (Table 8) was used to determine the allelic distribution of SLG7 in
the 204 rice germplasms. Two alleles (A and B, designated for bands at 450 bp and 500 bp, respectively)
successfully divided all the germplasms into two groups: the A-allele group (308 entries) and the
B-allele group (100 entries), with allelic frequencies estimates of 0.7549 (~75% of the total population)
and 0.2451 (~24% of the total population), respectively (Table 3). It was further shown that both the
alleles have no effect in regulating grain shape (i.e., GL, GT, and GW) (Table 4). The results depicted
in Table 4 show that the gene is significantly (p ≤ 0.05) associated with TGW. Two alleles of the GW5
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gene, the A- and B-alleles (DNA fragments at 450 bp and 500 bp, respectively), were distinguished
by another insertion–deletion (InDel) marker, GW5-InDel (Table 8), used to investigate the allelic
frequencies of both alleles in the target germplasms of 204 rice lines. Both alleles were found in
germplasm with different frequencies (Table 3). The A-allele was present in 294 genotypes, and the
B-allele was found in 114 genotypes, with estimated frequencies of 0.7206 and 0.2794, respectively.
Notably, the gene was found to have a significant (p ≤ 0.05) contribution in controlling GW and TGW.
Two alleles (the A-allele labelled for the DNA fragment at 650 bp and the B-allele at 750 bp) were
observed for the GS3 gene by using an InDel marker, GS3-InDel (Table 8), which distinguished all
the germplasms into groups, with A- and B-alleles in 204 germplasms with the frequencies of 69.6%
and 30.4%, respectively, in 284 and 124 rice genotypes (Table 3). The gene was also found to have
a significant (p ≤ 0.05) association (Table 4) with GL and GT, as indicated in Table 4, which shows
that the A-allele of this gene was found in the germplasm with a less average GL (7.90 ± 0.926 mm)
and thicker (2.14 ± 0.166 mm) grains, while the B-allele was present in genotypes with longer grains
(8.16 ± 0.917 mm) and a low average GT (2.11 ± 0.159). The GS7-InDel marker (Table 8) was used to
determine allelic frequencies in the subject population for the GS7 gene. This InDel marker divided
all germplasms into three groups: a group containing A-alleles and B-alleles only and a third one
possessing both A- and B-alleles, which were distributed among the germplasms with different
frequencies (0.4412, 0.3088, and 0.2451 respectively), present in 90, 63, and 50 entries, respectively
(Table 3). It was further observed that the A-allele (DNA band labelled at 200 bp) was present in 56.4%
of the total germplasm, whereas the B-allele (at 250 bp) was present in 43% of the total germplasm
under study (Figure 5). Interestingly, both the A- and B-alleles showed a significantly higher mean
grain length (8.19 ± 0921 and 8.08 ± 0.828 respectively) separately. However, in combination (AB),
both alleles showed a lower mean grain length (7.57 ± 0.974). These studies, based on 204 germplasms,
also showed that the gene has significant (p ≤ 0.05) associations with two grain size traits (i.e., GL and
GT), indicating its contribution in regulating grain size in rice.

An InDel marker, GW8-InDel (Table 8), was applied to distinguish all germplasms into two groups
carrying A- and B-alleles, as designated by DNA fragments/bands at 350 bp and 450 bp, respectively
(Figure 5). The A-allele was found to be present in 29.9% (122 genotypes) and the B-allele was present
in the remaining 62.8% (256 genotypes) of the total germplasms (Table 3). Remarkably, the B-allele had
a significantly higher mean grain length (8.41 ± 0.890), a significantly lower grain width (2.92 ± 0.259),
and a lower grain thickness (2.09 ± 0.118) compared to the A-allele, which showed a lower mean
grain length (7.34 ± 0.578), a significantly higher grain width (3.05 ± 0.203), and a higher thickness
(2.27 ± 0.133) in the studied 204 germplasms. Based on the GW8-InDel marker loci in the GW8 gene,
the gene was found to be strongly associated (p ≤ 0.01) with three grain size traits (i.e., GL, GW,
and GT) (Table 4). However, no allelic associations were observed in the case of TGW in this study.
Likewise, another InDel marker, GW8-InDel1A was used for the same germplasm. It also separated
the whole germplasm into two groups carrying A- (350 bp) and B-alleles (450 bp), with a frequency
of 31.1% (127 genotypes) and 66.4% (271 genotypes), respectively. The results show that the B-allele
has a significantly higher average gain length (8.40 ± 0.901) and a lower grain width (2.91 ± 0.260)
and grain thickness (2.09 ±0.118) compared to the A-allele, which showed a lower average grain
length (7.42 ± 0.667), a significantly higher grain width (3.06 ± 0.231), and an average grain thickness
(2.27 ± 0.169) in the studied genotypes. TGW showed no changes due to these alleles. A third InDel
marker, GW8-InDel2B, was also used for further studies, as it separated the whole germplasm into
A-allele (at 270 bp) with a lower frequency (46%) and the B-allele (at 300 bp) with frequency (51.9%)
that was found in 94 and 106 genotypes out of the 204 genotypes (Figure 5). These results show that
B-allele has a significantly higher grain length (8.35 ± 0.852), a lower grain width (2.92 ± 0.274), and a
lower grain thickness (2.10 ± 0.129) compared to the A-allele, which showed a lower average grain
length (7.64 ± 0.965) and a higher average grain width (3.00 ± 0.238) in the studied genotypes. Unlike
other InDel markers, GW8-InDel2B also distinguished the germplasm into two groups for the thousand
grain weight, with the A-allele having a significantly higher TGW (26.0 ± 2.824) and the B-allele with a
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lower average TGW (25.0 ± 2.611). For all three InDel markers, the same results were observed for
GL, GT, and GW, showing a very strong association (p ≤ 0.01), whereas, in the case of TGW, only one
marker (GW8-InDel2B) showed a strong and highly significant (p ≤ 0.01) association, as depicted in
Table 4. A-alleles of this gene should be considered while improving the GW, GT, and TGW in rice,
whereas the B-alleles should be considered when breeding for longer grains.

Another QTL GS5 has already been reported to regulate grain size in rice via grain filling and
weight [32]. In this study, two InDel markers, GS5-InDel1A and GS5-InDel1B (Table 8), were applied
to determine the contribution of the affective alleles for the GS5 gene in the germplasm. The InDel1A
marker yielded two alleles, A (500 bp) and B (550 bp), with a frequency of 181 (44.3%) and 215 (52.7%),
respectively (Table 3). The other InDel marker, GS5-InDel2B, also yielded two alleles, A (500 bp) and B
(550 bp), with a frequency of 101 (24.5%) and 295 (72.3%), respectively. Both these markers had no
observable association with the grain size traits in this study, except the thousand grain weight (TGW).
The B-alleles of both InDel markers (i.e., GS5-InDel1A and GS5-InDel1B) were found to control the
heavier grains (Table 4), as indicated by the significantly higher average TGW values (27.0 ± 2.535
and 26.2 ± 2.899, respectively) of the genotypes possessing B-alleles, whereas the germplasm with the
other allele (A-allele) showed a lower average TGW for both markers (24.0 ± 3.180 and 23.0 ± 2.729,
respectively). Likewise, in the case of the GS5-InDel1A makers, the A-allele was found to be present
in 90 germplasms with a lower average grain length (7.79 ± 0.921 mm), and B-allele was found
in 107 genotypes with a longer grain length (8.16 ± 0.925 mm). For the marker GS5-InDel2B, the
A-allele was present in only seven genotypes with shorter grains (7.40 ± 0.900 mm) and in the B-allele
in the larger portion of germplasm (185 genotypes) with a longer grain length (8.24 ± 0.934 mm),
as represented in Table 4. The study further revealed that there is a strong (p ≤ 0.05) association of the
GS5 gene for both the InDel markers with TGW.

For the GS2 gene, three InDel markers (i.e., GS2-InDel, GS2-InDel1A, and GS2-InDel2B (Table 8))
were used to determine the different alleles for the GS2 gene in the germplasm of 204 entries. Two
alleles, A and B, were determined for the DNA fragments at 400 bp and 500 bp, respectively, which
distinguished the whole germplasm into two groups: one having 16% (65 entries) germplasm of the
total (with A-alleles) and other having 83% of the total (339 entries) (with B-alleles). However, no
significant associations were detected for these alleles with regards to grain size and weight related
traits, suggesting the inefficiency of this marker in distinguishing this gene in the rice germplasm
under study. The other InDel marker, GS2-InDel1A, distinguished germplasm into two groups: one
with A-alleles (designated for the band at 400 bp), comprising 52.7%, and one with B-alleles (at 500 bp),
comprising 45.3% of the total germplasm. Genotypes possessing B-alleles showed a significantly
higher average grain length (8.44 ± 0.908), a significantly lower grain width (2.84 ± 0.275), and a
lower grain thickness (2.09 ± 0.126); whereas genotypes with A-alleles showed a significantly lower
average grain length (7.66 ± 0.820), as well as wider and thicker grains compared to the rest of the
germplasm. No associations were observed for the TGW marker in the present study. The third
marker, GS2-InDel2B, also distinguished A- and B-alleles, labelled for the bands at 250 bp and 300 bp,
respectively, and present in 24.7% and 72.3% of the total germplasm (Figure 5). This marker separated
the genotypes into two groups: one with genotypes possessing A-alleles with a significantly higher
average grain length (9.32 ± 0.951), a significantly lower grain width (2.65 ± 0.303), and a lower grain
thickness (2.08 ± 0.153), and the other group consisting of genotypes with B-alleles with a significantly
lower average grain length (7.81 ± 0.742) and wider and thicker grains with a higher average grain
width (3.01 ± 0.201) compared to the rest of the germplasm (Table 3). This gene was found to have
a strong and highly significant (p ≤ 0.01) association with GL, GT, and GW, thereby revealing its
importance in regulating all these traits in rice grains (Table 4). GS2 showed no association with TGW,
indicating that this gene is responsible only for regulating the grain size in the studied germplasm.
These results showed that, for longer grains, the B-allele should be taken into consideration for the
InDel1A marker, and the A-allele should be considered for the InDel2B marker.
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Table 3. Fragment lengths on electrophoresis gel, expected frequency estimates, allelic variance, and
standard deviation (SD) estimates of each allele of the 14 InDel loci.

Marker Allele Band Length (bp) Genotype Expected Frequency Variance SD

qPE9~1-InDel A 270 364 0.8922 0.0005 0.0217
B 350 44 0.1078 0.0005 0.0217

GW2-InDel A 500 290 0.7108 0.0010 0.0317
B 520 116 0.2843 0.0010 0.0316

SLG7-InDel A 450 308 0.7549 0.0009 0.0301
B 500 100 0.2451 0.0009 0.0301

GW5-InDel A 450 294 0.7206 0.0010 0.0314
B 500 114 0.2794 0.0010 0.0314

GS3-InDel A 650 284 0.6961 0.0010 0.0322
B 750 124 0.3039 0.0010 0.0322

GS7-InDel A 200 230 0.5637 0.0009 0.0301
B 250 176 0.4314 0.0009 0.0300

GW8-InDel A 350 122 0.2990 0.0010 0.0321
B 450 256 0.6275 0.0011 0.0339

GW8-InDel1A A 350 127 0.3113 0.0010 0.0323
B 450 271 0.6642 0.0011 0.0330

GW8-InDel2B A 270 188 0.4608 0.0012 0.0349
B 300 212 0.5196 0.0012 0.0350

GS5-InDel1A A 500 181 0.4436 0.0012 0.0347
B 530 215 0.5270 0.0012 0.0349

GS5-InDel2B A 500 14 0.0343 0.0002 0.0127
B 550 370 0.9069 0.0004 0.0203

GS2-InDel A 400 65 0.1593 0.0007 0.0255
B 500 339 0.8309 0.0007 0.0261

GS2-InDel1A A 400 215 0.5270 0.0012 0.0349
B 450 185 0.4534 0.0012 0.0348

GS2-InDel2B A 250 101 0.2475 0.0009 0.0301
B 300 295 0.7230 0.0010 0.0312
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Figure 5. Cont.
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Figure 5. Amplification profile of the 14 Insertion/Deletion (InDel) markers of nine genes related to
grain size and weight in 204 rice germplasms. M1 represents a 2000 base pair (bp) DNA ladder, 1–24
represent the rice germplasm. The size of the DNA fragment is depicted on the right side of the
gel picture.

2.4. Favorable Alleles of Studied Genes for Gene Pyramiding

In the present study, a total of 38 alleles were identified. Out of these, only 27 alleles were
major alleles (genotype frequency ≥0.2). Alleles present in less than 20 genotypes were considered
minor alleles. Major alleles were further classified into favorable and non-favorable categories.
A total of seven alleles were found to be favorable/beneficial for improving the grain length (>8 mm),
having a better TGW, followed by GT and GW, respectively (Table 5). The individual role of the nine
studied genes for improving grain size (GL, GW, and GT) and weight (TGW) were estimated, and
the combined impact of these favorable alleles was comprehensively analyzed. ANOVA was used to
test the difference between the germplasms possessing favorable alleles and non-favorable alleles in
the studied germplasms (Table 5). The frequency of the favorable alleles was recorded to be in the
range of 24.7% to 66.4%, with the highest for the gene GW8 (with marker InDel1A), followed by GW8
(InDel), GS7 (InDel), GW8 (InDel2B), GS2 (InDel1A), GS3 (InDel), and GS2 (InDel2B), as depicted in
Figure S1. All the favorable alleles, except GS3 (InDel) and GW8 (InDel2B), were observed to contribute
to the grain length (GL > 8 mm) and thousand grain weight (Table 5). As GL and TGW are positively
correlated, these genotypes may be utilized in pyramiding the target genes for longer and heavier
grains to simultaneously improve the yield and quality. Average GL of the cumulated FAs were found
to be higher compared with the average GL of the cumulated N-FAs depicted in Table 5.

37



Int. J. Mol. Sci. 2019, 20, 4824

T
a

b
le

5
.

Py
ra

m
id

in
g

of
th

e
fa

vo
ra

bl
e

al
le

le
s

of
th

e
st

ud
ie

d
ge

ne
s

fo
r

G
ra

in
Le

ng
th

(G
L)

.

G
e

n
e

s
M

a
rk

e
rs

A
ll

e
le

s

G
ra

in
L

e
n

g
th

(m
m

)
G

ra
in

W
id

th
(m

m
)

G
ra

in
T

h
ic

k
n

e
ss

(m
m

)
T

h
o

u
sa

n
d

G
ra

in
W

e
ig

h
t

(g
)

F
A

(M
e

a
n
±S

D
)

N
-F

A
(M

e
a

n
±S

D
)

F
A

(M
e

a
n
±S

D
)

N
-F

A
(M

e
a

n
±S

D
)

F
A

(M
e

a
n
±S

D
)

N
-F

A
(M

e
a

n
±S

D
)

F
A

(M
e

a
n
±S

D
)

N
-F

A
(M

e
a

n
±S

D
)

G
S3

G
S3

-I
nD

el
A

-
7.

90
±0

.9
26

a
2.

97
±0

.2
79

a
-

-
-

-
-

B
8.

16
±0

.9
17

a
-

-
2.

95
±0

.2
44

a
-

-
-

25
.5
±3

.0
54

a

G
S7

G
S7

-I
nD

el
A

8.
19
±0

.9
21

a
-

-
-

-
-

26
.0
±2

.8
89

a
-

B
8.

08
±0

.8
28

a
-

-
2.

97
±0

.1
90

a
-

2.
12
±0

.1
62

b
-

26
.0
±2

.5
04

a

G
W

8

G
W

8-
In

D
el

A
-

7.
34
±0

.5
78

b
-

3.
05
±0

.2
03

b
-

2.
27
±0

.1
33

a
-

25
.0
±2

.6
94

b

B
8.

41
±0

.8
90

a
-

-
-

-
-

26
.0
±2

.5
83

a
-

G
W

8-
In

D
el

1A
A

-
7.

42
±0

.6
67

b
-

3.
06
±0

.2
31

b
-

2.
27
±0

.1
69

a
-

26
.0
±3

.3
09

a

B
8.

40
±0

.9
01

a
-

-
-

-
-

26
.0
±2

.6
15

a
-

G
W

8-
In

D
el

2B
A

-
7.

64
±0

.9
65

b
-

3.
00
±0

.2
38

a
-

2.
19
±0

.1
58

a
-

26
.0
±2

.8
24

a

B
8.

35
±0

.8
52

a
-

-
-

-
-

-
-

G
S2

G
S2

-I
nD

el
1A

A
-

7.
66
±0

.8
20

b
-

3.
01
±0

.2
46

a
-

2.
19
±0

.1
80

a
-

26
.0
±2

.9
43

a

B
8.

44
±0

.9
08

a
-

-
-

-
-

26
.0
±2

.7
54

a
-

G
S2

-I
nD

el
2B

A
9.

32
±0

.9
51

a
-

-
-

-
-

26
.0
±3

.1
36

a
-

B
-

7.
81
±0

.7
42

b
-

3.
01
±0

.2
01

a
-

2.
16
±0

.1
55

a
-

25
.0
±2

.7
61

b

M
ea

n
±S

D
8.

47
±0

.3
9

a
7.

62
±0

.2
2

b
2.

97
±0

.2
79

a
3.

01
±0

.0
30

a
-

2.
20
±0

.0
60

26
.0
±0

.0
0

a
25

.6
±0

.5
1

b

FA
an

d
N

-F
A

sy
m

bo
liz

e
fa

vo
ra

bl
e

an
d

no
n-

fa
vo

ra
bl

e
al

le
le

s,
re

sp
ec

ti
ve

ly
;a

an
d

b
re

pr
es

en
ts

ig
ni

fic
an

tl
y

(p
va

lu
e
<

0.
01

)d
iff

er
en

tm
ea

n
va

lu
es

.S
ig

n
(-

)s
ym

bo
liz

es
no

FA
/N

-F
A

al
le

le
un

de
r

th
is

ca
te

go
ry

38



Int. J. Mol. Sci. 2019, 20, 4824

2.5. InDel Polymorphism and Assessment of the Genetic Relationship among the 204 Rice Germplasms

To study the genetic relatedness among the studied germplasm consisting of 204 rice genotypes,
fourteen (14) developed Insertion/Deletion (InDel) markers from the nine grain shape, size, and
weight related genes were used. Most of the InDel markers amplified 2 bands / alleles, as depicted
in Figure 5. Four markers (i.e., qPE9~1-InDel, SLG7-InDel, GW5-InDel, and GS3-InDel) showed two
alleles per locus, whereas the rest of the markers showed three allele types for their respective genes
(Table 5). The major allele frequency ranged from 0.5196 to 0.9069, with an average value of 0.6903.
The studied markers also revealed higher gene diversity (D) ranging from 0.1730–0.5246, with an
average of 0.4073, indicating that the genotypes in the studied germplasm possess a considerable
range of gene variations that can be further exploited. This statement is further strengthened by the
higher values of the polymorphism information content (PIC) values, which have an average value of
0.3310 (0.1653–0.4359). The maximum PIC value was observed for the marker GW8-InDel (0.4359),
followed by GS5-InDel1A (0.4145), GW8-InDel2B (0.4023), and GS2-InDel1A (0.4018), as mentioned in
Table 6. The Average value of the observed heterozygosity was very low (0.0193), indicating that the
rice germplasm under study was mostly homozygous and had uniform lines. Among all the studied
markers, GS7-InDel (for GS7 gene) showed considerable heterozygosity in its results compared to the
other markers. The study showed that InDel markers (i.e., GW8-InDel, GW8-InDel2B, GS5-InDel1A,
and GS2-InDel1A) of the GW8, GS5, and GS2 genes are highly informative regarding these traits and
can be used to understand the genetic variations in germplasm, whereas the rest of the markers are
moderate to slightly informative for these traits in this study (Table 6).

Table 6. Estimation of the number of alleles per locus, the major allele frequency, gene diversity
(D), expected heterozygosity, and the polymorphism information content (PIC) values in the 204
rice germplasms.

Marker A pma D HExp PIC

qPE9~1-InDel 2 0.8922 0.1924 0.0000 0.1739
GW2-InDel 3 0.7108 0.4139 0.0000 0.3322
SLG7-InDel 2 0.7549 0.3700 0.0000 0.3016
GW5-InDel 2 0.7206 0.4027 0.0000 0.3216
GS3-InDel 2 0.6961 0.4231 0.0000 0.3336
GS7-InDel 3 0.5637 0.4961 0.2451 0.3778
GW8-InDel 3 0.6275 0.5115 0.0000 0.4359

GW8-InDel1A 3 0.6642 0.4613 0.0049 0.3752
GW8-InDel2B 3 0.5196 0.5173 0.0000 0.4023
GS5-InDel1A 3 0.5270 0.5246 0.0049 0.4145
GS5-InDel2B 3 0.9069 0.1730 0.0000 0.1653

GS2-InDel 3 0.8309 0.2842 0.0049 0.2490
GS2-InDel1A 3 0.5270 0.5163 0.0049 0.4018
GS2-InDel2B 3 0.7230 0.4151 0.0049 0.3500

Mean 3 0.6903 0.4073 0.0193 0.3310

A = alleles per locus; pma = major allele frequency; D = gene diversity; HExp = expected heterozygosity; PIC =
polymorphism information content.

In order to understand genetic variations and distinctiveness in the selected germplasm,
an un-weighted neighbor joining tree was constructed (bootstraps value of 10,000) based on a
dissimilarity index calculated from allelic data in the bit data format (0 and 1 indicating the absence
and presence of alleles, respectively) using the Otsuka–Ochiai coefficient [47,48]. The Formula for
calculating the coefficients was

dij = 1− a
√
(a + b)(a + c)

.

Based on cluster analysis, 204 germplasms were classified into six distinct clusters, encircled
separately, as illustrated by the UPGMA tree in Figure 6. The three major and three minor clusters
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showed distinct grain characteristics. Major clusters were designated as Cluster I, Cluster II, and
Cluster III. Cluster I consisted of 80 genotypes that can be further divided into two sub-clusters, IA
and IB. Sub-cluster IA consists of 35 genotypes, having the highest average grain length (GL) of
9.58 mm. The average grain width (GW) and average grain thickness (GT) were 2.70 mm and 2.09 mm,
respectively, whereas the thousand grain weight (TGW) of this sub-cluster was 27.07 g. Likewise,
sub-cluster IB consists of 43 genotypes, with an average GL of 8.78 mm, an average GW of 2.76,
an average GT of 2.07, and an average TGW of 25.52 g. The germplasm in cluster I contains extra-long
grain rice genotypes that can be utilized for breeding long grain rice varieties. The major Cluster II,
consisting of 35 genotypes, comprises the germplasms with an average GL, GW, GT, and TGW of
8.05 mm, 2.95 mm, 2.14 mm, and 25.36 g, respectively. This cluster contains germplasms with long and
bolder grains that can be utilized in breeding programs, where grain length along with grain width
and thickness are under consideration. Major Cluster III included 74 germplasms, with a mean GL of
7.38, a mean GW of 3.09 mm, a mean GT of 2.29 mm, and a mean TGW of 25.81 g, illustrating that this
group consisted of rice germplasms with shorter and bolder grains. This germplasm can be utilized
for short and thicker grains with a higher grain weight. The other three minor clusters contained
15 germplasms, as depicted in Figure 6.

Figure 6. InDel marker based genetic relationship among the 204 rice germplasm entries, estimated
using an un-weighted neighbor joining tree (bootstraps value of 10,000).

2.6. Estimation of Population Genetics for Grain Size and Weight Based on Fourteen InDel Markers

To estimate the genetic relationship among the populations of the 204 rice genotypes in the
germplasm, the total rice germplasm was divided into four sub-populations according to grain
type. Extra-long grains with an average grain length (GL) of more than 9.5 mm comprising 23 rice
germplasms, long grains with average AGL in the range of 8.5–9.5 mm comprising 48 rice germplasms,
medium grains comprising 78 rice germplasms with an average GL between 7.5–8.5 mm, and a
short grain type containing 55 germplasms with an average GL below 7.5 mm. Principal Coordinate
Analysis (PCoA) was used to establish the genetic relationship of all the germplasms based on fourteen
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InDel markers, as depicted in Figure 7. A scatter plot was constructed with two first coordinates that
collectively explain 57.3% of the total genetic variation and separate the germplasm into four types of
distinct clusters according to their grain types. These results are also in agreement with the results
depicted in UPGMA and the dendrogram.

Figure 7. Principal Coordinate Analysis (PCoA) of 204 rice germplasms based on 14 InDel markers.
A 2D scatter plot distributed the 204 germplasms based on InDel markers into four distinct groups
according to the average grain length. Extra-long grains (with AGL > 9.5 mm) are shifted towards the
right side, whereas short grain (AGL < 7.5 mm) germplasms shifted towards the left side. Medium
grain germplasm is dispersed over the central region of the biplot.

These four sub-populations were further investigated based on the InDel marker binary data
in order to separate the total molecular variance into variance within and between sub-populations.
The study demonstrated that the total molecular variance was partitioned into two, of which the
maximum variance (89%) was observed within the population, and the minimum was found between
the populations (11%), as demonstrated in Figure 8. The results extracted from AMOVA analysis (Table 7)
clearly showed that there was a maximum (ΦPT = 0.449) and significant (p ≤ 0.001) genetic between the
short grain and extra-long grain germplasms / sub-populations, while the lowest (ΦPT = 0.035) genetic
differentiation was observed between the long grain and medium grain sub-populations.

Figure 8. Percentages of molecular variation within and among populations.
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Table 7. Pair-wise population ΦPT value estimates among the four sub-populations of 204
rice germplasms.

Extra-Long Grain Long Grain Medium Grain

Long grain 0.097

Medium grain 0.212 0.035

Short grain 0.449 0.264 0.129

ΦPT values given below the diagonal; calculated for 10,000 permutations.

3. Discussion

Before this study, the size and weight related traits of rice grains, including grain length, grain
width, grain thickness, and thousand grain weight, had not been explored at the same time using a
large and diverse germplasm group with the help of InDel markers. New Generation Sequencing
(NGS) tools have yielded advanced, cheaper, and more efficient methods for developing such markers.
This investigatory research efficaciously shows the capable utilization of deletion / insertion variations
(DIV) that naturally accrue in the rice genome. InDel polymorphisms are the second most abundant
(after SNPs) forms of genetic variations in animals and plants, with great diversity. Moreover,
previous studies only showed the contributions of the reported genes in regulating these grain traits
separately [11,15,16,19,20,59,60]. However, recent studies have shown the modes of InDel based allelic
contributions in the expression of grain size, as well as weight related traits, the allelic combination of
all the InDel marker loci involved in the final texture of the rice grains, and the potential of each loci
in regulating these traits in rice. This research can assist in selecting or deselecting genes for rapid
breeding strategies. The correlation coefficient values suggest that the thousand grain weight (TGW)
was positively influenced by the other studied grain size traits but with a different aptitude. The TGW
can be improved by using all three studied grain traits—most importantly GT, which contributes 49%,
followed by GW and GL, which contribute 37.4% and 24.9% of the final grain weight, respectively.
These findings are in agreement with those of previous studies [19,54,61,62], which showed that grain
weight is significantly correlated with grain size. The present study further showed that the thickness
of rice grains was most strongly correlated with grain weight, followed by width, whereas the length
of the grains was the least associated, suggesting that selecting for grain thickness is more fruitful for
heavier grains (Table 2, Figure 4).

In the present study, two hundred and four rice genotypes were used to investigate alleles in
nine different genes that regulate size and weight in rice grains, using InDel markers. In the past
few years, PCR based InDel markers have gained popularity in variation studies because of their
reproducibility, easy to use nature, and co-dominant inheritance [40]. Dendrograms were used to
separate the germplasms according to their grain size and weight and divide the InDel marker data into
distinguishable clusters that could be used for breeding preferential grain appearances and weights.
Results of the genetic diversity (D) analysis and InDel based polymorphism information content (PIC)
values (Table 6) indicate that the InDel markers (GW8-InDel, GS5-InDel1A, GW8-InDel2B, GS2-InDel1A)
are highly informative (D ≥ 0.5; PIC ≥ 0.4) for the studied traits, whereas the rest of the markers
were found to be moderately (D 0.3–0.5; PIC 0.2–0.4) to slightly/less (D ≤ 0.3; PIC ≤ 0.2) informative.
These InDel markers show potential to be efficiently used to study the genetic variations (DIVs) in rice
germplasm. Only two InDel markers showed very low values (gene diversity ≤0.3; PIC ≤ 0.2) for D and
PIC, indicating that the deployed markers were fairly informative [20]. Furthermore, this investigatory
research also showed the capability of InDel markers to distinguish a diverse rice germplasm into
distinctive groups (Figure 6) with different combinations of grain lengths, widths, thicknesses, and
weights that could be used to breed desirable genotypes with better potential for higher market value
rice grains and heavier grains for a better yield.

This study successfully identified 25 InDel marker derived loci highly associated (p ≤ 0.05) with
grain size and weight in rice (Table 4). A total of 38 alleles were identified, out of which 27 alleles
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were major and were found in more than 20 genotypes. In the case of GL, five markers (GW8-InDel,
GW8-InDel1A, GW8-InDel2B, GS2-InDel1A, and GS2-InDel2B) corresponding to two genes (GW8
and GS2) were found to have a highly significant association with GL at p ≤ 0.01. Similarly, two
markers (GS3-InDel and GS5-InDel1A) corresponding to two genes (GS3 and GS5) were found to have
a significant association with GL at p ≤ 0.05. In the case of GT, five markers (GW8-InDel, GW8-InDel1A,
GW8-InDel2B, GS2-InDel1A, and GS2-InDel2B), corresponding to two genes (GW8 and GS2), were
found to have a significant association with GT (at p ≤ 0.01). Similarly, two markers (GS3-InDel and
GS7-InDel), corresponding to genes GS3 and GS7, were found to have a significant association with GT
(at p ≤ 0.05).

For GW, five markers (GW8-InDel, GW8-InDel1A, GW8-InDel2B, GS2-InDel1A, and GS2-InDel2B),
corresponding to genes GW8 and GS2, respectively, were found to have a significant association with
GW at p ≤ 0.01. Similarly, one marker (GW5-InDel), corresponding to gene GW5, was found to have a
significant association with GW at p ≤ 0.1. For TGW, one marker (GW8-InDel2B), corresponding to
gene GW8 was found to have a significant association with GW at p ≤ 0.01. Similarly, three markers
(GW5-InDel, GS5-InDel1A, and GS5-InDel2B), corresponding to two genes (GW8 and GS5) were found
to have a significant association with GW at p ≤ 0.05.

The SLG7 gene is known to regulate the grain size in rice via increased cell division, longitudinally
resulting in longer grains [21]. In the present study, the SLG7-InDel marker showed a significant
(p ≤ 0.05) association with the thousand grain weight (TGW), which is also in agreement with the
results of other researchers. This gene encodes the TONNEAU1-recruiting motif protein, which was
found by many researchers [37] to be responsible for grain appearance by altering cell divisions,
thus having significant effects in regulating grain weight, as well. Notably, GW5 gene was found
to have a significant contribution in controlling GW and TGW (p ≤ 0.05), also revealed by previous
studies [23–26], which showed that this gene encodes a calmodulin-binding protein and GW5 physically
interacts with calmodulin AsCaM1-1, which is responsible for grain width in rice. Recent studies have
also demonstrated that this gene is responsible for regulating TGW (a significant correlation with
p ≤ 0.05), as TGW is directly and highly associated with GW (Table 4), thereby confirming its utilization
in grain yield improving objectives in rice breeding programs. Previous studies also identified this
gene for controlling seed width and weight in rice [23,24,63].

Previous studies showed that GS3 was among the first reported genes to have minor effects on
grain thickness and width. The domains on its encoded protein have been reported to regulate cell
divisions in the upper epidermis of the glume inside the rice seed, causing minor effects on cell size [29].
In the present study, the GS3-InDel marker was found to be significantly associated (p ≤ 0.05) with grain
length and grain thickness, which is consistent with previous reports [20,28,31]. Another InDel marker
for the GS7 gene (GS7-InDel) was also found to be significantly (p ≤ 0.05) related with grain length and
thickness. Our studies showed that the investigated alleles for both genes GS3 and GS7 affectively
regulated grain length and thickness in the rice (Table 3). Previous studies [20,30] also reported that
the germplasm carrying different alleles of the GS3 gene with different allele combinations of GS7
produced different grain lengths and thicknesses. Shao et al. [30] also reported that GS7 is a strong
QTL known to regulate grain size and controls grain length, roundness (thickness), and area (size) in
rice. Ngangkham et al. [20] also found this gene to be associated with GL and GT, thereby playing
a significant role in regulating grain size. For GW2 gene, the results for gene associations with any
trait were non-significant, but in previous studies, the gene was found to control the grain width in
rice grains [12]. Ngangkham et al. [20] also found no association of this gene with any of these traits
using STS (Sequence-Tagged Sites) markers, thus emphasizing the ineffectuality of the markers used.
This might be due to inter- and/or intra-allelic interactions that may be subjected to further studies.

Among all the studied genes for grain size and weight, GW8 was detected to represent a highly
significant (p ≤ 0.01) association with all the grain size related traits, thereby suggesting its great
importance in regulating grain size in rice. The GW8 bearing genotypes were reported to have a higher
grain length and grain length-width ratio [20]. The scanning results of the electron microscopy analysis
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of the lemma in GW8.1 carrying NILs showed that the inner epidermal cell length was higher than the
lines without this gene, indicating that GW8.1 might be responsible for regulating cell elongation [64].
GW8 (OsSPL16) encodes a protein that is positively associated with cell proliferation [31]. Its higher
expression promoted cell division and grain filling, consequentially increasing grain width and yield
in rice. Another study also suggested that GW8 suppresses the expression of the GW7 gene and plays
a significant role in controlling grain size [21]. In the present study, GW8 was determined to regulate
grain length, width, and thickness. All three InDel markers successfully distinguished the germplasm
into two alleles: the A-allele, which is responsible for shorter, thicker, and wider grains, and the B-allele,
which carries genotypes possessing longer but narrower grains. This is due to the fact that grain
length (GL) is negatively correlated with grain width (GW) and grain thickness (GT), as depicted by
correlation analysis in Table 2. Based on these results, the B-allele carrying germplasm may be selected
to breed longer grains, and the A-alleles may be screened for broader, shorter, and thicker grains.
However, all three traits (i.e., GL, GT, and GW) contributed to the thousand grain weight (as suggested
by the positive correlation between GL, GT, and GW with thousand grain weight), assuming that
both alleles contribute to an increased yield. Two markers (i.e., GW8-InDel and GW8-InDel1A) were
shown to have highly significant (p ≤ 0.0001) associations with GL, GT, and GW, thus indicating the
ample potential of InDel markers in variation studies and genome-wide association studies. The third
marker (i.e., GW8-InDel2B) for the GW8 gene was also identified to have a highly significant (p ≤ 0.01)
association with GL and GW (Table 5). However, unlike the other two InDel markers for the GW8 gene,
GW8-InDel2B also showed a highly significant (p ≤ 0.0001) relationship with GT and the thousand
grain weight (Table 4), indicating its potential to be used for all four studied traits to improve the grain
size and grain weight in rice.

Two InDel based markers were used for the GS5 gene, and both of these markers showed a
significant (p ≤ 0.05) association with only the thousand grain weight. These findings are partially
inconsistent with other studies [32,65], which suggested that the GS5 gene is associated with grain
width and grain weight in rice. Previously, Lee et al. [63] attained three types of alleles by applying
the markers generated from the promoter-region of the GS5 gene, thus demonstrating the relatedness
of this gene with grain weight. However, in another study, this gene was reported to participate
in the regulation of grain length and grain width [63]. This might be due to higher genetic and/or
allelic interactions with other genes/alleles that must be studied more comprehensively. This gene has
been reported to have significant importance in regulating grain yield, as concluded by Li et al. [32],
who showed that this gene encoded proteins—i.e., the putative serine carboxypeptidase executes its
function as a positive regulator of a subset of the transition genes (G1-to-S) of the cell cycle, thereby
causing increased cell divisions and resulting in enhanced grain filling and grain weight.

The Present study further explored the previously reported gene GS2 to be highly associated
(p ≤ 0.001) with all three-grain size related traits. Out of the three markers, two markers for this gene
(including GS2-InDel1A and GS2-InDel2B) showed the potential for GL, GT, and GW, whereas the
marker GS2-InDel showed no association with any trait (Table 4). For both markers 1A and 1B for this
gene, the germplasm was separated into two groups carrying A- and B-alleles with different grain
size traits. In the case of InDel1A, the A-allele was associated (p ≤ 0.001) with a shorter grain length
(7.66 ± 0.820 mm) with thicker and wider grains, whereas its B-allele had a germplasm with a longer
(8.44 ± 0.908 mm) grain length and narrower and slander grains (Table 5). Conversely, for the other
marker, GS2-InDel2B, the A-allele was detected to relate to the germplasm with the longest grain
lengths (9.32 ± 0.951 mm) and narrowest grains (the GW average is 2.65 ± 0.303 mm) in the whole
germplasm, whereas the genotypes carrying the B-allele possessed shorter grains (7.81 ± 0.742 mm)
and wider grains (3.01 ± 201 mm), as depicted in Table 4. This finding suggests that these InDel
markers can further be investigated to breed for >9 mm grain lengths. Previous studies also showed
that this gene directly controls two important grain size related traits, including grain width and grain
length in rice. Researchers showed that its overexpression increased cell enlargement and enhanced
cell division in the grain, thus producing longer and wider rice grains [33–36].

44



Int. J. Mol. Sci. 2019, 20, 4824

This study further investigated the favorable alleles in the studied germplasm to improve the grain
length (>8 mm) with heavier grains. Identifying the beneficial alleles of the target traits is one of the
most important prerequisites to improve modern cultivars via introgressions of favorable alleles from
a vast gene pool using marker assisted selection approaches. This investigatory research discovered
seven favorable alleles for grain length that can be utilized to improve grain size, while keeping in
mind the recent criterion for longer grains with improved grain sizes and weights.

This research explored 7 genes and 11 InDel marker associations with grain size and weight
related traits in rice. The present study further showed that InDel markers may be used efficiently
in research investigations related to genetic variations, genome-wide association studies, germplasm
genetic characterization, gene mapping, and other studies to further develop the ease and efficiency
of breeding procedures and create more desirable varieties to cope with climate change and food
security risks.

4. Materials and Methods

4.1. Rice Material Collection and Phenotyping

The plant material of this experiment included 204 rice germplasms, which included lines with a
wide range of grain size related traits. Plant material was received from the Key Laboratory of Crop
Genetics and Breeding section, Yangzhou University, Jiangsu province, P.R. China, comprising rice
lines with higher yields. The field experiment was carried out in the experimental fields of the research
capacity in Yangzhou University (E, N) during the normal rice season (from May to November) in
2018. Sowing of the material was carried out in the nursery for the grain cell, and then the 30 day old
nursery was transplanted into well prepared fields following standard agronomic practices in order to
assure full expression of the traits. Plant to Plant distance was maintained at 10 cm, whereas row to
row distance was maintained at 15 cm. For grain trait phenotyping, data were collected during the
stage of plant maturity from the middle plants in the central row of each entry. Grain size related traits
(i.e., grain length (GL), grain width (GW), and grain thickness (GT)) were measured in (millimeters) as
the average from ten completely mature and filled grains using digital Vernier calipers. Likewise, data
for grain weight related traits (i.e., thousand grain weight (TGW)) were measured for 250 carefully
counted, filled, and fully mature rice grains using an electronic digital weighing balance, and the
values were multiplied by a factor of 4 to obtain the 1000 grain weight.

4.2. DNA Extraction and PCR

DNA was extracted from fresh rice leaves according to the method described in [66], with minor
modifications. PCR (polymerase chain reaction) was conducted, and the products were separated
by agarose gel electrophoresis [67]. A set of newly developed insertion/deletion (InDel) markers
was selected as the primary markers, as found in the open rice genome sequence library (http:
//www.ncbi.nlm.nih.gov). Amplified DNA products were analyzed on 3% agarose gels stained with
ethidium bromide and photographed with a UVP system.

4.3. Marker Genotyping

The germplasm comprising 204 rice germplasms was mined for the presence of 9 grain size and
weight related genes (i.e., qPE9~1, GW2, SLG7, GW5, GS3, GS7, GW8, GS5, and GS2) using the 14 InDel
markers given in Table 8, along with detailed information of the primer pairs for each marker. All the
markers were scored visually as 1 for their presence and 0 for their absence.
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Table 8. Detailed information for the 14 molecular markers for the 9 grain size and weight related genes.

S.N. Genes Markers Forward (5’ to 3’) Reverse (5’ to 3’) Tm(◦C) Types

1 qPE9~1 qPE9~1-InDel AGTGGTGCCTATAACTCTGC AGCAAAGAGGACGTCATACT 55 InDel

2 GW2 GW2-InDel GCAATGCAAAAGCATATGGC AAAGCCAAAGATGCACACAG 53 InDel

3 SLG7 SLG7-InDel TGGTTTCGATTAGGTTCCTCT AAAACGCCGTTTAGCTATCC 52 InDel

4 GW5 GW5-InDel GAACTACATGTCCAACACGC CTCCACCACCACCACCTC 58 InDel

5 GS3 GS3-InDel ATGACCACGTCGATCATCAA ACTCCACCTGCAGATTTCTT 53 InDel

6 GS7 GS7-InDel TGGTCAAATCATGGGCTAAT TATTATTGTGCCTGCGATCC 51 InDel

7

GW8

GW8-InDel AAAAGAGACAGCCACGGAAT TCTTGAGATCCCACTCCATG 54 InDel

8 GW8-InDel1A AAAAGAGACAGCCACGGAAT TCTTGAGATCCCACTCCATG 55 InDel

9 GW8-InDel2B TTTCAGTGTCCTCCTGTCTG ACCACTAAACCAGGTGCTAC 56 InDel

10
GS5

GS5-InDel1A TGACGCCGTTGACTTTTTGA GAATCCGGCGTTGATTTCGA 55 InDel

11 GS5-InDel2B AGGTGTTGTTCGAAACTCACG TGAAAATTTGGATATTCGTGGCA 54 InDel

12

GS2

GS2-InDel CCCACCGCATGATACATCTA ATGTGGGAATTTCTAGCCCC 55 InDel

13 GS2-InDel1A GCCGCGGTCTTTAGTAATGG CCTTCTCGTGTCGGGCTC 59 InDel

14 GS2-InDel2B AAATTGCAGCCGACCGTAG AAATTGTGACGAGTCCCAGC 55 InDel

4.4. Statistical Analyses

Descriptive statistics and factorial analyses for the trait association of GL, GT, GW, and TGW were
conducted using the statistical package SYSTAT, version 13.1. Principal Component Analysis (PCA) for
testimation of the phenotypic variability within the germplasm was performed using Minitab software,
version 18. Correlation coefficients among the grain size and weight related traits were determined
using the computer-based software, IBM-SPSS, version 25.

For allele scoring, the genetic variations, expected heterozygosity, and polymorphism information
content (PIC) values of the 14 markers were calculated using binary data in the POWER MARKER
software, version 3.25 [68]. The presence of alleles was scored as 1, whereas the absence of alleles
was scored as 0 to generate a binary matrix for each genotype. An un-weighted neighbour joining
UPGMA tree was built based on the marker data using the DARwin 6 software [69]. Another UPGMA
dendrogram (to categorize different groups based on phenotypic data) was constructed using the PAST
version 3.25 software. A scatter plot was constructed using the PAST version 3.25 software to disperse
the germplasm further into the sub-populations based on the InDel marker data [63,70]. The Principal
Coordinate Analysis (PCoA) analysis and Analysis of Molecular Variance (AMOVA) were conducted
from the binary data of the InDel markers using GenAlEx version 6.502. The binary data of the genetic
markers were constructed according to grain size, which was used to separate the total molecular
variance between and within the groups. ΦPT was also calculated using GenAlEx v. 6.502.

5. Conclusions

Collectively, it can be concluded that allelic variations of the nine genes are extensively distributed
in the studied germplasm. Further, we observed that most of these alleles are significantly associated
with variations in one or more of the studied traits related to grain size and grain weight in rice.
The results also suggest that several genotypes have similar grain size characteristics and share particular
allele and/or allele combinations of the nine key genes examined in this study. The examinations of
allelic contributions from different genes in regulating grain size and weight related traits undertaken
in the study will further strengthen our understanding of the complex mechanisms involved in rice
grain appearance and the grain weight to be utilized in rice breeding programs. The identified genes
and their linked InDel markers could be highly informative in pyramided breeding strategies and
selecting parental lines for developing rice varieties according to consumer needs.
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Abstract: Dwarfism and semi-dwarfism are among the most valuable agronomic traits in crop breeding,
which were adopted by the “Green Revolution”. Previously, we reported a novel semi-dwarf rice
mutant (oscyp96b4) derived from the insertion of a single copy of Dissociator (Ds) transposon into
the gene OsCYP96B4. However, the systems metabolic effect of the mutation is not well understood,
which is important for understanding the gene function and developing new semi-dwarf mutants.
Here, the metabolic phenotypes in the semi-dwarf mutant (M) and ectopic expression (ECE) rice line
were compared to the wild-type (WT) rice, by using nuclear magnetic resonance (NMR) metabolomics
and quantitative real-time polymerase chain reaction (qRT-PCR). Compared with WT, ECE of the
OsCYP96B4 gene resulted in significant increase of γ-aminobutyrate (GABA), glutamine, and alanine,
but significant decrease of glutamate, aromatic and branched-chain amino acids, and some other amino
acids. The ECE caused significant increase of monosaccharides (glucose, fructose), but significant
decrease of disaccharide (sucrose); induced significant changes of metabolites involved in choline
metabolism (phosphocholine, ethanolamine) and nucleotide metabolism (adenosine, adenosine
monophosphate, uridine). These metabolic profile alterations were accompanied with changes
in the gene expression levels of some related enzymes, involved in GABA shunt, glutamate and
glutamine metabolism, choline metabolism, sucrose metabolism, glycolysis/gluconeogenesis pathway,
tricarboxylic acid (TCA) cycle, nucleotide metabolism, and shikimate-mediated secondary metabolism.
The semi-dwarf mutant showed corresponding but less pronounced changes, especially in the gene
expression levels. It indicates that OsCYP96B4 gene mutation in rice causes significant alteration in
amino acid metabolism, carbohydrate metabolism, nucleotide metabolism, and shikimate-mediated
secondary metabolism. The present study will provide essential information for the OsCYP96B4
gene function analysis and may serve as valuable reference data for the development of new
semi-dwarf mutants.

Keywords: rice; dwarfism; OsCYP96B4; metabolomics; NMR; qRT-PCR
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1. Introduction

Rice (Oryza sativa L.) is an important staple food for more than half of the global population [1].
Its sustainable production is critical to the world’s food security and the health of the ever-increasing
global population. Although nitrogen fertilization is essential for improving grain yield, the increasing
usage rate will lead to increased plant height [2,3]. The resulting taller plants are prone to lodging
caused by wind/rain, which will increase the difficulty of harvest, promote pre-harvest germination
and fungal contamination, and ultimately lead to significant reduction in grain yield and quality [2,4].

As adopted by the “Green Revolution” [2], dwarfism and semi-dwarfism are among the most
valuable agronomic traits in crop breeding [5,6]. The semi-dwarfism in rice enhances their lodging
resistance (e.g., to wind and rain), improves harvest index (i.e., grain/straw ratio) and enhances
biomass production [2]. Therefore, a wide range of studies have been done on the development of
rice semi-dwarf mutants [3,6–8], which can be broadly categorized into phytohormone-dependent
(e.g., brassinosteroids- or gibberellins-related) and phytohormone-independent mutants [6]. Previously,
we reported a novel phytohormone-independent semi-dwarf rice mutant derived from the insertion of
a single copy of transposon Dissociator (Ds) into the gene OsCYP96B4 (Oryza sativa CytochromeP450
96B4), which resulted in defects in cell elongation and pollen germination [5]. As one of the largest
protein-encoding gene families in plants, the cytochrome P450 (CYP) superfamily plays important
roles in plant growth, development, and responses to biotic and abiotic stresses [9]. CYP96B subfamily
belongs to the CYP96 family of the CYP86 clan. Recently, the functions of the CYP96B subfamily
have been gradually revealed. CYP96B5 hydroxylates alkanes to primary alcohols and is involved
in rice leaf cuticular wax synthesis [10]. OsCYP96B4 is involved in secondary cell wall formation in
rice [11], associated with the growth and drought stress responses in rice [12], and may be an important
regulator of plant growth that affects plant height in rice [6]. However, to the best of our knowledge,
currently, the systems metabolic effect of the OsCYP96B4 gene mutation in rice is unclear, which is
important for understanding the gene function and developing new semi-dwarf mutants.

Metabolomics is useful in characterizing the systems metabolic changes of biological systems
to genetic modification or environmental stimuli [13–16]. Nuclear magnetic resonance (NMR) and
mass spectrometry (MS) are the two dominant high-throughput analytical platforms employed
in metabolomics, possessing their own advantages and providing complementary metabolic
information [17]. For NMR analysis, it shows very high reproducibility, requires minimal sample
preparation, detects in a non-selective manner and favors unambiguous metabolite identification [17].
Metabolomics has been widely applied in evaluating the metabolic response of plants to gene
manipulation and biotic/abiotic stresses, e.g., the insertion of a moss Na+ transporter gene in rice
and barley [18], the influence of SUB1A gene during submergence stress in rice [19], Tri5 gene
deletion in Fusarium graminearum [20], antisense thioredoxin s (anti-trx-s) introduction to wheat for
pre-harvest sprouting resistance [21], Fusarium oxysporum inoculation in chickpea roots [22], brown
planthopper infestation in pest-susceptible and -resistant rice plants [23]. Metabolomics has also been
used to characterize the metabolic phenotypes of plant dwarf and semi-dwarf mutants, e.g., BW312
barley (Hordeum vulgare) semi-dwarf mutant [24], dwarf banana (Musa spp.; Musaceae) variants [25],
tomato (Solanum lycopersicum L.) dwarf cultivar Micro-Tom [26], a dwarf genotype of soybean named
MiniMax [27], and dwarfed tcd2 (totally cyanide deficient 2) mutants of Sorghum bicolor (L.) Moench [28].
Such studies indicate that there are significant metabolic profile alterations in the dwarf/semi-dwarf
mutant plants. However, to the best of our knowledge, currently, there is no metabolomics study on
the dwarf rice.

In the present study, we investigated the differences in the metabolome and related gene expression
levels among the oscyp96b4 semi-dwarf mutant (M), ectopic expression (ECE), and wild-type (WT)
rice using NMR-based metabolomics and quantitative real-time polymerase chain reaction (qRT-PCR).
We aimed to (1) characterize the metabolic phenotypes of the mutant rice and (2) elucidate the systems
metabolic effect of the mutation by integrating the metabolomics and gene expression data. The analysis
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provides essential information on the OsCYP96B4 gene function and may serve as reference data for
the development of new semi-dwarf mutants.

2. Results

2.1. Metabolite Profiling in Wild-Type and Mutant Rice

In the 1H NMR spectra of rice extracts, a total of 42 abundant metabolites were assigned (Table S1)
according to 2D NMR experiments and literature reports [29]. Typical 1D 1H NMR spectra of WT, M,
and ECE rice extracts were shown in Figure 1. The NMR spectra contain signals mainly from amino acids
and derivatives, choline metabolism-related metabolites, carbohydrate metabolites, tricarboxylic acid
(TCA) cycle intermediates, nucleotide metabolites, N-methylnicotinate, nicotinamide mononucleotide,
lipid, formate, methylamine, mono-methyl phosphate, and methanol.

 
Figure 1. Representative 800 MHz 1H NMR spectra for the extracts of 2-week-old seedling shoots
(without roots) from (a) the wild type, (b) the oscyp96b4 semi-dwarf mutant, and (c) the OsCYP96B4
ectopic expression rice lines. The dotted regions δ0.5−3.1 and δ5.5−9.61 were vertically expanded 4
and 32 times respectively, compared to the region δ3.1-4.5. Metabolite keys: 1, isoleucine; 2, leucine;
3, valine; 4, lipid; 5, threonine; 6, lysine; 7, alanine; 8, arginine; 9, γ-aminobutyrate; 10, glutamate;
11, glutamine; 12, malate; 13, succinate; 14, 2-oxoglutarate; 15, citrate; 16, methylamine; 17, aspartate;
18, asparagine; 19, ethanolamine; 20, choline; 21, phosphocholine; 22, β-glucose; 23, α-glucose; 24,
methanol; 25, mono-methyl phosphate; 26, sucrose; 27, uridine; 28, uridine 5′-monophosphate (UMP);
29, allantoin; 30, uridine diphosphate glucuronic acid (UDP glucuronate); 31, adenosine; 32, adenosine
monophosphate (AMP); 33, fumarate; 34, tyrosine; 35, histidine; 36, tryptophan; 37, phenylalanine; 38,
N-methylnicotinate (trigonelline, NMNA); 39, nicotinamide mononucleotide (nicotinamide ribotide,
NMN); 40, formate; 41, β-D-fructopyranose; 42, β-D-fructofuranose.

2.2. OsCYP96B4 Gene Mutation Induced Metabolic Changes in Mutant Rice

Clear differentiation in the metabolic profiles among the three rice phenotypes was shown in the
PCA scores plots (Figure S1) and the corresponding OPLS-DA scores plots (Figure 2). The OPLS-DA
model quality was evaluated by the sevenfold internal cross-validation, with R2(X)= 0.368, R2(Y)= 0.988,
Q2 = 0.940 for the comparison between WT and M (Figure 2a), R2(X) = 0.537, R2(Y) = 0.985, Q2 = 0.959
for the comparison between WT and ECE (Figure 2b), and R2(X) = 0.464, R2(Y) = 0.972, Q2 = 0.915
for the comparison between M and ECE (Figure 2c). The model validities were demonstrated by
CV-ANOVA of OPLS-DA models (Figure 2) and permutation tests on the corresponding PLS-DA
models (Figure S2). Detailed metabolic profile difference among the three phenotypes were shown in
the color-coded loadings plots of OPLS-DA models (Figure 2) and further summarized in Figure 3 and
Table S2.
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Figure 2. Cross-validated OPLS-DA scores plots (left) and the corresponding loadings plots (right)
derived from the comparison of 1H NMR spectra for (a) the wild type (WT, �) and the oscyp96b4
semi-dwarf mutant (M, •), (b) the wild type (WT, �) and the OsCYP96B4 ectopic expression (ECE, �),
(c) the oscyp96b4 semi-dwarf mutant (M, •) and the OsCYP96B4 ectopic expression (ECE, �). Metabolite
keys are shown in Figure 1 and Table S1.

Figure 3. Heat map showing metabolites with significant level changes (p < 0.05) for (a) the oscyp96b4
semi-dwarf mutant (M) vs. the wild type (WT), (b) the OsCYP96B4 ectopic expression (ECE) vs. the
wild type (WT), and (c) the OsCYP96B4 ectopic expression (ECE) vs. the oscyp96b4 semi-dwarf mutant
(M). It was color-coded with the Pearson correlation coefficients from the corresponding OPLS-DA
models, where a warm color (e.g., red) indicates significant increase of metabolites in M (a) or ECE (b,c)
as compared to the counterpart, a cool color (e.g., blue), indicating significant decrease, and the grey
color indicates no significant difference.
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Compared to WT, M showed higher levels of γ-aminobutyrate, choline, carbohydrates (glucose,
fructose), uridine, N-methylnicotinate, lipid, and mono-methyl phosphate, but lower levels of most
amino acids (isoleucine, leucine, valine, threonine, glutamate, aspartate, tyrosine, histidine, tryptophan,
phenylalanine), ethanolamine, and TCA cycle intermediates (malate, succinate, citrate, and fumarate)
(p < 0.05, Figures 2a and 3a, Table S2). ECE presented more alanine, γ-aminobutyrate, glutamine,
carbohydrates (glucose, fructose), adenosine, N-methylnicotinate, lipid, and formate, but less amino
acids (isoleucine, valine, threonine, arginine, glutamate, aspartate, asparagine, tyrosine, histidine,
tryptophan, phenylalanine), choline metabolites (ethanolamine, phosphocholine), sucrose, nucleotide
metabolites (uridine, adenosine monophosphate), and mono-methyl phosphate than WT (p < 0.05,
Figures 2b and 3b, Table S2). Compared with M, there were increases of γ-aminobutyrate, glutamine,
alanine, carbohydrates (glucose, fructose), TCA cycle intermediates (succinate, fumarate and malate),
lipid, and formate, but decreases of amino acids (asparagine, arginine, histidine, phenylalanine, tyrosine,
tryptophan), choline metabolites (ethanolamine, phosphocholine), sucrose, uridine, and mono-methyl
phosphate in ECE (p < 0.05, Figures 2c and 3c, Table S2).

2.3. Gene Expression Analysis

The qRT-PCR analysis was performed to acquire supporting information for the aforementioned
metabolic changes induced by OsCYP96B4 gene mutation. Compared with WT, significant alterations
(p < 0.05) in M or ECE were observed for the expression levels of key enzyme-encoding genes,
responsible for the regulation of GABA shunt, glutamate/glutamine metabolism, choline metabolism,
carbohydrate metabolism, nucleotide metabolism, and secondary metabolism (Figure 4).

Along with the metabolite level changes, OsCYP96B4 gene mutation induced significant alterations
in the expression levels of key genes in GABA shunt and glutamate/glutamine metabolism, including
the down-regulation of glutamate decarboxylase 4 gene (GAD4) in M and the up-regulation of
glutamate synthase 2 gene (GOGAT2) and glutamine synthetase gene (GS) in ECE. OsCYP96B4
gene mutation also resulted in significant changes of gene expression related to choline metabolism,
i.e., down-regulation of betaine aldehyde dehydrogenase 2 gene (BADH2) in M and up-regulation of
phosphoethanolamine/phosphocholine phosphatase gene (PHOSPHO1) in ECE. In addition, significant
alterations were also observed for the gene expression pertaining to the metabolism of other amino acids,
including the down-regulation of aspartate aminotransferase gene (AAT) and LL-diaminopimelate
aminotransferase gene (LL-DAP-AT) in M, along with the up-regulation of AAT and aspartate kinase
gene (AK) and down-regulation of alanine transaminase gene (ALT) and LL-DAP-AT in ECE (Figure 4a).

There were significant changes in the gene expression involved in carbohydrate
metabolism, including significant down-regulation of genes encoding sucrose synthase 1 (SUS1),
fructose-bisphosphate aldolase (FBA), glyceraldehyde 3-phosphate dehydrogenase (GAPDH),
2,3-bisphosphoglycerate-independent phosphoglycerate mutase (iPGM) and aconitase (ACO) in
M, along with the up-regulation of genes encoding hexokinase-8 (HXK8), phosphoglucomutase (PGM),
and succinate dehydrogenase (SDH) and down-regulation of genes encoding malate dehydrogenase
(MDH) in ECE (Figure 4b).

Significant changes also occurred in the gene expression related to nucleotide metabolism, i.e.,
the up-regulation of adenine phosphoribosyltransferase gene (APRT) in ECE, and down-regulation of
allantoinase (ALN) gene in both M and ECE (Figure 4c). In addition to the significant alterations of
gene expression in primary metabolism, OsCYP96B4 gene mutation also led to significant changes of
gene expression in secondary metabolism, i.e., the down-regulation of tyrosine aminotransferase gene
(TAT), phosphoribosylanthranilate isomerase gene (PRAI), indole-3-glycerol phosphate synthase gene
(IGPS), anthranilate synthase beta subunit 2 gene (ASB2) in M, and the down-regulation of PRAI in
ECE (Figure 4c).

For the comparison between ECE and M, the gene expression alterations were nearly the same as
the comparison between ECE and WT, except for the significant increase of ACO and no significant
change of PRAI in ECE when compared with M (at the significance level of 0.05, Figure 4a–c).
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Figure 4. Gene expression levels in the wild-type (WT, blue bars), the oscyp96b4 semi-dwarf mutant (M,
orange bars), and the OsCYP96B4 ectopic expression (ECE, grey bars) rice lines measured by qRT-PCR.
Data shown are means ± SE of three biological replicates each with three technical replicates (* p < 0.05,
#P < 0.01, as compared to WT; † p < 0.05, ‡ p < 0.01, as compared to M).

3. Discussion

The aforementioned metabolomics and gene expression data showed that OsCYP96B4 gene
mutation resulted in comprehensive metabolic responses in rice plants. The responses were summarized
in Figure 5, mainly including alterations in amino acid metabolism, carbohydrate metabolism,
nucleotide metabolism, and secondary metabolism. In general, such changes were more comprehensive
in ECE than in M when compared with WT, especially on the gene expression levels. Moreover,
significant differences were observed in the metabolic and gene expression levels between ECE and M.
These differences may be related to the developmental disparities in the two mutants. The oscyp96b4
mutant displayed a semi-dwarf phenotype, but with the development of panicles and seeds (i.e.,
complete mature plant formation). However, the ECE plants remained severely dwarf, without any
panicle formation, and normally died after about 4 weeks in the pot. Taken together, the results shed
light on the OsCYP96B4 gene function and may be associated with the plant phenotype (i.e., dwarfism).
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3.1. Amino Acid Metabolism

The GABA shunt is comprised of three steps, including the α-decarboxylation of glutamate to
GABA by glutamate decarboxylase (GAD), the conversion of GABA to succinic semialdehyde by GABA
transaminase (GABA-T), and the oxidization of succinic semialdehyde to succinate catalyzed by succinic
semialdehyde dehydrogenase (SSADH) [30,31]. There are reported connections between GABA shunt
and plant dwarfism. The suppression of GABA-T induces prominent GABA accumulation, dwarfism,
and infertility in the tomato [32]. Rice plants overexpressing OsGAD2ΔC have dwarf phenotypes [33].
In the present study, there was significant increase of GABA and decrease of glutamate levels in
both M and ECE. Besides, the succinate level and the GAD4 gene expression was down-regulated
in M. Although both glutamate and GAD4 were down-regulated in M, other metabolic pathways
(e.g., arginine and proline metabolism) may contribute to the increase of GABA level. It indicates
that OsCYP96B4 functions affect rice GABA shunt, which may be connected with the dwarfism
phenotype [32,33].

The glutamine synthetase/glutamine:2-oxoglutarate amidotransferase (i.e., GS/GOGAT) cycle plays
a regulatory role in the nitrogen assimilation process in plants [34]. While glutamine synthetase (GS)
catalyzes the conversion of glutamate and ammonia into glutamine, glutamate synthase (i.e., GOGAT,
or glutamine:2-oxoglutarate amidotransferase) catalyzes the formation of glutamate from glutamine
and 2-oxoglutarate. Here, the significant decrease of glutamate was observed in both M and ECE,
together with the up-regulated GS, GOGAT2 gene expression, and glutamine level in ECE. It suggests
the function of OsCYP96B4 on rice glutamate and glutamine metabolism, along with GS/GOGAT cycle,
which may be connected with the nitrogen assimilation process [34] and the dwarfism phenotype.

Isoleucine, leucine, and valine are three branched-chain amino acids (BCAAs). Here, significant
decrease of isoleucine and valine were observed in both M and ECE, along with the significantly
reduced leucine level in M. As both valine and isoleucine possess the glucogenic property, their
level decrease and the increase of glucose concentration may indicate the possible gluconeogenesis
process in the mutant rice. Although at present there are no relevant reports, it suggests the effect of
OsCYP96B4 mutation on rice branched-chain amino acid metabolism, which may be connected with
the dwarfism phenotype.

Phosphoethanolamine/phosphocholine phosphatase (PHOSPHO1) catalyzes the conversion of
phosphoethanolamine to ethanolamine and the conversion of phosphocholine to choline. Choline can
be further converted to betaine by the action of choline monooxygenase (CMO) and betaine aldehyde
dehydrogenase 2 (BADH2). It was shown that simultaneous expression of Spinacia oleracea chloroplast
CMO and BADH genes contribute to dwarfism in transgenic Lolium perenne [35]. In the current study,
there were significantly decreased ethanolamine level and BADH2 gene expression level, along with
significantly increased choline level in M. While, there were significantly decreased ethanolamine
and phosphocholine levels and significantly increased PHOSPHO1 gene expression level in ECE.
These observations suggest the influence of OsCYP96B4 function on rice choline metabolism and
dwarfism [35].

In addition, OsCYP96B4 mutation showed potential effects on the metabolism of other amino
acids, including the significant decrease of threonine, aspartate, histidine levels, and LL-DAP-AT gene
expression in both M and ECE, the down-regulation of AAT expression level in M, and the significantly
decreased levels of asparagine, arginine, and ALT expression along with the significantly increased
levels of alanine and AK expression in ECE.

3.2. Carbohydrate Metabolism

Sucrose synthase (SUS) is a key enzyme for the regulation of carbon partitioning in plants by
providing UDP-glucose as a substrate for the biosynthesis of cellulose and other polysaccharides [36].
It has been shown that AtCesA8::SUS3 transgenic rice plants exhibited largely improved biomass
saccharification and lodging resistance by reducing cellulose crystallinity and increasing cell wall
thickness [36]. OsIDD2 overexpression leads to severely dwarfed rice plants and OsIDD2 negatively
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regulates the transcription of genes involved in lignin biosynthesis, cinnamyl alcohol dehydrogenase
2 and 3 (CAD2 and 3), and sucrose metabolism sucrose synthase 5 (SUS5) [37]. In the present study,
although there were significant increases of glucose, fructose, and uridine levels in M, the significant
decrease of SUS1 gene expression may lead to the unchanged level of sucrose. While for ECE, the
significantly increased levels of glucose, fructose, and HXK8 and PGM gene expression and the
decreased uridine level may result in the decrease of sucrose level, in spite of the unchanged SUS1 gene
expression. It suggests the influence of OsCYP96B4 on sucrose metabolism, which may be connected
with dwarfism [37]. Besides, the significantly decreased FBA, GAPDH, and iPGM gene expression
levels in M further supported the effect of OsCYP96B4 gene mutation on rice carbohydrate metabolism.

The TCA cycle is carried out through a variety of interconnected enzymatic reactions, e.g., the
conversion of succinate to fumarate by succinate dehydrogenase (SDH), the oxidation of malate to
oxaloacetate via malate dehydrogenase (MDH), and the transformation of citrate to cis-aconitate and
then isocitrate by aconitase (ACO). OsAPX2 (rice ascorbate peroxidase 2) knock-out leads to shoot
dwarfing and up-regulation of enzymes linked to glycolysis and TCA cycle in rice flag leaves [38].
Arabidopsis thaliana mutants lacking plastidial NAD-dependent MDH (pdnad-mdh) are embryo-lethal,
and constitutive silencing (miR-mdh-1) leads to a dwarfed phenotype [39]. In the present study, there
were significant decreases of TCA cycle intermediates (i.e., succinate, fumarate, malate, and citrate)
and ACO gene expression level in M, along with the significant up-regulation of SDH and the
down-regulation of MDH gene expression levels in ECE. It is inferred that the perturbation in
TCA cycle is related to OsCYP96B4 gene function and may be connected with the rice dwarfism
phenotype [38,39].

3.3. Nucleotide Metabolism

As an important intermediate in the purine metabolism, adenosine monophosphate (AMP)
is formed from adenine by adenine phosphoribosyltransferase (APRT) [40] and is interconvertible
with adenosine through hydroxylation and phosphorylation reactions. Allantoin, an intermediary
metabolite of purine catabolism, is hydrolyzed to allantoate under the catalysis of allantoinase
(ALN) [41]. Similarly, uridine and UMP are two interconvertible intermediates in the pyrimidine
metabolism. APRT was shown to be potentially involved in thermo-sensitive genic male sterility
(TGMS) in the rice line ‘Annong S-1′ [42] and associated with growth retardation and male sterility
in Arabidopsis [43]. In the current study, there was significant increase of adenosine and APRT gene
expression, but significant decrease of AMP, uridine, and ALN gene expression level in ECE, along
with significant increase of uridine and the significant decrease of ALN gene expression level in
M. It suggests the potential function of OsCYP96B4 on rice nucleotide metabolism, which may be
associated with the rice dwarfism phenotype. However, to the best of our knowledge, currently, there
are no reports on such association.

3.4. Secondary Metabolism

The shikimate and aromatic amino acids (AAA) biosynthesis pathways represent a link between
primary and secondary metabolism in plants [44]. The catabolism of AAAs results in a variety of
secondary metabolites, e.g., phenylpropanoids and flavonoids from phenylalanine, tocochromanols and
phenylpropanoids from tyrosine, and indole-containing metabolites from tryptophan [45]. Cytochrome
P450 monooxygenases (CYP450s) play important roles in the biosynthesis of plant secondary metabolites,
including phenylpropanoids, terpenes, and alkaloids [46]. As one of the major phenylpropanoid
pathway end-products, lignin is a major component of the secondary cell wall and is vital for providing
mechanical strength to reduce lodging stress in plants [47,48]. Phenylalanine ammonia-lyase (PAL)
catalyzes the conversion of phenylalanine to trans-cinnamic acid and plays an important role in the
biosynthetic pathway of lignin [49]. In the dwarf rice mutant Fukei 71, elevated levels of p-coumaric
acid (PCA), ferulic acid (FA), and PAL were observed in the abnormal parenchyma tissue, indicating that
the abnormal activation of phenylpropanoid pathway leads to the biosynthesis of polysaccharide-linked
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FA and PCA [50]. The AAAs metabolism is also connected with dwarfism. The overexpression of a
rice tyrosine decarboxylase (TyDC) leads to tyramine accumulation in rice cells and causes a dwarf
phenotype via reduced cell division [51]. The suppression of serotonin N-acetyltransferase 2 (SNAT2)
leads to melatonin-deficient rice with a semidwarf phenotype [52]. Our present study showed that
there was significant decrease in levels of phenylalanine, tyrosine, and tryptophan in both M and
ECE, along with the significant decrease of TAT, PRAI, IGPS, and ASB2 expression levels in M and
the significant decrease of PRAI expression level in ECE. It may indicate the declined synthesis of
phenylalanine, tyrosine, and tryptophan and reflect the function of OsCYP96B4 on shikimate-mediated
secondary metabolism in rice, which may be possibly connected with the dwarfism phenotype [51,52].

3.5. Other Metabolism

In our previous study [5], GC-MS lipid profiling was performed on non-polar extracts of rice leaves
from WT and M. Three classes of lipid were analyzed, i.e., plant glycolipids, the common membrane
phospholipid classes, and the minor membrane lipid metabolites. Compared with WT, there were no
significant alteration in total monogalactosyldiacylglycerol (MGDG) or total digalactosyldiacylglycerol
(DGDG), but significant increase of MGDG 34:6, and significant decreases of DGDG 34:1, DGDG 36:2,
total phosphatidylglycerol (PG), PG 36:2, total lysoPG and lysoPG 16:1 in M. While, in the present study,
untargeted NMR metabolic profiling was performed on the polar extraction of the whole 2-week-old
seedling shoots without roots. The accumulation of total lipids, with a wider species coverage than our
previous study [5], was observed in both M and ECE. Though the difference in plant material, extraction
method, and lipid coverage may lead to different results, both studies suggested that OsCYP96B4 might
be involved in rice plant lipid metabolism. The accumulation of lipids observed here may indicate
the reduced conversion of lipids to other metabolites or the increased synthesis of lipids from other
metabolites. The significant elevation of N-methylnicotinate level in both M and ECE may indicate
the potential effect of this mutation on vitamin B3 metabolism. In addition, the significant increase of
formate concentration suggests altered formate metabolism in ECE.

4. Materials and Methods

4.1. Plant Materials

The Japonica rice (Oryza sativa ssp. japonica cv. Nipponbare) was used as the wild-type (WT) rice
plant for the current study. The oscyp96b4 semi-dwarf (M) was a Ds insertion mutant, and the OsCYP96B4
ectopic expression (ECE) lines showing the most severe dwarf phenotype were generated constitutively
expressing the OsCYP96B4 gene in the Nipponbare background. The detailed descriptions about the
mutant and ectopic expression lines can be found in our previous report [5]. For each genotype of rice
plants (i.e., WT, M, and ECE, Figure S3), 19 seedlings were grown in a Phytatray™ II (Sigma-Aldrich,
St. Louis, MO, USA) containing half strength Murashige and Skoog medium [53] (Sigma-Aldrich,
St. Louis, MO, USA) in a plant growth room maintained at 28 ◦C with 12 h dark and 12 h light. For
metabolites extraction, 10 whole 2-week-old seedling shoots without roots were used for each genotype.
While for qRT-PCR, 3 independent biological replicates were used, where each replicate was made
up of RNA extracted from 3 seedlings pooled together for better representation. Each plant sample
was collected individually into a 2 mL Eppendorf tube, weighed, immediately snap-frozen in liquid
nitrogen and stored at −80 ◦C until further analyses.

4.2. Metabolome Analysis

4.2.1. Chemicals

Analytical grade methanol, K2HPO4·3H2O, NaH2PO4·2H2O and sodium azide (NaN3) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium 3-trimethylsilyl [2,2,3,3−2H4]-propionate
(TSP) and deuterium oxide (D2O, 99.9% D) were purchased from Cambridge Isotope Laboratories, Inc.
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(Tewksbury, MA, USA). The phosphate buffer for NMR analysis was prepared by dissolving K2HPO4

and NaH2PO4 in water (0.15 M, pH 7.44, K2HPO4/NaH2PO4 = 4:1) containing 0.001% TSP, 0.1% NaN3,
and 50% D2O [54].

4.2.2. Plant Extraction and Sample Preparation

For each of the three groups (i.e., WT, M, and ECE), 10 biological replicates of rice plants were
used for the extraction and subsequent NMR-based metabolomics analysis. Each rice plant was
extracted individually using a method modified from previous reports [23,54]. Firstly, the rice
sample-containing tube was snap-frozen in liquid nitrogen and the rice tissue was then swiftly ground
into fine powder using a pre-cooled pestle. Pre-cooled methanol/water (v/v = 2/1, −20 ◦C) was added
into the homogenized sample at a ratio of 600 μL per 100 mg powder. Afterwards, the mixture was
further homogenized using a 2010 Geno/Grinder® (SPEX Sample Prep, Metuchen, NJ, USA) at 1300 rpm
for 90 s. Then the homogenate mixture was sonicated in an ice bath with 10 cycles of 30 s sonication
and 30 s break. Following centrifugation (14,489× g, 10 min, 4 ◦C), the supernatant was collected,
and the remaining pellets were further treated twice using the same procedure. Three supernatants
were combined and lyophilized after removal of methanol in vacuo (CentriVap Centrifugal Vacuum
Concentrators, Labconco, MO, USA). Each dried extract was reconstituted into 600 μL phosphate buffer
prepared as previously described. After a final centrifugation, 500 μL supernatant was transferred into
a 5 mm NMR tube for NMR analysis.

4.2.3. NMR Spectroscopy

All NMR spectra were acquired on a Bruker Avance 800 MHz NMR spectrometer (800.15
MHz for proton frequency) at 302 K using a 5 mm cryoprobe (Bruker Biospin, Rheinstetten,
Germany) [55]. A one-dimensional (1D) 1H NMR spectrum was acquired for each sample in a
random order using the first increment of the gradient selected NOESY pulse sequence (recycle
delay−G1−90◦−t1−90◦−tm−G2−90◦−acquisition) with water presaturation during both the recycle
delay (2 s) and mixing time (tm, 80 ms) [56]. For each spectrum, a total of 64 transients were collected
into 32,768 data points over a spectral width of 16,025 Hz with a 90◦ pulse length adjusted to around
11 μs. For selected samples, a variety of two-dimensional (2D) NMR spectra [54] were acquired for the
purpose of resonance assignment, including 1H−1H Correlation Spectroscopy (COSY), 1H−1H Total
Correlation Spectroscopy (TOCSY), 1H J-Resolved Spectroscopy (JRES), 1H−13C Heteronuclear Single
Quantum Correlation Spectroscopy (HSQC), and 1H−13C Heteronuclear Multiple Bond Correlation
Spectroscopy (HMBC).

After Fourier transformation with 1 Hz exponential line broadening and 65,536 data points
zero-filling, each 1D spectrum was manually corrected for phase and baseline distortions and referenced
to TSP (δ 0.00) using Topspin 2.0 (Bruker Biospin, Germany). The spectra regions δ 0.500−9.610 were
segmented into discrete bins of 0.003 ppm width using AMIX (V3.9.15, Bruker Biospin, Germany) [57].
Spectra regions with imperfect water suppression (δ 4.500−5.170) or residual methanol signal (δ
3.356−3.370) were discarded. The intersample chemical-shift variations for some metabolites were
manually corrected to prevent the possible adverse effect on subsequent data analysis [58].

4.2.4. Multivariate Data Analysis

The integral of each included bin was normalized to the summed integral of all included bins.
The normalized data was then utilized for multivariate data analysis using SIMCA-P+ (V11.0 and
13.0, Umetrics AB, Umea, Sweden). Initially, for the overview of data distribution and detection of
possible outliers, Principal Component Analysis (PCA) was performed on mean-centered data using
two principal components. Then, Projection to Latent Structure Discriminant Analysis (PLS-DA)
and Orthogonal Projection to Latent Structure Discriminant Analysis (OPLS-DA) were performed
on unit-variance scaled data by using grouping information as Y-matrix [59]. Two PLS components
were calculated for PLS-DA models, while one PLS and one orthogonal component were used for
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OPLS-DA models. Both supervised models were validated using a 7-fold cross-validation method [59].
Further assessments of model quality were also performed, including a permutation test with 200
permutations for PLS models [60] and ANOVA of the cross-validated residuals (CV-ANOVA) tests for
OPLS-DA models [61].

The OPLS-DA models were interpreted as back-transformed and color-coded correlation
coefficients loadings plots [62] (MATLAB 7.0, The Mathworks Inc., Natick, MA, USA), where the
colors indicate the significance of differentiating metabolites, with a warm color (e.g., red) being more
significant than a cool color (e.g., blue). The cutoffs for correlation coefficients were chosen on the
basis of discrimination significance (p < 0.05), e.g., a cutoff value (|r|) of 0.602 was corresponding to the
sample number (n) of 10. Differentiating metabolites were also summarized in a heat map, color-coded
with the Pearson correlation coefficients from the OPLS-DA models (MeV version 4.9.0).

4.3. RNA Extraction and qRT-PCR Analysis

For RNA extraction and subsequent qRT-PCR analysis, 3 biological replicates were used for each of the
three genotypes (i.e., WT, M, and ECE). Each replicate consisted of 3 seedlings pooled together before RNA
extraction, and the seedlings were from the same batch used for the metabolomics analysis. Moreover,
each qRT-PCR reaction was performed with 3 technical replicates. Total RNA was extracted using
Qiagen RNeasy Mini Kit (Cat No. 74904) from 2-week-old seedling shoots without roots according to the
manufacturer’s instructions. The RNA quality was determined by a Nanodrop ND-1000 spectrophotometer
(Nanodrop Technologies), and RNA samples with A260/A280 ratios between 1.9 and 2.1 were selected for
further analysis. One microgram total RNA was reverse transcribed using Maxima First-Strand cDNA
Synthesis Kit (ThermoFisher Scientific, Waltham, MA, USA, Cat No. K1671), as per the manufacturer’s
instructions. The qRT-PCR analysis was carried out using selected gene-specific primer pairs (Table S3)
on BIO-RAD CFX384 Real-Time system with denaturation at 95 ◦C for 10 min, followed by 40 cycles
of denaturation at 95 ◦C for 15s and annealing/extension at 60 ◦C for 1 min. The amplification of an
ACTIN gene (OsACT1) was used as an internal control to normalize the data. Melting curve analyses
were performed to confirm the amplicon specificity [63]. The values were expressed as the average of
three independent biological samples, each averaged from its three technical replicates. The relative
expression levels were calculated using the 2−ΔΔCt method [64]. Differentially expressed transcripts were
derived from two-sided unpaired t-tests, with a p value of less than 0.05 considered to be statistically
significant. The data analysis and charting (with reference to WT) was performed using Microsoft Excel
2016 (Microsoft, Redmond, WA, USA).

4.4. Metabolic Pathway Analysis

Based on the differential metabolites and transcripts, the comprehensive metabolic responses in
rice plants induced by OsCYP96B4 gene mutation were mapped onto relevant metabolic pathways,
with reference to the KEGG pathway database [65].

5. Conclusions

In the present study, the combination of NMR-based metabolomics and qRT-PCR analyses
revealed that there were systems alteration in the metabolic phenotypes of semi-dwarf mutant (M)
and ectopic expression (ECE) rice lines in comparison with the wild-type (WT) rice, as a result of the
OsCYP96B4 gene mutation. Such changes included the significant effect on amino acid metabolism
(e.g., GABA shunt, glutamate and glutamine metabolism, branched-chain amino acid metabolism,
choline metabolism), carbohydrate metabolism (e.g., sucrose metabolism, TCA cycle), nucleotide
metabolism, and shikimate-mediated secondary metabolism. The present findings provide useful
information on understanding the OsCYP96B4 gene function possibly pertaining to the metabolism
and dwarfism, which may be helpful for the development of valuable new semi-dwarf plant mutants
in the future.
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Ds Dissociator
ECE Ectopic expression
GABA γ-aminobutyrate
M Mutant
NMR Nuclear magnetic resonance
OPLS-DA Orthogonal projection to latent structure discriminant analysis
OsCYP96B4 Oryza sativa Cytochrome P450 96B4
PCA Principal component analysis
PLS-DA Projection to latent structure discriminant analysis
qRT-PCR Quantitative real-time polymerase chain reaction
TCA Tricarboxylic acid
WT Wild type
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Abstract: Heterosis is an interesting topic for both breeders and biologists due to its practical
importance and scientific significance. Cultivated rice (Oryza sativa L.) consists of two subspecies,
indica and japonica, and hybrid rice is the predominant form of indica rice in China. However,
the molecular mechanism underlying heterosis in japonica remains unclear. The present study
determined the genome sequence and conducted quantitative trait locus (QTL) analysis using
backcross recombinant inbred lines (BILs) and BILF1 lines to uncover the heterosis-related loci for
rice yield increase under a japonica genetic background. The BIL population was derived from an
admixture variety Habataki and japonica variety Sasanishiki cross to improve the genetic diversity
but maintain the genetic background close to japonica. The results showed that heterosis in F1

mainly involved grain number per panicle. The BILF1s showed an increase in grain number per
panicle but a decrease in plant height compared with the BILs. Genetic analysis then identified eight
QTLs for heterosis in the BILF1s; four QTLs were detected exclusively in the BILF1 population only,
presenting a mode of dominance or super-dominance in the heterozygotes. An additional four loci
overlapped with QTLs detected in the BIL population, and we found that Grains Height Date 7 (Ghd7)
was correlated in days to heading in both BILs and BILF1s. The admixture genetic background of
Habataki was also determined by subspecies-specific single nucleotide polymorphisms (SNPs). This
investigation highlights the importance of high-throughput sequencing to elucidate the molecular
mechanism of heterosis and provides useful germplasms for the application of heterosis in japonica
rice production.

Keywords: rice; heterosis; yield components; high-throughput sequence

1. Introduction

Food security is a major global problem as the competition for arable land between food and
energy crops, and population growth, continue to increase. Improving crop productivity has been the
key focus of national and international efforts in breeding crops such as maize and rice. The vigor of
indica rice hybrids often exhibits phenotypes that surpass their parents in terms of growth and fertility,
which is also known as heterosis. In crop production, successful agronomic exploitation of yield
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heterosis has been achieved in the past decades. Three major competing but non-mutually-exclusive
hypotheses (dominance, overdominance, and epistasis) have been proposed to explain heterosis at the
genetic level [1–6]. However, the progress in elucidating the molecular mechanism underlying crop
heterosis has lagged.

In the past decades, heterosis has become a priority research target for both breeders and scientists
based on its practical importance and scientific significance. Heterosis in crop breeding was first
applied to hybrid maize in the 1930s, and the three-line method or cytoplasmic male sterility (CMS)
system contributed to the commercialization of hybrid rice in the 1970s. Crop heterosis has been
extensively applied to rice and maize production, significantly improving global yield compared with
traditional inbred lines [7]. Currently, the planting area of hybrid rice accounts for 50–60% of the total
rice planting area, and about 80% of indica rice is hybrid and is mainly planted in southern China.
A study used recombinant inbred lines (RIL) derived from a cross between PA64s and 93-11, and RIL
backcross F1 populations were analyzed to elucidate the molecular mechanism of heterosis among
indica and javanica varieties [8]. A mega sequence project for 10,0742 F2 lines revealed the genomic
architecture of heterosis for yield traits in rice using the cross combination of Oryza sativa subspecies
(ssp.) indica–indica (three-line system), indica–indica (two-line system), and O. sativa ssp. indica–O. sativa
ssp. japonica crosses [9]. Nevertheless, research on heterosis in japonica is limited. Almost all japonica
varieties are conventional rice, and the hybrid japonica accounts for less than 3% among total japonica,
which is mainly distributed in northern China and the middle range of China. The disappearance of
hybrid japonica rice is due to the lack of genetic diversity among japonica cultivars.

In this study, we used a backcross RIL derived from the cross between Habataki (an admixture
variety between the indica and japonica variety) and japonica variety Sasanishiki, and F1 plants were
backcrossed to Sasanishiki once before inbreeding. The backcross improved genetic diversity through
the introgression of the indica pedigree while maintaining the population under the japonica genetic
background. After inbreeding for 10 generations, we obtained 85 lines of the backcross recombinant
inbred line (BIL) population. Then, we crossed all of the 85 lines to Sasanishiki again to generate
the BILF1 population. The present study used genome sequencing and quantitative trait locus (QTL)
analysis of BILs and BILF1s to identify heterosis-related loci for yield increase.

2. Results

2.1. Population Sequencing and Linkage Map Construction

We used a strategy of sequencing-based map construction to conduct QTL mapping for the BIL
derived from the cross between Sasanishiki and Habataki (Figure 1A). We sequenced a segregating
population of Sasanishiki and Habataki BILs together with parental lines on an Illumina HiSeq2500
platform. A total of 224.02 GB of raw data were generated for all of the BILs, with approximately
6.29-fold depth for each BIL, 22.94 GB for Habataki (51.00-fold), and 23.24 GB for Sasanishiki (56.00-fold).
We aligned the sequence data to the reference genome (Os-Nipponbare-Reference-IRGSP-1.0) using
SOAP2 software [10,11]. A total of 1,947,668 single-nucleotide polymorphisms (SNPs) with homozygous
genotypes between both parents were identified using the SOAPsnp software [12]. These SNPs were
used as potential markers in the subsequent analysis. The SNP markers localized to highly repetitive
regions, and those with low genotyping scores were removed to avoid ambiguity in linkage map
construction. We used an effective imputation model, k-nearest neighbor algorithm to impute the
missing genotypes of each RIL caused by low-coverage sequencing [13]. Finally, we used 1,591,495
high-quality polymorphic SNP markers to construct a recombinant bin map (Figure 1B). Subsequently,
a recombinant bin map was constructed, and the map contained 3652 recombinant blocks, with the
average genetic length of 0.44 cM. Then, we determined the introgression rate of the Habataki pedigree
using the data of bin map. The introgression rate showed a normal distribution that indicated that
the population is ideal for the subsequent survey (Figure 1C). We analyzed the correlation between
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the introgression rate of Habataki and the important yield-related traits. The results showed that the
introgression rate was significantly negatively correlated to 1000-grain weight (TGW) (Figure 1D).

Figure 1. Schematic overview of the parent backcross recombinant inbred line (BIL) system construction
and the map of genome-wide graphic genotypes. (A) The technology roadmap using genome sequence
and quantitative trait locus (QTL) analysis of BILs and BILF1s to uncover heterosis-related loci for yield
increase. (B) Graphic genotypes of 85 BILs were identified by a sliding window approach along each
chromosome. Various colors represent different genotypes. (C) The introgression rate of the Habataki
pedigree among the BILs. (D) The correlation between the introgression rate of the Habataki pedigree
and yield-related traits. The dotted lines indicate significance at the 5% level.

2.2. Grain Yield Heterosis is the Result of Hybrid Vigor in Grain Number Per Panicle

To obtain ideal agronomic characteristics of heterosis, the paternal line itself is usually an excellent
inbred variety with superior agronomic performance. In addition, the hybrid F1 plant should surpass
its paternal parent, particularly the traits related to yield components. Interestingly, the F1 plants did
not exhibit greater plant height compared with the parental lines in the present study (Figure 2A).
We surveyed the yield components of the parental lines and F1 plants (Figure 2). The panicle length of
the F1 plants was significantly longer than that of Sasanishiki and Habataki (Figure 2B). Sasanishiki
exhibited a short round grain shape, whereas the F1 and Habataki exhibited a slender grain shape.
However, the 1000-grain weight of Habataki was significantly lower than that of the F1 plants, whereas
the 1000-grain weight of Sasanishiki was similar to that of the F1 plants. The results showed that
the F1 plants exhibited an advantage in grain number per panicle and panicle number compared
with Sasanishiki and Habataki. A similar setting rate was observed in F1, Sasanishiki, and Habataki.
The slenderest grain shape of Habataki had the lowest 1000-grain weight in the parent line and F1 plants,
whereas Sasanishiki had similar 1000-grain weight as the F1 plants. Taken together, the advantage
in panicle number and grain number per panicle makes the F1 plants exhibit heterosis in grain yield
per plant.
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Figure 2. Heterosis in F1 plants. (A) The plant architecture of F1 plant and parental lines. Scale bar =
10 cm. (B) The panicle of F1 plants and parental lines. Scale bar = 1 cm. (C) Grains of F1 plants and
parental lines. Scale bar = 10 cm. (D–I) the yield-related traits of F1 plants and parental lines.

2.3. Yield Components and Other Important Agronomic Traits of BILs and BILF1s

To assess the distribution pattern of yield-related traits between BILs and BILF1s, we surveyed
the yield components of BILs and BILF1s in the paddy field of Shenyang Agricultural University in
2018. The normal distribution and transgressive segregation were observed in all of the traits surveyed
in both BIL and BILF1s. These results indicate that all of these agronomic traits were controlled by
multiple genes. The plant height of BILF1s mainly ranged from 105 to 120 cm, whereas that of BILs was
from 120 to 135 cm. These results indicate that the heterozygous genotype of the F1 plants reduces the
plant height, based on the fact that the F1 plants were shorter than Sasanishiki and Habataki (Figure 1A).
In addition, the grain number per panicle of BILs ranged from 80 to 180, whereas that of the BILF1s
ranged from 130 to 260. These results suggest that the heterozygous genotype of the F1 plants increases
the grain number per panicle, which also coincides with the result that the F1 plants have significantly
more grains per panicle than Sasanishiki and Habataki (Figure 2). Similar distributions of days to
heading, panicle number, and 1000-grain weight were observed in both BILs and BILF1s. However, the
variation range of setting rate in BILs was larger than in the BILF1s (Figure 3).
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Figure 3. The distribution of yield-related traits in BILs and BILs. (A–F) The distribution of days to
heading, number of panicles, plant height, grain number per panicle, setting rate, and 1000-grain
weight in BILs and BILF1s.

2.4. QTL Detection and Analysis Using the BILs and BILF1 Population

To elucidate the genetic mechanism underlying heterosis of yield traits, we primarily focused
on the days to heading (DTH), plant height (PH), panicle number (PN), grain number per panicle
(GNPP), setting rate (SR), and 1000-grain weight (TGW). A molecular linkage map with 3652 bins was
constructed based on sequence variations in Sasanishiki and Habataki and those among the BILs using
Highmaps software. In the BIL population, 10 QTLs for all of the traits were mapped independently to
rice chromosomes 1, 4, 5, 7, 9, 10, and 12 (Figure 4). To detect QTLs for heterosis that was associated with
the effects of the heterozygous on the genetic background of Sasanishiki, we used the BILF1 to conduct
QTL analysis. Eight loci for the respective phenotypes were detected on chromosomes 1, 3, 6, 7, 9, and
10. Among the eight QTLs, four of these loci overlapped with QTLs detected in the BIL population,
and four QTLs were detected independently in the BILF1 population. These results presented a mode
of dominance or super-dominance in the heterozygote. Among the QTLs detected in both BILs and
BILF1S, the cluster at the short arm of chromosome 10 corresponded to the days to heading in BILF1s
and the grain number per panicle in both BILs and BILF1s. In addition, a cluster at chromosome 7 was
related to days to heading in both BILs and BILF1s. As heterosis was mainly observed in the grain
number per panicle, we subsequently summarized the grain number per panicle of each genotype
for the four QTLs detected in the BIL and BILF1s (Figure 5). The results showed that in the Gn1 and
Ghd7 loci, the heterozygous genotype and the homozygous Habataki genotype plants had significant
advantage in grain number per panicle compared with the homozygous Sasanishiki genotype plants.
In the GNNP3 locus, the homozygous Sasanishiki and homozygous Habataki genotype plants had
similar grain number per panicle but significantly fewer than the heterozygous genotype plants.
In the Gn3 locus, the heterozygous genotype plants showed a significant increase of grain number per
panicle compared with homozygous Habataki genotype plants, whereas the homozygous Habataki
genotype plants had a significantly higher grain number per panicle than the homozygous Sasanishiki
genotype plants.
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Figure 4. The position of quantitative trait locuses (QTLs) for yield-related traits and heterosis QTLs in
BILs and BILF1s. Different colors represent the QTLs detected in BILs and BILF1s.

Figure 5. Grain number per panicle of each genotype for the four QTLs detected in BIL and BILF1s.
The number inside the column represents the number of plants for each genotype. All data are given as
mean ± s.e.m.,different letters indicate the significant differences at the 5% level.

2.5. The Indica/Japonica Pedigree Analysis of Sasanishiki and Habataki

Breeding history indicates that Habataki is an admixture line between indica and japonica. Thus we
conducted an analysis of the indica/japonica pedigree of Sasanishiki and Habataki. The indica/japonica
pedigree was defined using the subspecies-specific SNPs. The subspecies-specific SNPs were those
of the same type in all japonica, but not in indica, which is based on the divergence of the 517 rice
landraces [14]. In total, 100,529 subspecies-specific SNPs were selected. We matched the 1,947,668 SNPs
between Sasanishiki and Habataki to 100,529 subspecies-specific SNPs, and 81,690 SNPs were merged.
The 81,690 SNPs were then used to analyze the indica/japonica pedigree of Sasanishiki and Habataki.
The results showed that there are 621 japonica-type SNPs in the genome of Habataki, which indicated that
0.76% of japonica genomic introgression involved Habataki. Meanwhile, there were only 81 indica-type
SNPs in Sasanishiki, indicating that only 0.01% indica pedigree introgression occurred in the Sasanishiki
genome. The distribution of subspecies-specific SNPs and indica/japonica genomic introgression is
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shown in Figure 6. Agronomic-traits-related QTLs were located out of the indica/japonica genomic
introgression, which confirmed that the heterosis QTL originated from the difference between indica
and japonica.

Figure 6. Overview of the subspecies-specific SNPs and introgression in Sasanishiki and Habataki.
Tracks from the outer to inner circles indicate the following. (A) The chromosome length. The loci
of grain number per panicle are indicated on the inside of the circle. (B) The distribution of
81,690 subspecies-specific SNPs in the genome. (C) The introgression of japonica-type SNPs into
the genome of Habataki. (D) The introgression of indica-type SNPs in the genome of Sasnishiki.

3. Discussion

Since its generation in 1973, hybrid rice has predominated indica rice production in China. Numbers
of elite combinations have been developed and released as commercial varieties, with yields roughly
20% higher than their inbred counterparts [15]. Recent molecular research has investigated the number
of hybrid combinations to construct a model system for studying the molecular mechanism of heterosis
for three- and two-line hybrids. A study using the yield components data and an ultra-high-density
SNP bin map of an immortalized F2 population derived from the cross between Zhenshan97 and
Minghui63 demonstrated that the relative contributions of the genetic components vary with traits.
The results indicate that overdominance/pseudo-overdominance are most important to the heterosis
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of grain number per panicle, 1000-grain weight, and grain yield per plant. In heterosis of panicle
number and 1000-grain weight, the dominance × dominance interaction is important. Among these
yield-related traits, single-locus dominance has relatively small contributions [16]. An integrated
analysis using the RIL population and RILBCF1 population derived from the cross between PA64S
(which has a mix genetic background of indica and javanica) and 93-11 showed that heterosis was mainly
detected in grain number per panicle and panicle number [8]. Huang et al. sequenced 10,074 F2 lines
derived from 17 representative hybrid combinations, and they found that a small number of genomic
loci from female parents explain a large proportion of the yield advantage of hybrids over their male
parents [9]. Taken together, these studies improve our understanding of heterosis. However, research
on heterosis between japonica and japonica crosses is limited. The genetic diversity of japonica was not as
high as that of indica, making heterosis among japonica inconspicuous compared with that among indica.
Moreover, several factors have limited the utilization of heterosis between indica and japonica, which
includes sterility. Thus, we used a BIL population derived from an indica and japonica cross to improve
the genetic diversity but maintain the genetic background close to japonica. The results of the present
study showed that heterosis between Sasanishiki and Habataki mainly came from a complicated
quantitative and components-specific phenotype. Here, we clearly demonstrate yield heterosis, mainly
by the outperformance of grain number per panicle and panicle number. Yield components survey
also showed that the grain number per panicle of BILF1 population was significantly higher than that
of the BIL population. Our previous study demonstrated that the introgression of indica pedigree in
the japonica genome contributed to the increase of rice production in northern China [17], and thus
the present study confirmed that the indica pedigree could increase the grain number per panicle
in japonica.

Using high-throughput sequencing, we conducted QTL mapping of the BIL and BILF1 populations,
and the number of QTLs that are responsible for yield and yield-related heterosis was determined.
A total of 10 QTLs for all of the traits were mapped independently in BIL population (Figure 4), and
eight loci for the respective phenotypes were detected. Among the eight QTLs, four of these loci
overlapped with QTLs detected in the BIL population, and the remaining four QTLs were detected
exclusively in the BILF1 population, indicating a mode of dominance or super-dominance in the
heterozygote. At the gene level, Gao et al. demonstrated that a heading-time-regulated gene Day to
Heading 8 (DTH8) is a candidate locus for yield heterosis in Liang-you-pei 9 (LYP9) [18], and Li et al.
and Huang et al. confirmed that DTH8 corresponds to yield heterosis [8,9]. These results suggest
that the heading time gene strongly participates in yield heterosis in hybrid rice. The present study
detected that the heading-time gene Ghd7 is also a candidate locus for both yield heterosis and heading
time regulation. A study using the BILs derived from the cross between Habataki and Koshihikari
identified five QTLs (Gn1–Gn5) that were related to grain number per panicle on chromosome 1, 4, 10,
and 12 [19]. The present study confirmed that Gn1 and Gn3 correspond to grain number per panicle.
Moreover, Gn3, on the short arm of chromosome 10, also corresponded to grain number per panicle in
BILF1s. Thus, this QTL may be further assessed in terms of heterosis.

4. Materials and Methods

4.1. Plant Materials

The parental line Sasanishiki is typical japonica varieties, and the parental line Habataki is
an admixture variety with both indica and japonica pedigree. Sasanishiki was crossed to Habataki, and
the F1 plant was crossed to Sasanishiki, and then inbred over 10 generations by single-seed descent
to generate a population containing 85 BILs. The BILs were then backcrossed to the maternal parent
Sasanishiki to obtain 85 BILF1s. All materials are maintained at the Rice Research Institute of Shenyang
Agricultural University (Shenyang, China). All plants were planted in random block design under
standard agricultural management practice in the paddy field of Shenyang Agricultural University
(N41◦, E123◦). All lines were planted with three biological replicates A total of 300 plants in a 16 m2
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plot were characterized for each line. Plant height, panicle number, grain number per panicle, setting
rate, and 1000-grain weight were surveyed in the field in 2018. Both BILs and BILF1s were used in
QTL analysis.

4.2. DNA Extraction and QTL Analysis

Young leaves of each line were collected two weeks after transplant. The CTAB method was
used in extracting the high-quality genomic DNA. The sequencing libraries were constructed on an
Illumina HiSeq2500 platform (Illumina, Inc.; San Diego, CA, USA) according to the manufacturer’s
instructions. We aligned the sequence data to the reference genome (Nipponbare, http://rapdb.dna.
affrc.go.jp/download/irgsp1.html/) using SOAP2 software [11]. To construct the genetic linkage map
for QTL analysis, we combined the cosegregating SNP/InDel into bins via HighMap software [20].
A map containing 3652 bins and 1592.12 cM in length was constructed with an average of 304 bins on
each chromosome. Twelve linkage groups corresponded to the 12 rice chromosomes. We observed
the full collinearity between the genetic map and the rice genome, and the minimum value of the
Spearman coefficient for chromosomes was 0.962 (Chr. 7). The HighMap software was used to
construct a linkage map. The software constructs high-quality linkage map according to the maximum
likelihood estimation method. We used the R/qtl (version: 1.44-9) software to conduct QTL analysis
via a composite interval mapping (CIM) model. The significance thresholds were determined by
1000 permutations. The percentage of phenotypic variance calculation explained by each QTL was
obtained according to the population variance within the mapping population. The details of the QTL
analysis were described in our previous studies [21].
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Abstract: Reducing nitrogen (N) input is a key measure to achieve a sustainable rice production in
China, especially in Jiangsu Province. Tiller is the basis for achieving panicle number that plays
as a major factor in the yield determination. In actual production, excessive N is often applied in
order to produce enough tillers in the early stages. Understanding how N regulates tillering in rice
plants is critical to generate an integrative management to reduce N use and reaching tiller number
target. Aiming at this objective, we utilized RNA sequencing and weighted gene co-expression
network analysis (WGCNA) to compare the transcriptomes surrounding the shoot apical meristem of
indica (Yangdao6, YD6) and japonica (Nipponbare, NPB) rice subspecies. Our results showed that
N rate influenced tiller number in a different pattern between the two varieties, with NPB being
more sensitive to N enrichment, and YD6 being more tolerant to high N rate. Tiller number was
positively related to N content in leaf, culm and root tissue, but negatively related to the soluble
carbohydrate content, regardless of variety. Transcriptomic comparisons revealed that for YD6 when
N rate enrichment from low (LN) to medium (MN), it caused 115 DEGs (LN vs. MN), from MN
to high level (HN) triggered 162 DEGs (MN vs. HN), but direct comparison of low with high N
rate showed a 511 DEGs (LN vs. HN). These numbers of DEG in NPB were 87 (LN vs. MN), 40
(MN vs. HN), and 148 (LN vs. HN). These differences indicate that continual N enrichment led to
a bumpy change at the transcription level. For the reported sixty-five genes which affect tillering,
thirty-six showed decent expression in SAM at tiller starting phase, among them only nineteen being
significantly influenced by N level, and two genes showed significant interaction between N rate
and variety. Gene ontology analysis revealed that the majority of the common DEGs are involved in
general stress responses, stimulus responses, and hormonal signaling process. WGCNA network
identified twenty-two co-expressing gene modules and ten candidate hubgenes for each module.

Int. J. Mol. Sci. 2019, 20, 5922; doi:10.3390/ijms20235922 www.mdpi.com/journal/ijms79
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Several genes associated with tillering and N rate fall on the related modules. These indicate that
there are more genes participating in tillering regulation in response to N enrichment.

Keywords: shoot apical meristem; transcriptomic analysis; co-expression network; tiller; nitrogen
rate; rice (Oryza sativa L.)

1. Introduction

As one of the three most important cereal crops cultivated for thousands of years, rice (Oryza sativa
L.) provides staple foods for nearly half of the world’s population. Keeping its production apace with
the increasing demand is critical to food security. The most gain in rice yield is attributable to increased
N fertilizer addition to the paddy field. N is an essential macronutrient for completing rice plant
growth and development, therefore, usually a limit to its production [1]. Inarguably, N is the most
effective fertilizer in promoting crop growth and increasing crop yield [1]. However, the magic effects
of N fertilization deceptively lead to excessive application, which gravely contributes to more direct
ammonium gas loss, N run-off, water eutrophication, nitrous oxide greenhouse gas emissions and soil
acidification [1–3]. Consequentially, excessive N fertilization has become a fundamental environmental
issue and a health problem. Improving N use efficiency is believed to be the ultimate solution to
mitigate these problems. Ideal N application rate and proper timing are the keys to reaching a balance
of yield gain and N use efficiency [2,3]. Indica and japonica rice are two major subspecies in Asia, and
reportedly being different in response to N enrichment [4,5].

Rice tiller begins at the leaf sheath auxiliary of the bottom nodes of a host culm, close to shoot
apical meristem (SAM) at the early growth stage. Usually, rice tiller first appears when the 4th true
leaf emerges. Tiller number at 8-9th week after germination essentially represents a variety’s tiller
production feature [6]. Tillers provide more opportunities to the development of more panicles. Among
the agronomic yield traits of rice, panicle number is the one that being determined at the earliest
stage. More importantly, panicle number largely associates with the spikelet number and filled grain
number per panicle. Therefore, reaching a suitable number of tillers timely is a benchmark in setting
the cornerstone for achieving an ideal grain yield in rice production.

Meanwhile, as a monocot fully sequenced species, rice provides a great model to decode the
molecular secrets of tiller regulation. Recent progress in rice molecular genetics reveals that more
than 65 genes at different stages engage in tiller number regulation [7–14]. However, how these genes
concert in tiller control remains to be an enigma. High throughput RNA sequencing (RNA-Seq) lends
us an effective tool to discover the transcriptomic profile of every active gene [15]. Though much
transcriptome data exists in rice, none targets at the tissues near the SAM region, especially in response
to N enrichment.

In the present study, we validated the differential tillering responses to N rates of indica (Yangdao6,
YD6) and japonica (Nipponbare, NPB) rice subspecies, performed RNA sequencing and weighted gene
co-expression network analysis (WGCNA) to compare their transcriptomes in the surrounding tissues
of SAM. The objectives of this study is to compare their differential transcriptomic responses to N rate,
and to reveal the concerted molecular network in tiller regulation in rice. The results would expand
our understanding of how complicated an important agronomic trait is controlled.

2. Results

2.1. N Enrichment Promotes Tillers in a Different Pattern between NPB and YD6

Rice tiller depends much on N availability, and hence a substantial portion of N fertilizer is
applied before seeding or transplanting in field production. In this study, we enriched N supply at
two rates, 9 (MN) and 18 (HN) g N m−2, which were comparable to the average and high range of
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top-dressing level in the local field production practice at this growth stage. Results showed that
enriching N rate to MN level promoted tillering significantly at the 4th leaf emerging stage in both NPB
and YD6 (Figure 1). However, further increasing N input to HN could not further enhance tillering at
this stage. On the contrary, HN even suppressed tillering at the 4th leaf stage, compared with MN. At
the 6th leaf emerging stage, MN, and HN treatments produced the same number of tillers in NPB,
both significantly higher than that of LN (CK); but the tiller number was not significantly different
among LN, MN and HN at the 8th leaf stage in NPB. The tiller number in YD6 was consistently HN >
MN > LN at the 6th and 8th leaf stage. These indicate that for producing more tillers at an early stage,
varieties like NPB did not require much N enrichment if any, whereas varieties like YD6 required a
higher N rate, albeit preferably in a mild rate. Excessive N enrichment did not promote tiller as wished,
irrespective of varieties.

Figure 1. Number of tillers under different N rates in NPB and YD6. (A) Tillers at fourth leaf stage; (B)
Tillers at sixth leaf stage; (C) Tillers at eighth leaf stage. The mean and standard deviation (SD) were
from three biological replicates, different lowercase letters represent significant differences by Stduent’s
t test between the treatments at p ≤ 0.05.

2.2. Tiller Number Is Related with N and Carbohydrate Content

Analysis of the N and carbohydrate content of the tissues revealed that MN enrichment increased
N content in all tissues (root, sheath, and leaf) at the 4th leaf emergence stage, irrespective of varieties
(Figure 2). However, further enrichment of N rate from MN to HN did not alter the N content at this
stage. At the 6th leaf stage, the N content showed consistently to be HN >MN > LN (CK), irrespective
of tissues or varieties. Yet, the gap of N content diminished at the 8th leaf emerging stage. These
indicate that MN could enhance N absorption at the 4th leaf emergence stage, but more N enrichment
could not promote N absorption further. The differential gap in N content disappeared as the plant
grew for two more leaf-age. It is worthy to notice that the N content dropped faster in YD6 than in
NPB from 4th to 6th leaf stage, corroborating that YD6 requires more N input to maintain a similar
N content than NPB. This suggests different N management strategy should be applied to different
variety for keep N content for tillering.
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Figure 2. Nitrogen (N) content in root, sheath and leaf organs in different stage of NPB and YD6. N
content in root of NPB (A) and YD6 (D); N content in sheath of NPB (B) and YD6 (E); N content in leaf
of NPB (C) and YD6 (F).

Water soluble carbohydrate (WSC) (i.e., soluble sugar) content was almost comparable between
root and sheath, both being much lower than that in leaf (Figure 3A,C). MN enrichment treatment
lowered WSC drastically, whereas HN caused slightly further decrease. Similarly, starch content
reduced as N rate increased. Yet, the highest starch content was consistently observed in the sheath,
with root being higher than that in leaf (Figure 3B,D), irrespective of growth stages. The correlation
between N content and starch, soluble sugar are not significant, irrespective of varieties (Figure 3E,F).
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Figure 3. Soluble sugar and starch under different N rates in NPB and YD6. Soluble sugar in NPB (A)
and YD6 (C); Starch in NPB (B) and YD6 (D); Correlation between N content and starch (E), N content
and soluble sugar (F).

The tiller number at the 4th leaf stage was significantly correlated with the tiller number at the 6th
leaf stage, but not significantly correlated with those at the 8th leaf emerging stage, respectively (Figure
S1A–C), suggesting the association was diluted along with the growth. The tiller number at the 6th leaf
stage was positively correlated with the N content in the root (R2 = 0.6303 ns), sheath (R2 = 0.8783 **)
and leaf (R2 = 0.0.8719 **) at this stage (Figure S1D–F). It displayed a negative correlation with WSC in
the sheath (R2 = 0.3970 ns) and leaf (R2 = 0.7956 **) (Figure S1G–I), and also negative correlation with
the starch content in the root (R2 = 0.6677 *), sheath (R2 = 0.4848 ns) and leaf (R2 = 0.7036 *) (Figure
S1J–L). These generally confirm that the tiller number correlated positively with the N content, but
negatively with WSC and starch content.

2.3. RNA-Seq Data Quality and Assembly

To reveal the transcriptomic change responsive to N rates, cDNA libraries from tissues surrounding
SAM were constructed and subjected to RNA-Seq analysis. A total of 624 million raw reads were
generated from two subspecies japonica NPB and indica YD6 in combination with three levels of N
rate (Table S1). After removal of adaptor sequences, short reads, low quality, and rice ribosome RNA
reads, clean reads ratio proved to range from 91.6% to 97.1%, indicating that the sequencing reads
were qualified for further analysis.

These clean reads were mapped to the NPB reference genome, the mapped ratio ranged from
97.3% to 98.1% in NPB samples, and from 90.9% to 93.5% in YD6. Since the most recent physical map
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covers about 97% of the NPB genome [16], our mapped ratio of the transcriptomes in SAM tissues
in NPB was generally consistent with it. These also indicate that the alignments were successful. As
expected, the transcriptome from YD6 was genetically more heterogeneous to NPB reference genome.
Even when trying to map the clean reads of YD6 to a reference genome of 9311, a sister line of YD6, the
successfully mapped ratio for YD6 ranged from 93.5% to 95.9%. For comparison consistency, we used
the physical genomic map of NPB as a common reference genome in all of the following analysis.

Principal component analysis (PCA) projects the whole transcriptome profile onto a few variables
to reflect the distribution across samples, which are often clustered in two or three-dimensional
space [17]. PCA revealed that transcriptome profile between YD6 and NPB were more distant than that
among N rates (Figure S2A), reflecting that the variety defined the most range of the differences. The
variability of LN and MN were less than that of HN in NPB, while MN was less variable than that of
LN and HN in YD6. Yet, the general variability in NPB was much less than that of YD6. These suggest
that the transcriptomic response to N rate was more variable in YD6 than in NPB, the transcriptomic
variability caused by N enrichment also depends on the plant’s existing N rate condition, and the
transcriptomic differences between varieties were more distant than their responses to N rate.

The correlation analysis of gene expression between the biological replicates reflects the
experimental and sequencing reproducibility, whereas the correlation between the groups reflects the
variety and N rate effects. The correlation coefficients were determined by the FPKM values of the
individual genes to verify the general reproducibility and variability among replicates and groups,
respectively (Figure S2B). The correlation coefficient R value between the biological replicates ranged
from 0.96–0.97 in NPB and 0.95-0.96 in YD6, respectively, exhibiting a remarkably high consistency.
This meant this set of RNA-Seq results had very high reproducibility in replicates. Meanwhile, the
R value between NPB and YD6 at corresponding N rate ranged from 0.89–0.92, displaying certain
consistency. Yet, these values were lower than the R between the biological replicates, indicating more
variability between varieties, as expected. Furthermore, the heat map between the groups is consistent
(Figure S2C,D). These ensure that the RNA-Seq generated a highly reproducible expression data among
the replicates and a proper variability across the comparison groups, which corroborated with PCA
results as well as phenotypic performance.

2.4. Validation of Selected DEG Confirms RNA-Seq Data Reliability

Twenty-one DEGs of different FPKM levels were selected for validation by qRT-PCR (Table S2).
The quantification data were used to correlate with the FPKM value of each treatment. Among them,
twenty genes showed a positive linear correlation between the FPKM and qRT-PCR data, with the
correlation coefficient R2 ranging from 0.6785 * to 0.9721 ** (Figure 4). One gene could not be amplified
due to the primers failure. This affirmative validation result indicates that the transcriptome profiling
generally reflected the virtual transcript expression differences in the experiment.
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Figure 4. Correlation of qRT-PCR validation and RNA-seq results in 20 representative genes. * and **
represent significance at p ≤ 0.05 and p ≤ 0.01, respectively.

2.5. Differentially Expressed Genes (DEGs) in Response to N Rate

To identify the DEG in response to N rate, Cuffdiff [18] program was used in comparing the FPKM
of the treatment vs. control according to the following criteria: fold change (FC) |log2| ≥ 1.0 and false
discovery rate (FDR, q-value) ≤ 0.05. The total DEG in response to N enrichment in NPB were 87 (65
down-regulated and 22 up-regulated), 40 (12 down and 28 up) and 148 (69 down and 79 up) between
LN and MN, MN and HN, LN and HN comparisons, respectively (Figure 5A,D). Among them, merely
four genes were consistently present in every comparison. The corresponding numbers of DEG were
115 (58 down and 57 up), 162 (80 down and 82 up) and 511 (239 down and 272 up) in YD6, and only
15 genes were commonly present in these comparisons (Figure 5B,E). The number of DEG indicate
that more drastic transcriptome changes from LN to HN, rather than from LN to MN, or MN to HN,
irrespective of varieties.
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Figure 5. Profiles of DEGs between the comparisons. (A,D) DEGs in response to N rate in NPB;
(B,E) DEGs in response to N rate in YD6; (C,F) DEGs between the varieties; (G–L) Fold changes of
DEGs related to ribosomal protein (G), Protease inhibitor/seed storage/LTP family protein (H), F-box
domain protein (I), retrotransposon protein, transposon protein (J), CACTA, En/Spm sub-class protein,
transposon protein (K), Pong sub-class protein (L).

Apparently, the number of DEG in response to N enrichment was much more in the indica variety
YD6 than in the japonica variety NPB. Surprisingly, of those DEG commonly presented in response
to N rate in NPB and YD6, only one common gene was found (LOC_Os01g01660), which putatively
encodes an isoflavone reductase-like gene and confers tolerance to reactive oxygen species. This scarce
overlapping in the DEGs suggested that the transcriptome responses to N enrichment were very much
dependent on the different genetic background. Combination of different sets of background genes
may totally alter the transcription profile in response to certain N enrichment.

On the contrary, comparison between NPB and YD6 at each respective N rate revealed that
the number of DEG commonly presented at each N level was a majority of 463 genes (Figure 5C,F),
much more than those numbers of distinctive DEGs at each N rate. Among these DEGs, we listed
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several specific types of genes (Figure 5F–L). This corroborates that the varietal set of DEG was a core
determinant in shaping their response to various N enrichment.

2.6. Gene Ontology (GO) Analysis and KEGG Clustering

Web-based String (version 10.5) program was employed to define the classification of N-responsive
DEG involved in the three domains of the biological process, cellular component and molecular
functions, and their KEGG pathway clustering (Figures S3–S5). In the comparison of LN vs. HN in
NPB, the number of DEG in the category of biological process was in the order of the cellular process
(41), metabolic process (34), single-organism process (32), response to stimulus (30) and biological
regulation (22). Of the DEG fell into the category of cellular component, the order was the cell (44),
cell part (44), organelle (35) and membrane (14). Of the DEG that fell into the category of molecular
function, the order was the binding activity (23), catalytic activity (16), transporter activity (four), and
transcription factor (TF) activity (four, Figure S3C). Similar orders in the number of DEG were also
revealed in LN vs. HN comparison in YD6 as well as in other N rate comparisons, and the comparisons
between varieties at the respective N rate (Figures S3 and S4, Tables S3–S6). Based on the number of
DEGs, more genes are concentrated in the biological process, followed by cellular components, and
finally in molecular function. Apparently, these biological procedures were the major changes in the
tissues near SAM in response to N rate.

KEGG clustering of the DEG revealed that the first seven categories of common pathways
between NPB and YD6 responsive to N rate were the metabolic pathway, ribosome, plant-pathogen
interaction, microbial metabolism in diverse environments, plant hormone signal transduction, antenna
proteins in photosynthesis and protein processing in the endoplasmic reticulum (Figure S5). The
major differential pathways between NPB and YD6 were the glutathione metabolism, protein export,
and selenocompound metabolism, which were unique to NPB, and 13 pathways unique to YD6
including the biosynthesis of secondary metabolites, photosynthesis, phenylpropanoid biosynthesis
and phenylalanine metabolism. These indicate that the common basic pathways (metabolic and
ribosome) were important for both varieties’ response to N rate, and many unique pathways were
involved in the procedures as well.

2.7. Alternative Splicing Transcripts and Novel Genes

Alternative splicing (AS) creates more versatile regulating RNAs and translatable mRNAs, thus a
more enriched diversity in transcriptome and possible code proteins [19]. In this experiment, a total of
68,385 AS events, derived from 12,044 annotated genes, had been revealed (Figure 6A,B). Among them,
the retained intron was the most common event type (34.4%–34.9%), followed by the alternative 3′
splicing sites (31.3%–31.7%), alternative 5′ splicing sites (17.6%–17.8%), skipped exon (12.7%–12.8%), a
mix of two or more different types of AS (complex, 2.6%) and mutually exclusive exons (0.8%). The
number of AS events between the varieties and among N rates did not show any statistically significant
difference. However, the AS events relative to clean reads in all category type was consistently 1–4%
higher in NPB than that in YD6, which probably reflected the varietal differences.

Totally 352 novel genes were found in the RNA-seq data. Among them, 74 and 174 genes were
unique to NPB and YD6, respectively; 104 genes were common in the two varieties (Figure 6C). Novel
genes responsive to LN were 58 and 89 specific to NPB and YD6 respectively; 55 were common in
the two varieties (Figure 6D). These corresponding novel transcripts numbers were 48, 102 and 60 in
MN, 48, 93 and 52 in HN, respectively (Figure 6E,F). These results suggest that deep sequencing may
reveal more tissue-specific transcripts. Comparison of the novel gene number among N rates within a
variety also revealed similar trends, though the numbers were always bigger in YD6 than that in NPB
(Figure 6G,H). The novel genes revealed were always more in the indica variety YD6 than the japonica
variety NPB, probably partially attributable to that the transcript annotation in the japonica subspecies
was more fully covered in the reference genome.
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Figure 6. Profiles of alternative splice (AS) and novel genes. (A,B) Events and types of AS; (C–H)
Novel genes between varieties in general (C); at LN (D); at MN (E); at HN (F); Novel genes in response
to N rate in NPB (G); Novel genes in response to N rate in YD6 (H).

2.8. Identifition of Weighted Gene Co-Expression Network

To obtain candidate key genes associated with the phenotypical traits, WGCNA [20] was used to
distinguish the specific genes that are related to the traits, including tiller number, N content in leaf
and in stem, dry weight of root, stem and leaf etc. After removing the genes with low FPKM levels,
21,700 genes were retained for the further WGCNAs analysis. This analysis identified twenty-two
distinct gene co-expression modules (labeled in different colors) shown in the dendrogram (Figure 7A),
and a total of eleven modules (brown, green, darkred, red, blue, magenta, pink, tan, lightyellow,
turquoise and purple) were significantly related to the above-mentioned various phenotypical traits,
respectively (Figure 7B). The eigengene expression in blue and green modules (M10 and M3) are
shown in Figure 7C,D, respectively. The tiller number was positively most correlated with the
eigengene expression levels of the lightyellow module (M18), and the correlation coefficient (r) was
0.61 (p = 0.04). Gene ontology (GO) annotation analysis reveals that the cellular components of this
module genes mostly fall into extracellular region, yet molecular functions and biological processes
are not significantly enriched (Table S7). The tiller number was negatively most correlated with
the green module, with r = −0.71 (p = 0.01). GO annotation shows that the biological processes
of the green module genes fall into biological regulation, regulation of cellular process, transport,
establishment of localization, localization, regulation of transcription, etc. The molecular function fall
into transporter activity, protein binding, transmembrane transporter activity, active transmembrane
transporter activity, and transcription regulator activity. The cellular component of this module fall
into membrane, integral to membrane, intrinsic to membrane, and cell part (Table S8).
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Figure 7. Weighted gene co-expression network analysis (WGCNAs) of gene expressions and the
related traits. (A) Hierarchical cluster tree showing 22 co-expression modules identified by WGCNAs.
Each branch in the tree represents an individual gene; (B) Matrix of module – trait correlation: A total of
22 modules shown on the left and the relevance color scale from −1 to 1 is on the right. The numbers in
parentheses represent the significance (p), and the numbers above represent the correlation coefficient
(r). The eigengene expression profile in blue module (C) and green module (D).

The scales of N content in stem and in leaf were highly positively correlated with the eigengene
expression in the blue module (M10), with r at 0.71 (p = 0.01) and 0.69 (p = 0.01), respectively. GO
annotation shows that the biological processes of the blue module genes fall into the translation, gene
expression, cellular protein metabolic process, small molecule metabolic process, protein folding,
protein metabolic process, cellular ketone metabolic process, carboxylic acid metabolic process etc. The
molecular functions of the blue module are the structural constituent of ribosome, structural molecule
activity, translation factor activity, nucleic acid binding, pyrophosphatase activity, and GTP binding.
Their cellular components are cytoplasm, macromolecular and ribonucleoprotein complex, ribosome,
and cytoplasmic part (Table S9). And the scale of N content in stem and in leaf were all negatively
correlated with the green module (r = −0.81, p = 0.002) and (r = −0.74, p = 0.006), consistent with the
negative correlation module of the scale of tillers. In addition, the modules related to other traits and
their GO annotations are shown in Figure 7B and Tables S10–S14. Interestingly, modules positively
related with N content are in a negatively association with phosphorus content, and vice versa for
the positively related modules. Their associations with sulphur, calcium and potassium content are
in a similar pattern but not that consistent. These reveal that the phenotypic traits are more closely
associated with certain modules of genes than other modules.
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2.9. Construction of the Gene Co-Expression Networks and Identification of Candidate Hub Genes

After screening for the highest significant correlated modules, we selected two modules (one
positive correlation module and one negative module) to construct the gene expression networks
(Figure 8, Figures S6–S8). Since the scale of N in stem and N in leaf, dry weight in stem and in leaf share
the same selected modules, totally seven most relevant modules (light yellow, green, blue, tan, red,
brown and pink module) were chosen for the further analysis. The association degree of eigengenes
within the module was used to construct the gene expression network (Figures 8A,B, S5A,B, and S6A,B).
The hub genes are selected by KME values through their closest connections in the gene network. The
top 20 node genes of each module were screened to generate a network map (Figures 8C,D, S5C,D, and
S6C,D).

Figure 8. Co-expression network analysis of tiller number related modules. (A,B) Gene co-expression
networks of positively correlated lightyellow module (A) and negatively correlated green module (B)
visualized using Cytoscape software platform. The circle size of and color depth indicate the degree
of connectivity; (C,D) The correlation networks of top 20 nodes in lightyellow module (C) and green
module (D). The color depth represents the number of associated nodes.

To screen for candidate hub genes, the top ten connected genes in the specific modules were picked
out by their KME value (Table 1, Table S15). The tiller number relate positively with the lightyellow
module (M18) and negatively with the green module (M3), respectively (Table 1). In the light yellow
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module, the top ten genes encode HEV3—Hevein family protein precursor, BBTI5, BBTI8, VP15,
ribonuclease T2 family, pyridoxal-dependent decarboxylase protein, cysteine-rich receptor-like protein
kinase, and kinesin motor domain containing protein. The correlation network of the light yellow
module is shown in Figure 9A. Genes encoding the aforementioned proteins were identified as key
candidate hub genes for the light yellow module (M18) (Figure 8C). In the green module (M3), the
top ten genes encode MATE efflux protein, ethylene-responsive protein, protein kinase, GDSL-like
lipase/acylhydrolase, aspartic proteinase oryzasin-1 precursor, eukaryotic translation initiation factor
1A, thaumatin, tetraspanin family protein, AGAP002737-PA, and RFC5. Genes encoding these proteins
were identified as candidate hub genes for the green module (Figure 8D). Similarly, multiple functional
proteins were enriched in this module, indicating that these regulatory networks may play a pivotal
role in regulation of the scale of tillers.

Table 1. Candidate hub genes related to the tiller numbers, N rate in leaf and in stem.

Gene Name Description KME Value

Light yellow module (M18) with positive correlation associated with the tillers

LOC_Os04g09390 HEV3 - Hevein family protein precursor, expressed 0.97
LOC_Os01g03680 BBTI8 - Bowman-Birk type bran trypsin inhibitor precursor, expressed 0.95
LOC_Os08g28880 patatin, putative, expressed 0.94
LOC_Os10g08780 expressed protein 0.94
LOC_Os01g03360 BBTI5 - Bowman-Birk type bran trypsin inhibitor precursor, expressed 0.94
LOC_Os02g35200 VP15, putative, expressed 0.88
LOC_Os07g43670 ribonuclease T2 family domain containing protein, expressed 0.85
LOC_Os04g01690 pyridoxal-dependent decarboxylase protein, putative, expressed 0.85
LOC_Os04g25650 cysteine-rich receptor-like protein kinase, putative, expressed 0.85
LOC_Os05g02670 kinesin motor domain containing protein, putative, expressed −0.80

Green module (M3) with negative correlation associated with the tillers, N rate in leaf and stem

LOC_Os10g13940 MATE efflux protein, putative, expressed 0.98
LOC_Os07g28890 ethylene-responsive protein related, putative, expressed 0.98
LOC_Os01g12720 protein kinase domain containing protein, expressed 0.98
LOC_Os07g47210 GDSL-like lipase/acylhydrolase, putative, expressed 0.97
LOC_Os01g18630 aspartic proteinase oryzasin-1 precursor, putative, expressed 0.95
LOC_Os02g19770 eukaryotic translation initiation factor 1A, putative, expressed 0.94
LOC_Os09g36580 thaumatin, putative, expressed 0.93
LOC_Os05g03530 tetraspanin family protein, putative, expressed 0.90
LOC_Os04g07280 AGAP002737-PA, putative, expressed 0.90
LOC_Os02g53500 RFC5 - Putative clamp loader of PCNA, replication factor C subunit 5, expressed −0.92

Blue module (M10) with positive correlation associated with the N rate in leaf and stem

LOC_Os08g44290 RNA recognition motif containing protein, putative, expressed 0.98
LOC_Os03g61260 ribosomal L18p/L5e family protein, putative, expressed 0.98
LOC_Os03g04530 cytochrome P450, putative, expressed 0.95
LOC_Os09g36700 ribonuclease T2 family domain containing protein, expressed 0.94
LOC_Os02g52150 heat shock 22 kDa protein, mitochondrial precursor, putative, expressed 0.91
LOC_Os03g07960 expressed protein 0.88
LOC_Os10g41100 CCT motif family protein, expressed 0.84
LOC_Os11g34880 NB-ARC domain containing protein, expressed −0.70
LOC_Os11g05480 transcription factor, putative, expressed −0.76
LOC_Os01g40499 S-locus lectin protein kinase family protein, putative, expressed −0.82

The N content in stem and in leaf relate positively with the blue module and negatively to the green
module, respectively (Table 1). In the blue module, the top ten genes encode RNA recognition motif
containing protein, ribosomal L18p/L5e family protein, cytochrome P450, ribonuclease T2 family, heat
shock 22 kDa protein, CCT motif family protein, NB-ARC domain containing protein, and transcription
factor etc. The correlation network of the blue module is shown in Figure S5A. This indicates that
these genes may play a crucial role in regulation of the scale of N in stem and in leaf. Interestingly, the
negative module falls into the same module with the scale of tillers. In addition, the co-expression
network and candidate hub genes in other modules are shown in Figures S6–S8 and Table S15.
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Figure 9. Gene expression of top ten node hub genes of eight related modules. (A) Heatmap showing
the expression profiles of the top ten node hub genes in each module; (B) Fold changes (log2) of the top
ten node hub genes in lightyellow and green module. Red and blue color represent scale of up-and
down-regulation, respectively.

It is noteworthy that we find four hub genes overlap with DEGs (between varieties) in the
turquoise module (Table S15), which negatively correlated with the scale of dry weight in leaf. These
four genes are LOC_Os12g07830, LOC_Os06g15570, LOC_Os08g25050 and LOC_Os06g12170. The
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results suggest that these genes in the regulatory network may play a core role in differential dry
weight accumulation between varieties.

The heatmap and changes in the expression levels of the candidate hub genes from the selected
modules are shown in Figures 9 and S9. The expression level of these hub genes are contrastingly
different between the varieties, indicating that the hub genes may play a crucial role in their differential
response to N rate between the varieties.

2.10. Expression Profiles of Tiller Related Genes and Their Network

Many genes are previously reported to impact upon tiller numbers in their mutants [9]. To reveal
their transcriptional responses to N rate, we extracted their FPKM value from the transcriptomes, and
subjected it to statistical comparison (Table 2). Totally of 65 genes were selected to screen for their
transcription levels. Among the 36 decently expressed genes (FPKM > 0.1), 27 showed significant
varietal difference (p ≤ 0.05), 18 showed to be responsive to N rate, and three showed significant
interaction between the variety and N rate. Of these significantly influenced tiller genes, only six of
the 27 genes in the varietal comparison and nine of 18 genes in the N rate comparisons displayed
more than twofold change in at least one comparison. Apparently, the expression level of these
genes was more determined by a variety than to be affected by the N rate. A protein and protein
interaction network (PPI) constructed from known connections seems to illustrate their complexity
more (Figure 10). However, the change did not need to surpass a threshold of twofold to produce a
significant impact on the phenotypes such as the tiller number.

Figure 10. The graphical visualization of protein and protein interaction (PPI) network show the
relationship of tiller genes. The gene expression in their fold change are represented by the up and
down half of the circle, for NPB and YD6, respectively; MN/LN denotes fold change of MN treatment to
LN, HN/LN for HN treatment to LN, represented by the left and right half of the circle, respectively; red
and pink mean induction (up regulation), blue and pale blue for suppression, and white for not detected;
line colors denote that their connections are generated from curated database (blue), experimentally
determined (purple), gene neighborhood (green), textmining (yellow green), co-expression (brown), or
protein homology (light purple).

Meanwhile, through co-expression network analysis, these tiller related genes belong to different
modules, and D10/OsCCD8, HTD2/D14/D88/qPPB3, and NRR/CRCT genes fall in the green module,
which negatively controls the occurrence of the tiller number (Table 2). Surprisingly, these tiller genes
are not part of the candidate hub genes. This suggests that these tiller related genes are not at the nodes
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of the gene expression network, which may locate downstream of certain pathways, and changes of
hub genes will regulate their expression accordingly. In addition, we found that other tiller-related
genes belong to different network regulation modules, showing the complexity and diversity of the
gene regulation at the early stage of tillering. It seems that many genes have other functions that are
not yet discovered during this growth stage. For example, TAC, LAX and IPA1 fell in the turquoise
module are negatively correlated with dry weight in the leaf during this period.

Table 2. Fold change of the expression level change of tiller genes, their significance, and present module.

Note: The expression changes are in the form of log2, and significances at their respective probability level. Red and
blue color represent scale of up-and down-regulation, respectively.

2.11. Expression Profiles of No Apical Meristem Family Genes, Carbohydrate, and N Metabolism and
Transport-Related Genes

No apical meristem family genes (NAM) are critical for meristem maintenance and floral
development [21]. Tillers contain newly branched meristems and therein arise perspective panicles.
Rice genome contains 90 putative NAM genes. Among the 76 NAM genes detected in the transcriptome
at this stage, 27 had an extremely low expression (FPKM ≤ 0.1). Among the 49 decently expressed NAM
genes (FPKM > 0.1), 18 displayed significant varietal differences, 12 being responsive to the N rate,
and 10 showed an interaction between the variety and N rate (Figure S10). Among those significantly
changed, only 11 of the 18 genes in the varietal comparison and six of the 12 genes responsive to the N
rate displayed a twofold or higher change at least once. Apparently, more NAM genes were defined by
the variety than to be responsive to the N rate.

Carbohydrates provide basic carbon substrates for multiple primary and secondary metabolic
pathways, and are subject to the impact of N availability [22,23]. Among the totally 555 carbohydrate
metabolism-related genes we screened for in the transcriptome data, 29 were not detected in the
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SAM at this stage, and 45 showed an extremely low expression (FPKM < 0.1). Of those 482 decently
expressed genes, 200 genes did not show significant (p > 0.05) differences in any comparison; 212
showed significant varietal differences (p ≤ 0.05, Figure S11); 128 being responsive to the N rates; and
43 showed significant interaction between the variety and N rate. This corroborates with that more
genes were expressing differentially between the varieties than those in response to the N rate. All
these specific pathway profile analysis points toward that the expression profile differences were more
likely to be determined by a variety rather than the N enrichment.

N enrichment directly affects the N availability, absorption, synthesis and transport of the related
amino acids and the downstream N metabolism [2,24]. We screened for 210 genes pertaining to
ammonium, nitrate, nitrite, glutamate, glutamine, asparagine, tryptophan, methionine, aspartate,
proline, glycine, cysteine and NADH metabolism. We detected 199 genes expressed in the SAM, with
178 showed a decent expression (FPKM > 0.1). Among them, 97 showed significant differences between
the varieties; 69 showed responsive to the N rate; 28 displayed significant interaction between the
variety and N rate (Figure S12). Comparably, much more genes expressed differentially between the
varieties than those being responsive to the N rate. At the same time, we found that the genes related
to N metabolism are in different modules and play different roles during this period (Figure 10). The N
transporter proteins, OsNRT1 and OsNRT2.3/OsNRT2.3a/OsNRT2.3b, are in the brown module which
positively relate to dry weight of stem and leaf (Table 3). Interestingly, an ammonium transporter
protein-coding gene OsAMT1.2 locates in the turquoise module, which negatively regulates the dry
weight of leaf. These results show that the N related genes in rice plant might play very different roles
in the absorption, function and distribution of N in response to N rate as well as in tillering regulation.

Table 3. Fold change of the expression level of N metabolism and transporter genes between the
varieties and their responses to the N rate.

Note: The expression changes are in the form of log2, and significances at their respective probability level. Red and
blue color represent scale of up-and down-regulation, respectively.

3. Discussion

SAM differentiates all organs, and initiates new branches/tillers for more panicles. Understanding
the molecular mechanism regulating SAM is of great importance to improve N use efficiency in many
crop species, especially in rice. There are so many transcriptomic researches in rice plant. However,
surprisingly, none is dealing with this specific important tissue. NPB and 9311 (sister line of YD6) are
the two representative japonica and indica rice varieties being deeply sequenced and several mutant
collections are derived from them. In this study, we utilized the transcriptome and co-expression
network to analyze the different response to N rate between indica and japonica rice (YD6 and NPB) at
the early stage of tillering occurrence. This study also reveals that the hub genes, tiller genes, NAM
genes, and N related genes in each module are playing specific roles.
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3.1. Reducing N Input to Low or Moderate Rate Is Still Good to Promote Enough Tillers

Indica and japonica rice subspecies possess much differences in morphological, physiological and
cultivation characteristics especially in some important agronomic traits such as tillering. Tiller feature
of a specific variety is the product of its genetic background, cultivation practices and environmental
conditions. Among the later factors, N availability acts a key role [25,26]. Tiller is the basis for
achieving panicle number which plays as a major factor in yield determination. In actual production,
excessive N is usually applied aiming to produce enough number of tillers in the early growth stages.
Therefore, to reduce N without yield penalty lies much in achieving enough tiller number at a minimal
N requirement. Our results suggest that, even for varieties like NPB and YD6 being very different in
their sensitivity to N enrichment, they both consistently show that a mild N enrichment can enhance
tillering; however, excessive N enrichment will not promote more tillers as wished, instead it even
suppresses tillering for a short term effect. Yet, for a more N tolerant variety like YD6, a frequent mild
N enrichment may be necessary to boost tillering. Therefore, for reducing N input to a paddy field,
cutting N rate to avoid heavy topdressing and switching to a low to moderate N enrichment can serve
the same effect on promoting tillers. Meanwhile, at a reduced N rate, it can significantly cut off N run
off as well as raise N use efficiency [25].

Meanwhile, we found the genes related to N uptake, transport, and N metabolism mainly fall
in the blue, brown and turquoise modules through co-expression network in this study (Figure S12).
Among them, the brown module correlated positively with the dry weight accumulation. OsNRT1
encodes a low-affinity nitrate transporter and belongs to the constitutive expression of the outermost
layer of roots, epidermis and root hairs [27]. This gene is not only homologous to the CHL1 (AtNRT1)
gene in Arabidopsis, but also to the polypeptide transporter that widely present in plants, animals,
fungi, bacteria etc. OsNRT2.3a plays an important role in the long-distance transport of nitrate from root
to shoot in the low-nitrate supply condition [28]. OsNRT2.3a is a rice vascular-specific, NRT2 family
high-affinity nitrate transporter. OsNAR2.1 can interact with OsNRT2.1/2.2 and OsNRT2.3a to promote
nitrate uptake by rice roots at different nitrate supply levels [29]. OsNRT2.3b can enhance the buffering
capacity of rice to pH status, increase the absorption of N, iron and phosphorus, improve the effective
utilization of N, and is very important for plants to adapt to different forms of N sources [30]. In our
study, though OsNRT1, OsNRT2.3 and OsNPF2.4 showed similar response pattern to N rate, OsAMT1.2
showed an even different response pattern to N rate between varieties. In previous transcriptome and
co-expression network analysis, NRT and AMT play an important role in N uptake and utilization
efficiency in Brassica juncea cultivars and N transporters regulate some aspects (shoot or leaf) of the
coordination of N and C metabolism in Arabidopsis [31,32]. Interestingly, these genes have a close
positive regulation of dry weight of stem and leaf in this study, which suggests that these genes may
share common roles in regulating N transportation and biomass. These results indicate that these
genes have a promoting effect on the growth and development of the above-ground organs. Although
it does not belong to hub genes, it plays a role in the transport and absorption of N under the control of
upstream hub genes.

3.2. Most of the Tiller Genes Are Not Drastically Respond to N Rate

Recent progress in molecular genetics have deciphered that MOC1 [9], LAX1 and LAX2 [12],
OsFC1/OsTB1 [7,8], APC/CTAD1/TE [11,12], and more than 60 other genes [13,14] are involved in tiller
number control in rice. However, it is almost unknown which set of genes are involved in tiller
regulation under general cultivation conditions, especially which ones are responsible to N rate. In
an attempt to answer such a question, we turn to RNA-seq approach to compare the transcriptomic
changes in the tissue around the SAM, where the tillers emerge.

Our RNA-seq data point to that drastic N enrichment caused more dramatic transcription change
rather than mild N rate (Figure S12). The top categories of those DEGs fall into the metabolic and
hormonal/signal transduction pathways. However, all changes of the tiller related genes did not reach
the two-fold bar to be a DEG (Table 2). Furthermore, half of these tiller genes were showing opposite
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change between the two varieties in response to the N rate (Table 2). These suggest us that drastic N
rate may trigger a dramatic global transcription shift, but those changes may not necessarily directly
relate to tillering. More importantly, change in a gene expression level does not have to surpass the
two-fold bar to impact on tiller number.

In addition, previous studies have shown that the tiller genes are mainly analyzed in a certain
genetic background. Moreover, the interaction network or regulatory mechanisms of tiller genes at
specific stages are not well understood, especially in the early stages of tillering occurrence around
the SAM in rice. In this study, we use GWCNA methods to find co-expressed gene modules and
explore the relationship between gene networks and phenotypes, as well as core genes in the network.
Interestingly, we found that several tiller genes (HTD2/D14/D88/qPPB3, D10/OsCCD8 and NRR/CRT)
fall in the green module, which is negatively correlated with tiller regulation (Figure 7B). HTD2/D14,
which is a component of the stragolactones (SLs) signaling pathway, encodes an esterase that inhibits
rice branching and negatively regulates rice tiller number [33]. D88, function through the MAX/RMS/D
pathway, is expressed in most tissues of rice, including leaves, stems and roots and ultimately affect rice
plant type by regulating cell growth and organ development. Mutations in D88 affected the expression
of genes involved in tiller formation, including HTD1, OSH1, D10 and other genes were significantly
up-regulated in d88 mutants [34]. D10 is a rice ortholog of MAX4/RMS1/DAD1, which encodes a
carotenoid cleavage dioxygenase and is involved in the biosynthesis of levodolactone/levylactone
derivative SLs [35]. D10/OsCCD8 is involved in the synthesis of rice aboveground branching inhibitors,
and transcription of D10 may be a key step in regulating the branching inhibition pathway. The
interaction among D10, auxin and cytokinin affects lateral bud elongation in rice [36]. NRR/CCRT can
regulate the structure of rice roots, so that they can better absorb a large number of nutrients and play
a negative regulation role in the growth of rice roots. It can respond to the level of photo-contracted
compounds and coordinate the expression of genes related to starch synthesis [37,38]. Although
HTD2/D88 and D10/OsCCD8 genes belong to the negative regulatory module and they are not key nodes
of regulation network, these genes are regulated by the upstream hubgenes. Our results corroborate
that these genes closely relate to tillering.

Meanwhile, our results showed that some genes related to tillering, N and other genes fall in other
modules and these modules are not closely related to certain traits (tiller, N, etc.). We speculate that
these genes may have some novel unknown molecular functions, which of course requires further
experimental verification.

Obviously, these differences between varieties are the results of common regulation of many genes.
Changes of certain pivotal gene expression will lead to changes in other genes. The difference in these
expression patterns led to the difference in the response of N rate between indica and japonica rice.

In addition, consistent with previous reports on AS of pre-mRNA [39–43], the major category of
AS events revealed in our current study is intron retention (RI), irrespective of rice varieties. Despite
the trending differences in the percentage of AS events between the two varieties, we have not found
significant distribution differences among the categories event-wise. However, as we did not compare
the components of AS genes between the groups, it would be interesting to further analyze if there are
differences in this aspects of AS events of certain genes between varieties or among N rates [41–43].

4. Materials and Methods

4.1. Plant Materials

Two representative rice varieties Nipponbare (NPB, Oryza sativa L. subsp. japonica) and Yangdao6
(YD6, Oryza sativa L. subsp. indica) were employed in this study. NPB and 9311 (a sister line of YD6)
are widely being used as reference sequencing varieties, in molecular genetic analysis and practical
rice production. NPB generally produces more tillers under lower N rate; whereas YD6, bears fewer
tillers, yet produces more tillers under higher N rate.
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4.2. Growth Conditions, N Rate Treatment and Measurement

The experiments were conducted at the Yangzhou University, Jiangsu Province of China. Plants
were grown in plastic pots (29 cm in diameter, 30 cm in height), which were filled with a mixture
of soil and vermiculite at 5:1 (v/v) ratio. The soil type is sandy loam, containing 1.02 g·kg−1 total N,
22.73 mg·kg−1 available phosphorus, 49.24 mg·kg−1 available potassium, and 13.98 g·kg−1 total organic
matter. The soil osmotic conductivity was 0.11 ms·cm−1 and pH was at 7.66.

Total N fertilizer (urea) enrichment rate was set up at 0 (LN, CK), 9 (MN) and 18 (HN) g N·m−2.
Basal N fertilizer (50% of total rate, in the form of urea, dissolved into water first then further diluted
and applied; the same practice was followed for all other top-dressings) was premixed into the top
10 cm of soil at 3 days prior to seeding. Top dressing was at 2nd and 4th leaf emerging stage, each at
25% of the respective N rate. Twelve sprouting seeds were planted in each pot at an even spacing. After
germination, the pot was irrigated with a shallow layer (1–2 cm) of water. Four biological replicates
were included, with 16 pots in each treatment.

Enumeration of tiller was conducted at 4th, 6th and 8th leaf emerging stage. Plants were sampled
for dry matter measurement, and subsequently for soluble sugar, starch and N content determination.
Total soluble sugar and starch detection were by anthrone reagent following Brooks et al. [44]. N
determination was by Kjeldhal method with Kjeltec 8400 Analyzer Unit (Foss Analytical AB, Hoganas,
Sweden) following the manufacturer’s recommendation.

4.3. Samples Preparation for RNA Extraction, cDNA Library Construction and Sequencing

To investigate the transcriptome changes in response to N enrichment, tissues for RNA isolation
were collected when 4th leaf started spreading out. After removing leaves and the out layers of sheaths
with a surgical blade, only tissues surrounding the shoot apical meristem (SAM, about 5mm in length)
were collected. SAM isolation operation was carried out on the ice, and the SAM tissues were wrapped
in aluminum and snap frozen in liquid N2 before transferring to a deep freezer at −80 ◦C till use.

A total of 12 tissue samples were collected for RNA-Seq, representing two varieties (NPB and YD6)
and three N levels (LN, MN and HN), with two biological replicates in each combination. Another set
of 12 samples was collected for validation purpose. Total RNA was extracted using the RNAiso Plus
Total RNA extraction reagent (Cat#9109, TAKARA, Kusatsu, Japan). Qualified total RNA was further
purified by RNeasy micro kit (Cat#74004, QIAGEN, Duesseldorf, Germany). The rRNA was removed
using Ribo-Zero rRNA Removal Kits (CAT# MRZMB126, Epicentre, Illumina, San Diego, CA, USA).
RNA integrity was evaluated using the Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA).
Samples with RNA Integrity Number (RIN) ≥ 7 were subjected to the subsequent sequencing reactions.
The libraries were constructed by using TruSeq Stranded mRNA LT Sample Prep Kit (CAT#15032612,
Illumina, San Diego, CA, USA), and sequenced on the Illumina sequencing platform HiSeq 2500,
consequentially 100–150 bp paired-end reads were generated.

4.4. RNA-Seq Data Processing and Gene Expression Calculation

Raw reads were first filtered by Fastx program to remove disqualified, short or ribosome RNA
reads, resulting in clean reads. Clean reads % was calculated as (clean reads/raw reads) %; mRNA
% was as ((clean reads-rRNA reads)/clean reads) %; Subsequent genome mapping was by spliced
mapping algorithm in Tophat program [45] to a reference genome, Oryza sativa japonica NPB version
7.0 from ftp://ftp.plantbiology.msu.edu, and generated BAM files.

To estimate the abundance of gene expression, reads number of uniquely mapped genes were
normalized to Fragments Per Kilobase of exon model per Million mapped reads (FPKM) by Cufflinks
program [46]. FPKM was calculated as (total exon fragments in reads)/((mapped reads in millions) ×
exon length in Kilo base pair)), where total exon fragments was the number of reads mapped to exons,
mapped reads was the number of reads mapped to the reference genome, and exon length was total
base pair number of exons in Kilo base pair.
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To generate a list of differentially expressed genes (DEG) between treatments, FPKM was used to
calculate the fold change and false discovery rate (FDR, an adjusted p-value, i.e., q-value) by Cuffdiff
program [18]. The threshold of DEG was set as q-value≤ 0.05 and fold change ≥ 2.

4.5. Novel Gene, Alternative Splicing and Enrichment Analysis

When using Cuffcompare algorithm from Cufflinks software in mapping, reads that could not be
mapped to the reference genome and the transcript FPKM ≥ 10 in any single sample were deemed
as novel genes. For alternative splicing (AS) screening, the BAM files were processed by Cufflinks
program to generate assembled transcripts followed by Cuffmerge algorithm to the final transcriptome
assembly, which was subjected to Astalavista (version 3.1) algorithm to reveal AS [19,47,48]. Functional
enrichment analysis of gene ontology (GO) and KEGG (Kyoto Encyclopedia of Genes and Genomes)
were by String 10.5 [49].

4.6. Quantitative Real Time RT-PCR Validation

To validate the RNA-Seq data, twenty-one DEG at different expression level were selected to
confirm their expression in the corresponding samples by quantitative real-time reverse transcription
polymerase chain reaction (qRT-PCR) with a BioRad CFX-96 system (BioRad, Hercules, CA, USA),
following the method in [50]. Briefly, one μg of total RNA from the same batch of RNA for high
throughput RNA-Seq was used for the first strand of cDNA synthesis using iScript (Cat#1708891,
BioRad, Hercules, CA, USA) according to the supplier’s protocol. The PCR reaction was conducted in
a total volume of 12 μL reaction mix, with one μL of cDNA template, 400 nM forward primer, 400 nM
reverse primer and six μL of SsoFast EvaGreen Supermix (Cat. #1725200, Bio-Rad, Hercules, CA,
USA), and three technical replicates. Two tubulin genes (LOC_Os11g14220 and LOC_Os03g51600)
were deemed as the reference genes. Gene-specific primer sequences for qRT-PCR are listed in Table
S2. Quantification was determined by BioRad CFX manager software (V3.1). Fold change relative to
control level was determined by the 2−ΔΔCt method [50]. PCR amplifications of each sample were used
in triplicate.

4.7. Co-Expression Network Analysis for Construction of Modules

WGCNA (v1.29) package in R was performed to construct the gene co-expression regulation
network [20]. Detailed analysis procedures and methods were followed in accordance with Zhang et
al. [51]. Among the 37,824 genes, 21,700 genes with an averaged FPKM from three replicates > 1 were
used for the WGCNA unsigned co-expression network analysis. Through testing the independence and
the average connectivity degree of different modules with different power value, the appropriate power
value in this study was determined as seven. The modules were obtained by the automatic network
construction function with default parameters in the WGCNA software package. The correlation
between the modules and traits were calculated by the Pearson method using blockwiseModules function.
The top ten genes with maximum intra-modular connectivity were considered as “highly connected
gene” (hubgene) [52]. The top 20 genes including candidate hub gene network was visualized by the
Cytoscape (version 3.7.2) [53].

4.8. Statistical Analysis of Genes Expression Data in a Specific Pathway

Multivariate analysis procedure of the general linear model (GLM) method from the IBM SPSS
software (version 22, IBM, Armonk, NY, USA) was used in the ANOVA comparison of selected gene
expression differences. Correlation analysis was made by the correlate procedure in the SPSS software.

5. Conclusions

This is a pioneer study to reveal the transcriptomic changes of SAM tissue in response to N rate
between indica and japonica rice subspecies, especially for cultivars widely used in the production. N
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rate influenced tiller number in a different pattern between varieties, with NPB being more sensitive
to N enrichment, and YD6 being more tolerant to N rate. Tiller number was positively related to N
content in leaf, culm and root tissue, but negatively related to the soluble carbohydrate, irrespective
of variety. Higher N enrichment brought more drastic transcription change than moderate N rate;
however, varietal background dominated the differences. For the reported 65 tiller genes, less than
half of them showed decent expression in SAM at tiller starting phase; among them only nineteen
being significantly influenced by N rate, and two genes showing significant interaction between the
N rate and variety. GO analysis revealed that the majority of these common DEGs are involved in
general stress responses, stimulus responses, and hormonal signaling process. WGCNA network
identified specific modules that are associated with the phenotypic traits and candidate hub genes
for each module. Several genes associated with tillering and N content fall on certain most relevant
modules. These results help us understand the complexity regulatory mechanisms involved in indica
and japonica rice response to N rate.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/23/
5922/s1.
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Abstract: The FW2.2-like (FWL) genes encode cysteine-rich proteins with a placenta-specific 8 domain.
They play roles in cell division and organ size control, response to rhizobium infection, and metal ion
homeostasis in plants. Here, we target eight rice FWL genes using the CRISPR/Cas9 system delivered
by Agrobacterium-mediated transformation. We successfully generate transgenic T0 lines for 15 of
the 16 targets. The targeted mutations are detected in the T0 lines of all 15 targets and the average
mutation rate is found to be 81.6%. Transfer DNA (T-DNA) truncation is a major reason for the failure
of mutagenesis in T0 plants. T-DNA segregation analysis reveals that the T-DNA inserts in transgenic
plants can be easily eliminated in the T1 generation. Of the 30 putative off-target sites examined,
unintended mutations are detected in 13 sites. Phenotypic analysis reveals that tiller number and
plant yield of OsFWL4 gene mutants are significantly greater than those of the wild type. Flag leaves
of OsFWL4 gene mutants are wider than those of the wild type. The increase in leaf width of the
mutants is caused by an increase in cell number. Additionally, grain length of OsFWL1 gene mutants
is higher than that of the wild type. Our results suggest that transgene-free rice plants with targeted
mutations can be produced in the T1 generation using the Agrobacterium-mediated CRISPR/Cas9
system and that the OsFWL4 gene is a negative regulator of tiller number and plant yield.

Keywords: FW2.2-like gene; tiller number; grain yield; rice; CRISPR/Cas9; genome editing;
off-target effect

1. Introduction

fw 2.2 is a major quantitative trait locus that regulates fruit size and weight in tomato [1,2]. The
underlying gene FW2.2 regulates fruit size by negatively regulating cell division [2,3]. Homolog
identification and sequence analysis have revealed that FW2.2 belongs to a large eukaryotic family
of cysteine-rich proteins containing a featured placenta-specific 8 domain [4,5]. FW2.2-like (FWL)
genes have been characterized in various plant species and are reported to play important roles in
diverse biological processes, such as cell number and organ size control [4,6–9], nodulation [5,10], and
metal ion homeostasis [11–20]. The rice FWL gene family contains eight members [9]. Among them,
the OsFWL3 gene is reported to negatively affect grain length and weight by regulating cell division in
the glume [9]. However, the OsFWL4 gene has been reported to affect cadmium (Cd) resistance upon
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expression in yeast [15]. RNA interference-mediated knockdown of OsFWL4 has been found to reduce
translocation of Cd from the roots to shoots in rice seedlings. More recently, a change in the expression
of OsFWL1 and OsFWL2 induced by their overexpression or RNA interference has been found to affect
Cd tolerance and accumulation in rice [20]. Interestingly, the OsFWL5/PCR1 gene, which affects Cd
and Zn tolerance when expressed in yeast cells, has been reported to regulate metal ion homeostasis
and grain size and weight in rice [13,14]. However, whether other Cd-responsive rice FWL genes also
play a role in plant and organ development in rice remains unknown.

Generating mutants with intended mutations is crucial for functional analysis of plant genes.
The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein
9 (Cas9) system is a powerful tool for genome editing in various organisms, including plants. This
system induces DNA double-strand breaks at given genomic sites, which are subsequently repaired
by either non-homologous end joining or homologous recombination pathways in the cells [21].
Non-homologous end joining is error-prone and can act throughout the cell cycle. It is therefore
commonly utilized to disrupt genes by creating random insertions or deletions (indels) at target
sites [22]. In the presence of a homologous DNA template, a double-strand break can be repaired by
homologous recombination, leading to target gene replacement or insertion. The precise cleavage
of the target DNA using the CRISPR/Cas9 system requires two components, namely, Cas9 nuclease
harboring HNH and RuvC endonuclease domains for cleaving and an engineered single-guide RNA
(sgRNA) for directing Cas9 to the target site [23]. A prerequisite for binding and cleavage of the target
DNA is the presence of a trinucleotide protospacer adjacent motif (PAM) immediately after the target
DNA [24]. Sequence specificity can be achieved by changing a 20-nucleotide “guide sequence” in the
sgRNA. As this system does not require protein engineering, the nuclease can be easily reprogrammed.
With the development of highly efficient CRISPR/Cas9 systems, stable homozygous mutants can be
obtained within a single generation in many plants [25–28].

Agrobacterium-mediated transfer DNA (T-DNA) transformation is commonly used for delivering
CRISPR/Cas9 DNA into rice cells. In this study, two target sites are designed for each of the eight
rice FWL genes for gene editing using the Agrobacterium-mediated CRISPR/Cas9 system. We generate
transgenic T0 lines from 15 out of 16 constructs and detect targeted mutations in all T0 lines. Gene
editing efficiency, T-DNA segregation patterns, and off-target effects are analyzed. The phenotypes of
homozygous and transgene-free mutants with no detected off-target mutations of the OsFWL1 and
OsFWL4 genes are then examined. Our results suggest that OsFWL4 is a negative regulator of tiller
number and plant yield in rice and that OsFWL1 plays a role in modulating rice grain length.

2. Results

2.1. Generation of Rice FWL Gene Mutants Using CRISPR/Cas9

Two target sites were designed in the coding region of each of the eight rice FWL genes for
CRISPR/Cas9 gene editing (Table 1). The GC content in these target sites was in the range 45–75%.
The synthesized oligos were inserted into the CRISPR/Cas9 binary vector (Figure S1). Subsequently,
the 16 constructed vectors were transformed into the Japonica rice variety Zhonghua 11 using the
Agrobacterium-mediated method.

Of the 16 vectors, we successfully generated transgenic T0 lines for 15 vectors (Table 2). We detected
targeted mutations in all those T0 lines. The mutation rates varied from 26.7% to 100%, and the
average mutation rate was 81.6% (Table 2), suggesting that the CRISPR/Cas9 system constructed in
this study is efficient in rice gene editing. Bi-allelic mutants were detected in T0 plants from each
vector, with detection percentages varying from 20.0% to 87.5% (Table 2). Homozygous mutants
were detected in T0 plants from 13 vectors, with the highest detection percentage being 64.3%.
By contrast, heterozygotes and chimeras were detected only in T0 plants from three vectors (Table 2).
The percentage of heterozygotes and chimeras in all T0 plants was only 1.3% and 4.0%, respectively.
Detailed sequencing results of all T0 mutants are shown in Table S1.
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Table 1. Target sites of rice FWL genes for clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9)-mediated gene editing.

Gene Locus Target Name Target Sequence (5′–3′) 1 GC Content (%)

OsFWL1 LOC_Os02g52550 Osfwl1a CTGAAGGACTTACAGTTTCC GGG 45
Osfwl1b TGGGCAGGTCGCTGACATCG TGG 65

OsFWL2 LOC_Os02g36940 Osfwl2a GCGCTGGTGATGCTCCTCAC GGG 65
Osfwl2b CATCTTGGCGCGGTAGAAGC AGG 60

OsFWL3 LOC_Os02g36950 Osfwl3a ATCGCGGAGATCGTCGACCG GGG 65
Osfwl3b GTGGACGAGGCAGTCGGGGC AGG 75

OsFWL4 LOC_Os03g61440 Osfwl4a ATTGAAGCAGGCGAAGAGTC CGG 50
Osfwl4b CGCAGCATGGGTCCTCGGGG AGG 75

OsFWL5 LOC_Os10g02300 Osfwl5a ATCGCAGAAATCGTCGACAG GGG 50
Osfwl5b CTCACGGTGCATCTGTGCGA TGG 60

OsFWL6 LOC_Os03g61470 Osfwl6a TCGACGTCGTGCGGCACCGG CGG 75
Osfwl6b GGCAAGATGCGCACTCAGTA CGG 55

OsFWL7 LOC_Os03g61500 Osfwl7a CCCGTGCATCACGTTCGGGC GGG 70
Osfwl7b CATCTTGCCCCGGTAGACGC AGG 65

OsFWL8 LOC_Os03g61480 Osfwl8a GGGTCGACGTCGTTCGGCAC CGG 70
Osfwl8b GTTGAGGTGCCATCCGAGCT TGG 60

1 The protospacer adjacent motif (PAM) sequences are shown in green.

Table 2. Identification of targeted mutations in T0 plants.

Target No. of T0 Plants
Obtained

No. of Plants with
Mutations

Zygosity Combined Percentage of Homozygous
and Bi-Allelic Mutants (%)

Homozygous Bi-Allelic Heterozygous Chimeric

Osfwl1a 15 7 (46.7%) – 7 (46.7%) – – 46.7
Osfwl1b 14 14 (100.0%) 9 (64.3%) 5 (35.7%) – – 100.0
Osfwl2a 16 15 (93.8%) 1 (6.3%) 14 (87.5%) – – 93.8
Osfwl2b 14 11 (78.6%) 3 (21.4%) 8 (57.1%) – – 78.6
Osfwl3a 7 6 (85.7%) – 4 (57.1%) – 2 (28.6%) 57.1
Osfwl3b 25 22 (88.0%) 2 (8.0%) 13 (52.0%) 1 (4.0%) 6 (24.0%) 60.0
Osfwl4a 15 11 (73.3%) 3 (20.0%) 8 (53.3%) – – 73.3
Osfwl4b 15 10 (66.7%) 1 (6.7%) 8 (53.3%) – 1 (6.7%) 60.0
Osfwl5a 14 14 (100.0%) 2 (14.3%) 12 (85.7%) – – 100.0
Osfwl5b 14 14 (100.0%) 7 (50.0%) 7 (50.0%) – – 100.0
Osfwl6a 15 4 (26.7%) 1 (6.7%) 3 (20.0%) – – 26.7
Osfwl6b 16 15 (93.8%) 5 (31.3%) 10 (62.5%) – – 93.8
Osfwl7a 14 13 (92.9%) 2 (14.3%) 10 (71.4%) 1 (7.1%) – 85.7
Osfwl7b 15 12 (80.0%) 5 (33.3%) 6 (40.0%) 1 (6.7%) – 73.3
Osfwl8b 14 14 (100.0%) 3 (21.4%) 11 (78.6%) – – 100.0

Total 223 182 (81.6%) 44 (19.7%) 126
(56.5%) 3 (1.3%) 9 (4.0%) 76.2

Sequencing analyses revealed that most mutations were short indels; 62.3% of indels were 1 bp
changes (Figure 1A,B). A majority of the 1 bp insertions (83.2%) were either A or T, which is consistent
with previous reports [27,29].

Of the 223 T0 plants, 41 plants did not contain mutations. To test whether failed editing of these
plants was caused by a lack of the CRISPR/Cas9 construct, the presence of hygromycin phosphotransferase
(HPT), sgRNA, and Cas9 transgenes in these 41 plants was examined. Two plants did not contain
HPT, sgRNA, and Cas9 sequences (Table S2), which suggests that these plants escaped hygromycin
selection. Twenty-five plants did not contain sgRNA and/or Cas9 sequences (Table S2) which suggests
that incompleteness of the sgRNA/Cas9 expression cassette led to failed mutagenesis in these plants.
Interestingly, when unmutated T0 plants without the complete sgRNA/Cas9 construct were excluded,
all targets except Osfwl1a, Osfwl4a, and Osfwl6a had a mutation rate of 100% (Table 2 and Table S2).
The score of sgRNA activity in all targets predicted using the sgRNA Scorer 2.0 varied from −0.64 to
1.09 (Table S3), indicating moderate efficiency of the sgRNAs [30].
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Figure 1. Characterization of on-target and off-target mutations. (A) Frequencies of different types
of on-target mutations. (B) Frequencies of different lengths of on-target mutations. (C) Zygosity of
off-target mutations. (D) Types of off-target mutations. Legend: i, insertion; d, deletion; s, substitution;
c, combined mutation; Ho, homozygote; Bi, bi-allele; He, heterozygote.

The inheritance patterns of targeted mutations in later generations were also examined. Mutations
of most homozygous T0 plants were stably transmitted to the T1 generation (Table S4). However,
unexpected genotypes were detected in the T1 generation of four of the five bi-allelic T0 plants.
Additionally, a large proportion of the progeny of a chimeric T0 plant were chimeras (Tables S4 and S5).
The transmission of mutations of several randomly selected T1 lines that did not contain transgenes
(‘transgene-free’; see Section 2.2) in the T2 generation was also examined. The genotypes of all these
lines were faithfully transmitted to T2 plants (Table S6).

2.2. Segregation of T-DNA in the T1 Generation

The presence of CRISPR/Cas9 DNA and marker genes in gene-edited plants may cause adverse
effects, such as an increased risk of off-target changes, and may trigger regulation concerns when
these plants are used in crop breeding [22,31,32]. To test whether the T-DNA fragment carrying the
CRISPR/Cas9 construct could be segregated out in the progeny of T0 mutants, the presence of HPT,
sgRNA, and Cas9 transgenes in T1 plants derived from one of the homozygous or bi-allelic T0 mutants
of each target (except Osfwl3a) was examined (Figure S2). For target Osfwl3a, the progeny of a chimeric
T0 plant (Osfwl3a#4) were used. The genotype of the T0 mutant for each T1 line used is shown in
Table S1. Transgene-free plants were obtained in several randomly selected T1 progeny for all lines
(Figure S2), suggesting that the number of T-DNA insertion loci was low in T0 plants.

In most T1 lines (13 out of 15) analyzed, consistent segregation patterns were observed for all
the HPT, sgRNA, and Cas9 transgenes (Figure S2). However, inconsistent segregation patterns were
detected in two lines (Osfwl3a#4 and Osfwl4b#6). In line Osfwl3a#4, HPT and Cas9 sequences were not
detected in some plants, although the sgRNA sequence was present (Figure S2). Interestingly, the eight
T1 plants of this line that lacked the complete sgRNA/Cas9 expression cassette were all homozygotes,
whereas the other 12 plants containing the complete sgRNA/Cas9 expression cassette were all chimeras
(Figures S2 and S3; Tables S4 and S5). In line Osfwl4b#6, sgRNA and Cas9 sequences were not detected
in all examined T1 plants, but the HPT sequence was present in some of the plants (Figure S2). Next, we
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examined the T0 plant of this line for the presence of a T-DNA fragment and found that it also lacked
sgRNA and Cas9 sequences. This indicates that mutations of this line were generated by transient
CRISPR/Cas9 expression.

2.3. Phenotypic Analysis of Rice FWL Gene Mutants

Phenotypes of allelic mutant lines that were homozygous, transgene-free, and with no detected
off-target effects (see Section 2.4) of the OsFWL1 and OsFWL4 genes were analyzed. For OsFWL1,
T2 plants of lines Osfwl1a#4 and Osfwl1b#11 (Table S6) were selected for Osfwl1a and Osfwl1b targets,
respectively. For OsFWL4, T3 plants of lines Osfwl4a#7 and Osfwl4b#6 (Table S6) were analyzed for
Osfwl4a and Osfwl4b targets, respectively.

The number of tillers per osfwl4a and osfwl4b mutant plants was 45.9% and 41.1% greater,
respectively, than that of the wild type (WT; Figure 2A,B). The number of grains per panicle of mutants
was not significantly changed (Figure 2C). Although 1000-grain weight of mutants was slightly reduced
(Figure 2D), the grain yield per plant was increased by 25.6–35.8% (Figure 2E).

Additionally, the flag leaf width of osfwl4a and osfwl4b mutants was 7.7% and 6.3% greater,
respectively, than that of the WT (Figure 3A,C). However, there was no marked difference in flag
leaf length (Figure 3B). Analysis of leaf epidermal cell size revealed no significant difference in cell
length and width between WT and mutants (Figure S4). This suggests that the increase in leaf width of
mutants was caused by an increase in cell number but not in cell size. In addition, the plant height of
mutants was slightly reduced compared with that of the WT (Figure 2A and Figure S5).

The expression profile of the OsFWL4 gene during the life cycle of rice was examined using
qRT-PCR. OsFWL4 was mainly expressed in the developing endosperm and the stem at the heading
stage (Figure 4); it was also expressed in the leaf, root, and panicle. To gain insights into the
molecular function of OsFWL4, a gene co-expression analysis was performed using the Genevestigator
program [33] with the mRNA-Seq datasets. Many positively correlated genes of OsFWL4 were involved
in cell signal transduction, disease resistance, and heavy metal resistance (Table S7). Interestingly,
some negatively correlated genes of OsFWL4 were found to encode the F-box domain- and BTB
(bric-a-brac, tramtrack and broad complex) domain-containing proteins, which may play a role in
protein ubiquitination [34] (Table S8).

Grain length of osfwl1a and osfwl1b mutants was 4.2% and 5.5% greater, respectively, than that
of the WT (Figure 5A,B). However, there was no difference in grain width between the mutants and
WT plants (Figure 5C). Grain thickness of mutants was slightly lower than that of the WT (Figure 5D).
Finally, there was no change in the 1000-grain weight of mutants (Figure 5E). Additionally, plant height,
leaf size, and grain yield per plant of mutants were not considerably different from those of the WT
(Figure S6).
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Figure 2. Analysis of yield traits of wild type (WT) and OsFWL4 gene mutants. (A) WT and mutant
plants, bar = 1 m. (B) Number of tillers per plant of the WT and mutants, n = 20. (C) Number of
grains per main panicle of the WT and mutants, n = 10. (D) 1000-grain weight of the WT and mutants,
n = 10. (E) Grain yield per plant of the WT and mutants, n = 12–15. Error bars are standard deviations.
***p < 0.001.

110



Int. J. Mol. Sci. 2020, 21, 809

 
Figure 3. Phenotypes of flag leaves of WT and OsFWL4 gene mutants. (A) Flag leaves of the WT
and mutants, bar = 2 cm. (B) Flag leaf length of the WT and mutants. (C) Flag leaf width of the WT
and mutants. The values in (B) and (C) are means of 20 plants. Error bars are standard deviations.
***p < 0.001.

Figure 4. qRT-PCR results of the OsFWL4 gene in 14 tissue samples of japonica rice Zhonghua 11. The
rice Actin1 gene was used as the internal control. Legend: R1–R3, roots in the seedling, tillering, and
heading stages, respectively; St1 and St2, stems in the jointing and heading stages, respectively; L1–L3,
leaves in the seedling, tillering, and heading stages, respectively; P1–P3, panicles 5, 15, and 20 cm in
length, respectively; En1–En3, endosperms 5, 14, and 21 days after pollination. Error bars are standard
deviations of three technical repeats.
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Figure 5. Analysis of grain shape of WT and OsFWL1 gene mutants. (A) Grains of the WT and mutants,
bar = 5 mm. (B) Grain length of the WT and mutants, n = 50. (C) Grain width of the WT and mutants,
n = 50. (D) Grain thickness of the WT and mutants, n = 50. (E) 1000-grain weight of the WT and
mutants, n = 10. Error bars are standard deviations. **p < 0.01; ***p < 0.001.

2.4. Analysis of Off-Target Effects

To investigate the potential off-target events in our experiments, the two most probable off-target
sites were selected for each of the 15 targets. The potential editing events in these sites were examined
in all T0 plants and several randomly selected T1 lines. When the same off-target sequence occurred at
different genomic loci, only one locus was examined. Of the 30 putative off-target sites, we detected
mutations in 13 sites (Table 3). All the five loci that had a single-base mismatch with sgRNA exhibited
off-target effects. Mutations were detected in four of the five (80.0%) and three of the 10 (30.0%) loci
that had two and three mismatches, respectively. Additionally, one locus (Osfwl2aOFF-2) that had four
dispersed mismatches was cleaved in transgenic plants. No mutations were detected in the loci that
had five mismatches with sgRNA (Table 3). Most of the off-target sites with mutations were located
within the gene region (Table 3).
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Among the putative off-target sites with two mismatches, the mismatched nucleotides of
Osfwl6bOFF-1 were separated by only one nucleotide in the PAM-proximal region, and no modifications
were detected at this site (Table 3). Genotype analysis of the off-target mutations in T0 plants revealed
that 44.9% and 43.5% of the genotypes were bi-alleles and heterozygotes, respectively (Figure 1C).
Most off-target mutation events were insertions and deletions as observed in the on-target mutation
events (Figure 1A,D).

2.5. Expression Analysis of Cas9 in Transgenic Plants

The expression level of Cas9 was examined in transgene-positive plants of several randomly
selected T1 lines by qRT-PCR. The Cas9 mRNA level was approximately 11.6–30.3 fold that of the
OsActin1 gene in different lines (Figure 6).

Figure 6. qRT-PCR analysis of Cas9 expression in the transgene-positive plants of the T1 lines. The
rice Actin1 gene was used as the internal control. Error bars represent standard deviations of three
biological repeats.

3. Discussion

In this study, rice FWL family genes were mutated using the Agrobacterium-mediated CRISPR/Cas9
system, and the phenotypes of mutants of two genes (OsFWL1 and OsFWL4) were characterized. The
results suggest that the OsFWL4 gene is a negative regulator of tiller number and plant yield in rice
and that the OsFWL1 gene plays a role in modulating rice grain length.

Rice tiller number is an important agronomic trait that largely affects grain yield. The tiller
number of the OsFWL4 gene mutants was increased by up to 45.9% compared with that of the WT
(Figure 2A,B). Additionally, flag leaf width of mutants was also increased (Figure 3A,C). Leaf epidermal
cell observation revealed that the increase in leaf width of mutants was caused by an increase in cell
number but not in cell size (Figure S4). Hence, OsFWL4 may negatively affect cell proliferation during
leaf and tiller development. In the mutants, the grain yield per plant was increased by up to 35.8%
(Figure 2E), suggesting that the OsFWL4 gene may be useful in breeding to improve rice yield.

The grain length of the OsFWL1 gene mutants was significantly higher than that of the WT
(Figure 5A,B). Similarly, grain length of the OsFWL3 gene mutant has also been reported to be
increased [9]. However, grain width of the OsFWL1 gene mutants was not affected and grain thickness
was reduced (Figure 5C,D). The decrease in grain thickness might be caused by insufficient grain filling
due to enlarged glumes in the mutants. Finally, grain weight of mutants was not changed. Together,
these results suggest that rice FWL genes play a role in the regulation of organ development in rice.

It has been reported that the OsFWL4 gene can enhance Cd resistance when expressed in yeast
cells and mediate the translocation of Cd from the roots to shoots in rice seedlings [15]. Recently,
the OsFWL1 gene was also reported to mediate Cd homeostasis in rice [20]. Hence, the two rice
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FWL genes function in both organ development regulation and Cd homeostasis in rice. Similarly, the
OsFWL5/PCR1 gene has been found to confer Cd resistance and Zn hypersensitivity upon expression in
yeast and to modulate grain size and weight and metal ion homeostasis in rice [13,14]. However, how a
single FWL gene fulfills such diverse roles remains unknown. Interestingly, the OsFWL5/PCR1 protein
has been found to be localized as oligomers in the plasma membrane microdomains [13]. Additionally,
GmFWL1, an important FWL protein involved in soybean nodulation, has also been demonstrated to
be a plasma membrane microdomain-associated protein [5,10]. The plasma membrane microdomains
are membrane sub-compartments consisting of special lipids and proteins and are considered signal
integration hubs of cells [35]. Hence, the membrane microdomain-associated FWL protein may act in
several distinct signaling pathways and thus affect multiple biological processes in plants. Both OsFWL1
and OsFWL4 proteins are located in the plasma membrane, and the OsFWL4 protein is distributed in a
punctate manner [9,15]. We speculate that OsFWL4 may also be a microdomain-associated protein.
A gene co-expression analysis revealed that OsFWL4 may be involved in many cell functions (Tables S7
and S8). The OsFWL1 gene is reported to be co-expressed with the zinc finger and ubiquitination-related
protein genes [9].

CRISPR/Cas9 DNA can be delivered into rice cells by Agrobacterium-mediated transformation
and integrated into the rice genome. Studies have shown that T-DNA truncation frequently occurs
in Agrobacterium-mediated transformation [36,37]. Detection of CRISPR/Cas9 DNA in unmutated
T0 plants revealed that most (25 out of 39, excluding two plants that escaped hygromycin selection)
of them lacked sgRNA and/or Cas9 transgenes (Table S2). This indicates that the integrity of the
sgRNA/Cas9 expression cassette is an important factor affecting editing efficiency. Truncation of T-DNA
can occur at its different ends (left, right, or both ends) and different stages of integration (before
or during integration) [36–39]. In rice, truncated T-DNAs were detected in more than 18% of the
transformants [40]. Hence, improving the quality of T-DNA integration may aid in further increasing
the efficiency of CRISPR/Cas9 gene editing based on Agrobacterium-mediated transformation.

T-DNA segregation analysis revealed that transgene-free plants could be obtained in several
T1 plants for all lines examined (Figure S2). This suggests that T-DNA insertions in CRISPR/Cas9
gene-edited plants can be easily eliminated in the T1 generation. Interestingly, inconsistent segregation
of HPT, sgRNA, and Cas9 transgenes was observed in two lines (Osfwl3a#4 and Osfwl4b#6; Figure S2).
The absence of sgRNA and Cas9 transgenes in Osfwl4b#6 T1 plants was caused by the lack of these
sequences in the T0 plant. In the 20 T1 plants examined for line Osfwl3a#4, seven plants contained only
the sgRNA transgene, 12 plants contained all the three transgenes, and one plant had no transgene
(Figures S2 and S3). This inconsistent segregation could be attributed to the presence of two T-DNA
insertion sites in this line; one contained the complete T-DNA fragment, whereas the other harbored a
truncated T-DNA with only the sgRNA transgene.

The off-target effect is a major concern in the application of CRISPR/Cas9 technology. Several
studies have reported that the CRISPR/Cas9 system is highly specific in plants [27,32,41,42]. However,
moderate or even high-frequency off-target mutagenesis has also been reported [43–46]. In the
present study, potential editing events at 30 putative off-targets of the 15 sgRNAs were examined. We
detected mutations in 13 out of the 30 putative off-target sites (Table 3). Analysis of the relationship
between mismatch numbers of target-like sequences and off-target activity revealed that all the
sequences harboring single mismatches with the sgRNAs and 80.0% of the sequences containing double
mismatches were cleaved. These results indicate that at least two mismatches between the sgRNA and
potential off-target sequences are required to minimize the off-target effects. Interestingly, an off-target
site with up to four mismatches (Osfwl2aOFF-2) was also mutated (Table 3). The first mismatch of this
site located at the first base in the 5′ end is usually tolerated by CRISPR/Cas9. Additionally, all four
mismatched bases of this site were adenine (Table 3), which led to rN:dT base pairing during sgRNA
binding. Generally, the rN:dT mismatches are well tolerated [47,48]. Hence, both the identity and
position of mismatched bases might contribute to the cleavage of this site by Cas9. The results suggest
that the sgRNAs should be designed carefully to minimize or avoid off-target mutagenesis in plants.
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4. Materials and Methods

4.1. Plant Materials and Growth Conditions

The rice variety used for transformation was Zhonghua 11 (Oryza sativa L. ssp. japonica). The rice
plants were grown in experimental fields of the Huaiyin Normal University in Huai’an, China or in
Lingshui, China in different growing seasons. Rice plants were also grown in plastic buckets in growth
chambers with a 14/10 h light/dark cycle at 30 and 25 ◦C.

4.2. Construction of the CRISPR/Cas9 Plasmids

Maize ubiquitin promoter was used to drive the expression of the hSpCas9 gene, which was
amplified from the pX260 vector [49]. The construct was inserted into the pCAMBIA1300 vector
(Cambia, Canberra, Australia) harboring the hygromycin resistance gene. The BsaI site originally
present in the pCAMBIA1300 vector was disrupted by point mutation. Subsequently, a construct
containing the OsU6 promoter [50], a negative selection marker gene (ccdB) with BsaI sites at both
ends, and a fragment encoding the sgRNA scaffold derived from the pX260 vector was cloned into
this vector to generate the CRISPR/Cas9 binary vector (Figure S1). Target sequences containing at
least one mismatch in the 12-bp PAM proximal region with other genomic sites and relatively high
GC content were selected for the rice FWL genes. The designed target sequences were synthesized,
annealed, and ligated into the BsaI site of the CRISPR/Cas9 binary vector to obtain the CRISPR plasmids
for targeted gene editing. The plasmids were propagated in Escherichia coli competent cells and
subsequently introduced into the Agrobacterium tumefaciens strain EHA105 for Agrobacterium-mediated
transformation of rice [51].

4.3. Detection of On-Target and Off-Target Mutations

The potential off-targets of sgRNAs were predicted using the “offTarget” program in the
CRISPR-GE software toolkit [52]. Genomic DNA of rice was extracted using the CTAB (cetyl
trimethylammonium bromide) method. The DNA fragments covering the on-target and off-target sites
were amplified by PCR using the specific genomic primers. PCR amplifications were performed in a
Mastercycler nexus gradient thermal cycler (Eppendorf, Hamburg, Germany). Each reaction contained
DNA templates, 1 × PCR buffer, 0.4 mmol L−1 dNTPs (deoxynucleotide triphosphates), 0.3 μmol L−1 of
both forward and reverse primers, and 1 U KOD FX DNA polymerase (Toyobo, Osaka, Japan). Distilled
water was added to a final volume of 50 μL. The PCR conditions included an initial incubation at 94 ◦C
for 2 min, followed by 30 cycles of 98 ◦C for 10 s, 50–55 ◦C for 30 s, and 68 ◦C for 0.5–1 min, with a
final extension at 68 ◦C for 5 min. The amplified products were sequenced directly. For some samples,
PCR products were cloned and individual clones were sequenced. The superimposed sequencing
chromatograms of heterozygous and bi-allelic mutations were decoded using DSDecodeM [53]. The
PCR primers used are listed in Table S9.

4.4. Detection of the T-DNA Fragment

The T-DNA fragment in transgenic plants was detected by PCR using three pairs of primers
amplifying the HPT, sgRNA, and Cas9 transgenes. Amplifications were carried out in a Mastercycler
nexus gradient thermal cycler (Eppendorf, Hamburg, Germany). Each reaction contained DNA
templates, 1 × Es Taq MasterMix (Cwbio, Beijing, China), and 0.4 μmol L−1 of both forward and reverse
primers. Distilled water was added to a final volume of 25 μL. The PCR conditions included an initial
incubation at 94 ◦C for 2 min, followed by 30 cycles of 94 ◦C for 30 s, 55 ◦C for 30 s, and 72 ◦C for 30 s,
with a final extension at 72 ◦C for 2 min. PCR products were separated by electrophoresis on 1.5%
agarose gels containing GoldView I nucleic acid dye (Solarbio, Beijing, China). The primers used are
listed in Table S9.
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4.5. RNA Isolation and qRT-PCR

RNA isolation and qRT-PCR analysis were performed as previously described [54]. Briefly, total
RNA was isolated using the TRIzol Total RNA Isolation kit (Sangon Biotech, Shanghai, China) and
treated with DNase I (Sangon Biotech, Shanghai, China). Eight hundred nanograms of total RNA
was reverse-transcribed using RevertAid Premium Reverse Transcriptase (Thermo Fisher Scientific,
Waltham, MA, USA) and diluted ten-fold for PCR amplification. The PCR was performed on a
LightCycler480 II instrument (Roche, Basel, Switzerland). Each reaction contained 2 μL of cDNA
template, 10 μL of SYBR Green qPCR Master Mix (BBI, Toronto, ON, Canada), and 0.2 μmol L−1

gene-specific primers in a final volume of 20 μL. The PCR conditions included an initial incubation at
95 ◦C for 3 min, followed by 45 cycles of 95 ◦C for 5 s and 60 ◦C for 30 s. The specificity of the PCR
reactions was determined by melting curve analyses of the products. Relative expression levels were
calculated by the 2−ΔΔCT method. The rice Actin1 gene was used as the internal control. The primer
sequences are listed in Table S9.

4.6. Leaf Epidermal Cell Observation

Epidermal cells in flag leaves were observed following the method used by Yoshikawa et al. [55].

4.7. Trait Measurement

Plant height, leaf size, and tiller number of WT and mutants were measured in the field at the
maturity stage. For tiller number determination, only seed setting tillers were counted. Rice plants
were harvested when the grains were fully mature. Grains threshed from each plant were dried,
and filled grains were weighed to determine grain yield per plant. Fully filled grains were used for
determining grain size and weight. Grain weight was measured based on 100 grains and converted to
1000-grain weight.

5. Conclusions

Collectively, our findings showed that transgene-free rice plants with targeted mutations can be
produced in the T1 generation using the Agrobacterium-mediated CRISPR/Cas9 system, and that the
OsFWL4 gene plays a role in the regulation of tillering and plant yield in rice. The specific mutants
obtained in this study provide valuable materials for functional analysis of rice FWL genes.
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Abstract: Transgenic technologies have been applied to a wide range of biological research. However,
information on the potential epigenetic effects of transgenic technology is still lacking. Here, we show
that the transgenic process can simultaneously induce both genetic and epigenetic changes in
rice. We analyzed genetic, epigenetic, and phenotypic changes in plants subjected to tissue culture
regeneration, using transgenic lines expressing the same coding sequence from two different promoters
in transgenic lines of two rice cultivars: Wuyunjing7 (WYJ7) and Nipponbare (NP). We determined
the expression of OsNAR2.1 in two overexpression lines generated from the two cultivars, and in
the RNA interference (RNAi) OsNAR2.1 line in NP. DNA methylation analyses were performed
on wild-type cultivars (WYJ7 and NP), regenerated lines (CK, T0 plants), segregation-derived
wild-type from pOsNAR2.1-OsNAR2.1 (SDWT), pOsNAR2.1-OsNAR2.1, pUbi-OsNAR2.1, and RNAi
lines. Interestingly, we observed global methylation decreased in the T0 regenerated line of WYJ7
(CK-WJY7) and pOsNAR2.1-OsNAR2.1 lines but increased in pUbi-OsNAR2.1 and RNAi lines of NP.
Furthermore, the methylation pattern in SDWT returned to the WYJ7 level after four generations.
Phenotypic changes were detected in all the generated lines except for SDWT. Global methylation was
found to decrease by 13% in pOsNAR2.1-OsNAR2.1 with an increase in plant height of 4.69% compared
with WYJ7, and increased by 18% in pUbi-OsNAR2.1 with an increase of 17.36% in plant height
compared with NP. This suggests an absence of a necessary link between global methylation and the
phenotype of transgenic plants with OsNAR2.1 gene over-expression. However, epigenetic changes
can influence phenotype during tissue culture, as seen in the massive methylation in CK-WYJ7,
T0 regenerated lines, resulting in decreased plant height compared with the wild-type, in the absence
of a transformed gene. We conclude that in the transgenic lines the phenotype is mainly determined
by the nature and function of the transgene after four generations of transformation, while the
global epigenetic modification is dependent on the genetic background. Our research suggests an
innovative insight in explaining the reason behind the occurrence of transgenic plants with random
and undesirable phenotypes.
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1. Introduction

Transgenic technologies allow gene transfer to completely unrelated organisms and their
application in agriculture has increased the global transgenic crop cultivation to 181 million hectares [1].
In addition, as the basis of transgenic technology, tissue culture is also used for the clonal propagation
and regeneration of many plants [2,3]. Although cultured material is not expected to show many
genetic changes compared with the original material, there are clear examples of tissue culture material
showing heritable phenotypic differences [4–6]. Phenotypic changes in tissue culture-derived material
have been found to be caused by epigenetic changes [6–8]. For instance, Rhee et al. [7] demonstrated the
silencing of epialleles by epigenetic modifications and showed that the pericarp color1 (p1) epialleles
were capable of functioning in the presence of the correct trans-acting factors in maize. Furthermore,
there are many reports on epigenetic changes caused by plant regeneration in rice [9], garlic [10],
triticale [11], pineapple [12], torenia, and rye [13,14].

Variation in plant phenotype is determined by both genetic and epigenetic factors [4]. Epigenetics
refers to the study of heritable phenotype changes without genetic alteration [15]. DNA methylation is
an epigenetic mechanism that involves the transfer of a methyl group to the C5 position of cytosine
and contributes to the epigenetic regulation of nuclear gene expression and to genome stability [16].
In plants, DNA methylation occurs in three sequence contexts: CG, CHG, and CHH (H=A, C or
T) [16,17]. The modulation of DNA methylation in culture is crucial to regeneration outcomes:
successful regenerants of Oryza sativa ssp. japonica had lower CG methylation levels than failed
regenerants [9]. The regeneration process, with or without genetic transformation, affects gene
regulation at the transcriptional and post-transcriptional levels and correlates with changes in DNA
methylation patterns [18]. Transgenic approaches have been successfully used to produce herbicide
and pest-resistant varieties in several crop species. However, there is only sporadic research concerning
global DNA methylation changes in transgenic plants. Potential global DNA methylation modification
occurring in transgenic plants is still largely unexplored [18–23]. There have been reports of transgenic
plants from different genetic backgrounds having random and undesirable phenotypes [24–26].
Transgenic maize with overexpressed DREB3, a dehydration-responsive element-binding transcription
factor, showed higher yields in some genetic backgrounds but not others [24]. Researchers have
suggested that insert transgene position, metabolic imbalances and environmental constraints [24,27]
could be the reasons behind undesirable phenotypes of transgenic plants. However, we suspect that
epigenetic changes in transgenic lines may be another reason for the occurrence.

Rice (Oryza sativa L.) is a major staple food for a large part of the global population. To determine
whether genetic and global epigenetic modification influences the phenotype of transgenic rice,
we used whole-genome bisulfite sequencing (WGBS) and methylated DNA immunoprecipitation
sequencing (MeDIP-seq) methods to determine DNA methylation at the genomic level in various
transgenic plants and their controls. The transgenic process includes tissue induction, selection pressure
and insertion of the transgene [28]. We used wild-type Wuyunjing7 (WYJ7), its regenerated line
(CK), and segregation-derived wild-type from pOsNAR2.1-OsNAR2.1 (SDWT) to represent different
transgenic processing, and wild-type of Nipponbare (NP), its OsNAR2.1 overexpression line under
the ubiquitin promoter (pUbi-OsNAR2.1), and the OsNAR2.1 RNA interference (RNAi) NP line to
represent different backgrounds and different transgenic expression. Previous studies have shown
that OsNAR2.1 is a partner protein of rice high-affinity nitrate transporters (OsNRT2s) [29–31] and
plays a key role in enabling the plant to cope with variable environmental nitrate supplies [29–31];
overexpression of OsNAR2.1 can lead to an increase in grain yield and higher nitrogen-use efficiency
(NUE) in rice cultivation systems [32,33]. We used OsNAR2.1 transgenic lines as representative lines
for the transgenic process.
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2. Results

2.1. Transgenic Process Induces Significant Epigenetic Changes in Rice

To investigate global methylation caused by the transgenic process in plants, we used WGBS
to sequence samples of four types of rice: Wuyunjing7 wild type (WYJ7), T0 plants regenerated
from callus (CK), wild type plant derived from segregation of pOsNAR2.1-OsNAR2.1 (SDWT) and
pOsNAR2.1-OsNAR2.1 plants. T4 generation SDWT plants served as true experimental controls for the
pOsNAR2.1-OsNAR2.1 line to study the transgene insertional effect on the epigenome as it was derived
from the T0 pOsNAR2.1-OsNAR2.1 heterozygote line (for the selection process see Supplementary
Table S1). T4 generation pOsNAR2.1-OsNAR2.1 plants with high yield and high NUE phenotypes have
been described in Chen et al. [33]. We also used MeDIP sequencing on four more samples, including
the wild type of Nipponbare (NP), the knockdown plant of OsNAR2.1 by RNA interference (RNAi)
(describe as r1 in Yan et al. [29]), and overexpression plant of OsNAR2.1 by the ubiquitin promoter
(pUbi-OsNAR2.1). The relationships between different samples are described in Table 1 as: CK =WYJ7
+ callus inducing media(CIM) + shoot inducing media(SIM); SDWT =WYJ7 + CIM + SIM + selection
pressure (Hygromycin, Hyg) + transformation with the pOsNAR2.1-OsNAR2.1 construct + segregation
of pOsNAR2.1-OsNAR2.1 heterozygote line; pOsNAR2.1-OsNAR2.1 =WYJ7 + CIM + SIM + selection
pressure (Hyg) + transformation with the pOsNAR2.1-OsNAR2.1 construct + pOsNAR2.1-OsNAR2.1
insertion; pUbi-OsNAR2.1 =NP + CIM + SIM + selection pressure (Hyg) + transformation with the
pUbi-OsNAR2.1 construct + pUbi-OsNAR2.1 insertion; RNAi = NP + CIM + SIM + selection pressure
(Hyg) + RNA interference (RNAi) construct. Table 1 also shows the values for raw reads, uniquely
mapped reads, and normalized cytosine methylation (mC) number in each replicate of four samples for
WGBS and filtered reads, aligned reads, and peaks counts of three samples for MeDIP. We sequenced
the flanking DNA of pOsNAR2.1-OsNAR2.1 insertion site of in pOsNAR2.1-OsNAR2.1 plants and found
that the insertion of the pOsNAR2.1-OsNAR2.1 transgene was between LOC_Os02g49950 gene and
LOC_Os02g49960 gene in chromosome 2. We also sequenced the flanking DNA of the pUbi-OsNAR2.1
insertion, which was inserted in chromosome 10, between LOC_Os10g33874 and LOC_Os10g33900 in
pUbi-OsNAR2.1 line (Supplementary Figure S1d,e). Neither of these sites occur in high methylation
areas nor in functional genes.

Table 1. Samples description in this study.

Sample Description Raw Reads
Uniquely

Mapping Reads
Normalized
mC Count

WT-WYJ7-1

Wild type Wuyujing 7 cultivar (WYJ7)

140,469,848 114,222,086 396,005

WT-WYJ7-2 140,314,960 114,019,328 380,987

WT-WYJ7-3 137,035,182 111,328,844 406,068

CK1
T0 generation plant of WYJ7 +callus inducing media

(CIM) + shoot inducing media (SIM)

115,760,650 84,978,096 340,144

CK2 115,709,516 83,108,206 344,139

CK3 135,865,342 98,592,558 375,679

SDWT1 T4 generation plant of WYJ7+CIM+SIM+ selection
pressure (Hyg) + transformation of

pOsNAR2.1-OsNAR2.1 construct + segregation of
pOsNAR2.1-OsNAR2.1 heterozygote line

134,716,330 109,964,522 376,469

SDWT2 127,794,020 104,131,328 393,058

SDWT3 138,032,054 112,763,894 377,411

pOsNAR2.1-OsNAR2.1-1 T4 generation plant of WYJ7+CIM+SIM+selection
pressure (Hyg) + transformation of

pOsNAR2.1-OsNAR2.1 construct + one more
pOsNAR2.1-OsNAR2.1 insertion.

144,544,940 79,464,658 354,464

pOsNAR2.1-OsNAR2.1-2 109,740,316 73,616,122 328,232

pOsNAR2.1-OsNAR2.1-3 136,405,336 100,950,580 356,844

Pass Filtering
Reads

Reads Aligned
Reads Peaks count

WT-NP Wild type Nipponbare cultivar (NP) 13,047,179 12,798,555 37,223

pUbi-OsNAR2.1
T8 generation plant of NP+CIM+SIM+ selection

pressure (Hyg)+transformation of
pOsNAR2.1-OsNAR2.1 vector+pUbi-OsNAR2.1 insertion

20,671,931 20,360,102 44,902

RNAi T8 generation plant of NP+CIM+SIM+ selection
pressure (Hyg)+RNA interference (RNAi) constructs 18,722,855 18,428,653 44,307
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Our analysis of the sequencing data showed that the total normalized methylated cytosine (mC)
numbers differed significantly among the four samples (Figure 1a), with normalized mC counts of
approximately 3.9, 3.5, 3.8, and 3.5 million (M) for WYJ7, CK, SDWT, and pOsNAR2.1-OsNAR2.1,
respectively. The result suggests that the tissue culture (CK) and the transgenic process
(pOsNAR2.1-OsNAR2.1) of WYJ7 both lead to global DNA hypomethylation. In contrast to CK
and pOsNAR2.1-OsNAR2.1 plants, the mC level in SDWT plants returned to the WT level (WYJ7) after
four selfing generations in the field. Since the CK and SDWT both went through regeneration, the result
suggested the loss of the transgene in generation increases the methylation in SDWT. Simultaneously,
the pOsNAR2.1-OsNAR2.1 lines showed a significantly higher percentage of symmetric CG sites and
lower percentage of asymmetric CHH sites, and CK lines showed a lower percentage of symmetric
CHG sites instead (Figure 1b–d), which indicates that while both pOsNAR2.1-OsNAR2.1 and CK lines
show a decrease in global DNA methylation the sites of mC changes were different. Interestingly,
in the other two independent transgenic lines, MeDIP sequencing data showed that peak counts in
both pUbi-NAR2.1 and RNAi lines increased compared with NP (Figure 1e). The results suggest that
the tissue culture process leads to a decrease in global methylation, but the transgenic process leads to
different global methylation changes in different rice backgrounds.

Figure 1. Characteristics of sequencing data (a) Normalized DNA cytosine methylation numbers
in WYJ7, CK, SDWT and pOsNAR2.1-OsNAR2.1 samples. (b-d) mCG, mCHG and mCHH ratio
in WYJ7, CK, SDWT and pOsNAR2.1-OsNAR2.1 samples. (e) Peak count of methylation in NP,
pUbi-OsNAR2.1 and RNAi. (f) Venn diagram of unique and shared genes in CpG methylation states for
WYJ7, CK, SDWT and pOsNAR2.1-OsNAR2.1 samples. (g) Venn diagram of peaks in NP, RNAi and
pUbi-OsNAR2.1 samples.

2.2. Both Tissue Culture and Transgenic Processes Can Induce Unique Methylation Changes in Genic Regions

The Venn diagram of WGBS sequencing shows the unique and shared CpG methylation areas
of 42,042 genes in the WYJ7, CK, SDWT and pOsNAR2.1-OsNAR2.1 samples (Figure 1f). The results
showed that 88.9% of genes in these four samples shared the same CpG methylation area. CK, SDWT,
and pOsNAR2.1-OsNAR2.1 had 347, 216, and 381 genes with unique methylation areas, respectively.
If only compared with wild-type WYJ7, CK, SDWT, and pOsNAR2.1-OsNAR2.1 showed 1432, 1181, and
1396 genes with unique methylation areas. The Venn diagram analysis of the methylation peaks of the
MeDIP-seq data sets for NP, RNAi, and pUbi-OsNAR2.1 samples showed that the majority of the peaks,
approximately 32,000, are shared by the three samples (Figure 1g). Both RNAi and pUbi-OsNAR2.1
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samples had 10,223 and 11,168 unique peaks, respectively (Figure 1g). The results indicate that both
tissue culture and the transgenic processes could induce unique methylation changes in genic regions
although neither knockdown nor overexpression of OsNAR2.1 in transgenic plants caused the majority
of DNA methylation changes.

2.3. Transgenic Process Leads to a Higher Number of Hyper-DMRs Than Hypo-DMRs

We analyzed the differentially methylated regions (DMRs) of wild-type and transgenic lines and
found that there were more hypo-DMRs (71%) in CK lines but more hyper-DMRs (78%) in transgenic
lines in pOsNAR2.1-OsNAR2.1 under WYJ7. Similar results were observed in pUbi-OsNAR2.1 and
RNAi under NP (71% and 73%) and, for the SDWT line, the percentage of the hypo- and hyper- DMRs
were very close (49% and 51%) (Figure 2a–c,f,g). In spite of global DNA methylation caused by the
transgenic process being background sensitive, the insertion of the transgene was able to induce more
hyper-DMRs than hypo-DMRs in both backgrounds. CK and the three transgenic lines contained
5122, 3539, 5253, and 4239 DMRs, respectively, which were considerably more comparable with the
2732 DMRs of SDWT. There were few common DMRs between these hypo- and hyper-DMRs in
CK and pOsNAR2.1-OsNAR2.1 lines, nor in SDWT and pOsNAR2.1-OsNAR2.1 lines (Figure 2d,e).
However, there were nearly 2000 common hyper-DMRs and nearly 500 common hypo-DMR between
the pUbi-OsNAR2.1 and RNAi lines (Figure 2h), caused by insertion of the transgene, rather than by
the expression of OsNAR2.1.

Figure 2. Characteristics of DMRs. (a-c) Total number of DMRs and breakdown of hyper- and
hypo-DMRs in CK, SDWT and pOsNAR2.1-OsNAR2.1 samples. (d) Venn diagram of unique and shared
hyper- and hypo-DMRs in pOsNAR2.1-OsNAR2.1 and CK samples. (e) Venn diagram of unique and
shared hyper- and hypo-DMRs in pOsNAR2.1-OsNAR2.1 and SDWT samples. (f,g) Total number of
DMRs and breakdown of hyper- and hypo-DMRs in pUbi-OsNAR2.1 and RNAi samples. (h) Venn
diagram of unique and shared hyper- and hypo-DMRs in pUbi-OsNAR2.1 and RNAi samples.

2.4. Tissue Culture Process Causing Random Epigenetic Changes

We analyzed the differentially CpG methylated regions of five comparison groups: WYJ7 and
SDWT, WYJ7 and CK, WYJ7 and pOsNAR2.1-OsNAR2.1, SDWT and pOsNAR2.1-OsNAR2.1, and CK
and pOsNAR2.1-OsNAR2.1. We found that the mutual DMRs differed among them and calculated the
CpG methylation level in these DMRs in different replicates of different samples. The clustered heatmap
is shown in Figure 3. The heatmap shows that the DMR clustering pattern is similar between wild-type
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and lines subjected to transgenic manipulation (SDWT and pOsNAR2.1-OsNAR2.1), whereas a more
variable pattern is observed for CK replicates. The result shows that different CpG clusters of common
DMRs were detected in different CK lines regenerated from the same tissue culture process with the
same explant WYJ7 seeds (Figure 3). This suggests that the tissue culture process could randomly alter
the epigenetic status. On the other hand, a tissue culture process followed by a transgenic process
tends to lead to a more consistent CpG methylation level clustering pattern (Figure 3), suggesting that
the influence of the transgenic process on the rice epigenome is stronger than the influence of the tissue
culture process.

Figure 3. Heatmap for DMRs methylation level cluster. Heatmap representation of hierarchical
clustering based on CG methylation levels within DMRs. Rows represent all DMRs identified and
columns represent the samples.

2.5. Both Tissue Culture and Transgenic Process Can Change the Phenotype of Plants

We planted all the wild-type and transgenic lines in the field and estimated their gene expression,
grain yield, and seed setting rate (Figure 4). For the lines used in the WGBS analysis, the phenotype
showed that the plant height was significantly shorter in the CK line and significantly taller in the
pOsNAR2.1-OsNAR2.1 line compared with WYJ7, whereas there was no significant change in the SDWT
line (Figure 4a, Supplementary Table S2). The total tiller number was higher in pOsNAR2.1-OsNAR2.1
line with no significant difference in the CK and SDWT lines (Supplementary Table S2). For the
expression of OsNAR2.1, while there were no significant differences between the WYJ7, CK and SDWT
lines, expression was significantly higher in the pOsNAR2.1-OsNAR2.1 line (Figure 4b). The grain
yield and seed setting rate were significantly lower in the CK line and significantly higher in the
pOsNAR2.1-OsNAR2.1 line compared with WYJ7, with no significant difference in the SDWT line
(Figure 4c,d). For the lines used in MeDIP analysis, both the plant height and tiller number (Figure 4e,
Supplementary Table S3) were higher in the pUbi-OsNAR2.1 line and lower in the RNAi line compared
with NP. The relative expression of OsNAR2.1, grain yield, and seed setting rate were also higher in
the pUbi-OsNAR2.1 line and lower in the RNAi line, compared to NP (Figure 4f–h). As a summary
of the global methylation, genetic and phenotype changes status of all materials Table 2 shows that
global methylation changes of transgenic lines are dependent on the genetic background. For the CK
line, the trend of changes of the phenotypes is same as global methylation, and for all the transgenic
lines, the trend for phenotypic change appears the same as the expression of the transgene, but the
percentages of the increases in overexpression lines are quite different. We consider that methylation
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change is one of the reasons causing the difference. These results suggest that both regeneration and
the transgenic process can change the phenotype of plants, with or without gene insertion.

Figure 4. Characteristics of phenotype (a) Gross morphology of WYJ7, CK, SDWT and
pOsNAR2.1-OsNAR2.1. (b) Real-time quantitative RT-PCR analysis of OsNAR2.1 expression in WYJ7,
CK, SDWT and pOsNAR2.1-OsNAR2.1 lines. Error bars: SD (n = 3 plants). (c) Grain yield for WYJ7, CK,
SDWT and pOsNAR2.1-OsNAR2.1 plants grown in the field. Error bars: SD (n = 5 plants). Significant
differences between WYJ7 and transgenic lines are indicated by different letters (P < 0.05, one-way
ANOVA). (d) Seed setting rate for WYJ7, CK, SDWT and pOsNAR2.1-OsNAR2.1 plants grown in the
field. Error bars: SD (n = 5 plants). Significant differences between WYJ7 and transgenic lines are
indicated by different letters (p < 0.05, one-way ANOVA). (e) Gross morphology of wild-type of NP,
pUbi-OsNAR2.1 and RNAi. (f) Real-time quantitative RT-PCR analysis of OsNAR2.1 expression in NP,
pUbi-OsNAR2.1 and RNAi lines. Error bars: SD (n = 3 plants). (g) Grain yield for NP, pUbi-OsNAR2.1
and RNAi plants grown in the field. Error bars: SD (n = 5 plants). Significant differences between NP
and transgenic lines are indicated by different letters (p < 0.05, one-way ANOVA). (h) Seed setting rate
for NP, pUbi-OsNAR2.1 and RNAi plants grown in the field. Error bars: SD (n = 5 plants). Significant
differences between NP and transgenic lines are indicated by different letters (p < 0.05, one-way
ANOVA).

Table 2. Characteristics of methylation and genetics in samples.

Variety WYJ7 NP

CK SDWT pOsNAR2.1-OsNAR2.1 pUbi-OsNAR2.1 RNAi

Global methylation ↓ NS ↓ ↑ ↑
Genetic Reprograming + + + + +

Transgenic NS NS + + +

Exogenous Gene NS NS 1 1 1

Expression of
transgene NS NS ↑ ↑ NA

Phenotype Plant height ↓6% NS ↑5% ↑17% ↓18%

Yield(g/plant) ↓28% NS ↑49% ↑35% ↓51%

Seed setting rate ↓13% NS ↑14% ↑21% ↓32%

Note: NS means no significant difference. NA means not applicable. + means have, 1 means gene number,
arrowhead indicates upregulate and downregulate, red indicates upregulate and green indicates downregulate.
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3. Discussion

DNA methylation can provide additional heritable information beyond that of the DNA sequence
in plant genomes [2]. Tissue culture is considered a stressful environment and thus trigger epigenetic
changes in plants [34]. Culture-induced DNA methylation has been found in different species, including
rice, maize, and barley [35–37]. Furthermore, many studies have shown that regeneration under various
selection stresses or from various donor tissues induced changes in methylation patterns [38–40].
When uniform callus donor tissue was used in an Agrobacterium-mediated transformation procedure in
rice [41,42], there was no difference in methylation among donor tissues between experiments. It has
previously been reported that tissue culture reduces mC in rice, and this reduction in mC is stable
from T2 to T6 generation of regenerated plants [18]. Our sequence data confirmed that the tissue
culture process leads to a reduction in global DNA methylation in CK and that this reduction was
maintained in the pOsNAR2.1-OsNAR2.1 line at least until the T4 generation (Figure 1a). Moreover,
we showed that the global methylation level returned to a level similar to that of WYJ7 after removal
of the transgene by a segregation process in the SDWT line. Since Stroud et al. [18] confirmed that
the loss of methylation in regenerated plants is stable across generations, our results suggest that the
global methylation status in the SDWT is more unstable and is unable to maintain the mC decrease
across the generations. However, the insertion of the transgene stabilized the massive loss of mC in
pOsNAR2.1-OsNAR2.1. The tissue culture process can cause the loss of methylation in both WYJ7 and
NP (Figure 1a) according to both our results and those of Stroud, et al. [20], but pOsNAR2.1-OsNAR2.1
in WYJ7 showed stabilization of the loss rather than pUbi-OsNAR2.1 in NP. Therefore, we consider
that overexpression of OsNAR2.1 is not the reason behind the stabilization. We prefer the explanation
that the unstabilized methylation of SDWT was caused by the double genetic change, gaining and
losing the transgene during generation. Furthermore, the way insertion of the transgene alters global
methylation appears to depend on the rice genetic background, since global methylation reduction
was observed in the pOsNAR2.1-OsNAR2.1 WYJ7 line whereas it was increased in the pUbi-NAR2.1
and RNAi NP lines.

We found global methylation decreased in the WYJ7 OsNAR2.1-overexpression line, while
increased OsNAR2.1-overexpression, and RNAi lines in the NP. We suggest that rice varieties have
different sensitivities to DNA methylation in the transgenic process. It has been reported that there
are extensive variations in DNA methylation among plant inbred lines, and that DNA methylation
can provide unique information in explaining variation of phenotype in maize [43]. Vilperte et al. [5]
reported that the methylation status of genes showed significant differences in four different maize
backgrounds with the same transgene. In our results, although in both the pOsNAR2.1-OsNAR2.1
and pUbi-OsNAR2.1 lines, plant height and yield of per plant were significantly higher than in the
wild-type, but the plant height increased 4.69% and 17.36%, and yield of per plant increased 49.07% and
34.97%, respectively, in WYJ7 and NP (Table 1, Supplementary Tables S2 and S3). Even overexpression
of the same gene was able to cause different phenotypes in different backgrounds. This result could be
caused by several possible factors. The first of these is the original traits of the two wild types: WYJ7
is photo-sensitive late-maturing japonica rice and NP is photo-insensitive early-maturing japonica
rice [44,45]. The two wild-types are, therefore, affected differently by the circadian clock. The circadian
clock regulates NO3

- uptake and usage, and thus the expression of OsNAR2.1 [30,46]. A second factor
is the promoter of the transgene. It is well known that different promoters have different effects on
transgenes [47]. In our research, the expression of OsNAR2.1 increased around 2.5 times with the
OsNAR2.1 native promoter and increased four times with the Ubi promoters. Wang et al. [48] reported
that overexpressed auxin-inducible gene (ARGOS) increased plant height in Arabidopsis under the 35s
promoter but showed no phenotypic change under the Ubi promoter. The third factor is background.
There have been many reports of the same transgene showing different phenotypes in plants from a
variety of genetic backgrounds. It has been reported that, while the DREB3 transgene was detected
in wheats from four different genetic backgrounds, only three lines expressed the transgene, and
only two showed phenotypes of higher yield [24]. Knockout of OsNramp5, a member of the natural
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resistance-associated macrophage protein (NRAMP) family, decreased yield in Xidao 1, a japonica rice
cultivar, but did not alter yield in indica hybrid rice [26,49]. Even knockout of the same gene in different
backgrounds with same genome also resulted in phenotypic variation, as shown by the findings of
Yang et al [50]: knockout of OsNramp5 using CRISPR/Cas9 in two japonica varieties, Nanjing 46 (NJ46)
and Huaidao 5 (HD5), resulted in similar plant height, grain number, and seed setting rate, but with
increased panicle number in NJ46 but not in HD5. Researchers surmised that damage to the recipient
genome caused by insertion fragments, efficiency of the transgene promoter, metabolic imbalances
and environmental constraints could be the reasons behind undesirable phenotypes of transgenic
plants [24,27,51], while we suspected that the insertion of the transgene causing different methylation
change in different backgrounds could be another reason.

The Venn diagram of genes in the methylation region in WYJ7, SDWT, CK, and
pOsNAR2.1-OsNAR2.1 showed that all three had over 1000 unique methylation genes compared with
WYJ7 (Figure 1f), and all had 200–400 unique methylation genes compared to each other. The results
suggest that, compared with WYJ7, all three samples (CK, SDWT, and pOsNAR2.1-OsNAR2.1) have
abundant genes with different degrees of methylation, but not all three lines showed phenotypic
changes (Figure 4a). In spite of having these differentially methylated genes, SDWT still showed a
similar phenotype to WYJ7. These results suggest that the global methylation status change had a
stronger influence on plants than changes in the methylation of individual genes.

Our results showed that the regenerated line CK had more hypo-DMRs than hyper-DMRs and
that all three transgenic lines had more hyper- than hypo-DMRs, compared to the wild-type. However,
in SDWT, the percentage of hyper- and hypo-DMRs are similar, 51% and 49%, respectively. The total
number of DMRs in SDWT (2732 DMRs) was much less than that in CK (5122 DMRs) and the three
transgenic lines (3539 DMRs in pOsNAR2.1-OsNAR2.1, 5232 DMRs in pUbi-OsNAR2.1 and 4239 DMRs
in RNAi) (Figure 2a–c,f,g). Stroud et al. [18] reported that all of their 12 regeneration lines had
much more hypo-DMRs than hyper-DMRs, confirming our results. Therefore, it is possible that the
reprogramming process could cause an abundance of hypo-DMRs, while insertion of the gene could
cause hyper-DMRs instead, regardless of the function of the inserted gene. Furthermore, for the SDWT
lines, WT went through both reprogramming and transgene processes but after segregation, it was
found that this double genetic change resulted in nearly 3000 DMRs with the numbers of hyper- and
hypo-DMRs returning to the baseline level of WYJ7. Since the phenotype of SDWT did not show
significant differences compared to WYJ7, this indicated that the balance of hyper- and hypo-DMRs
could be an important factor for the stability of the epigenetic status.

We found that the methylation status in the CK line regenerated from the tissue culture process
gave rise to a more variable DMR methylation level clustering pattern than in the CK replicates. This is
similar to the observations of Hsu et al. [9]. These authors reported that methylomes in different stages
of callus showed a high level of variability and the global methylome demonstrated a prominent
genetic/cultivar-related impact. Kaeppler et al. [4] showed that epigenetic modifications of genomic
DNA are less stable in culture. Interestingly, both the transgenic line (pOsNAR2.1-OsNAR2.1) and the
wild-type lines derived from the segregation process of pOsNAR2.1-OsNAR2.1 (SDWT) showed a more
consistent DMR methylation level clustering pattern. This suggests that the transgenic process may
play a role in stabilizing the global methylation status of tissue cultured plants.

However, it is possible that the CK line has a genetic change in the genome in addition to epigenetic
changes. For example, there have been many reports of the occurrence of transposons, such as Tos17,
in regenerants [34,52]. To clarify the effects of epigenetic changes on the CK phenotype, we have listed
the methylation sequence data and agronomic traits of each CK line from three independent calli in
Supplementary Table S4. We found that, despite the differences between individuals, there is an overall
consistency in the data of CK replicates (Supplementary Table S4). The Table shows that normalized
mC number, mCHG ratio of epigenetic and plant height, panicle length, grain number per panicle,
and yield of phenotype are all significantly lower in CK. Even if we cannot exclude possible genetic
change in CK, the changes, at least, did not influence the phenotypes of the individual CK replicates
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in our study. It has also been reported that genetic variation during tissue culture is related to the
CCGG target, which suggests that genetic and epigenetic changes in regenerants are relevant [34,53,54].
These changes could be the reason for the clustering of variable DMR methylation levels in CK but not
causing phenotypic changes.

Previous research has reported that phenotypes are influenced by both genetic and epigenetic
mechanisms [20,55,56]. Epigenetic modifications caused by the tissue culture process occur in an
apparently random manner and it is thus difficult to predict phenotypic changes resulting from these
modifications [4,5,7,57,58]. Here, we summarized global methylation, genetic and phenotype changes
of five plant materials from two varieties, as shown in Table 2. The results indicate that, in the transgenic
lines (pOsNAR2.1-OsNAR2.1, pUbi-OsNAR2.1, and RNAi), the phenotype is mainly determined by
the nature and function of the transgene, but the global methylation change in transgenic lines is
determined by the rice background rather than the function of the transgene, which may cause the
difference between the phenotypic changes in the two overexpression lines. However, the CK lines
showed fewer phenotypic changes, with the methylation status being significantly decrease from WYJ7
as result of the tissue culture process and showing DMR variation between replicates (Figure 3).

4. Materials and Methods

4.1. Plant Materials for Sequencing

For WGBS sequencing, we used the shoots of wild-type Oryza sativa L. ssp. japonica cv. Wuyujing7
(WYJ7), T0 plants regenerated from tissue culture (CK), T4-generation plants carrying an insertion of
the pOsNAR2.1-OsNAR2.1 construct (pOsNAR2.1-OsNAR2.1) as described as Ox1 in Chen et al. [33]
(see Supplementary Figure S1 and Table S2 for the transformation construct and plant growth data),
and T4-generation wild-type line lacking the transgene that derived from the segregation process
of the T0 pOsNAR2.1-OsNAR2.1 heterozygote line (SDWT, see Supplementary Tables S1 and S2).
T1 generation of Ox1-1 (AA) and Ox1-3 (aa) lines shown in Supplementary Table S1 were renamed as
pOsNAR2.1-OsNAR2.1 and SDWT and their T4 plants were used for further WGBS experiment.

The WYJ7, SDWT, and pOsNAR2.1-OsNAR2.1 were sterilized for 30 min with 10% (v/v) hydrogen
peroxide, washed thoroughly with deionized water and then grown in water. CK lines were moved
from root medium to water after germination. All samples were collected when all four lines grew
to two leaves and one heart period. DNA from each plant was sequenced with three replicates.
Before sequencing, we tested for the T-DNA insertion loci of pOsNAR2.1-OsNAR2.1 (Supplementary
Figure S1d). The primers used for TAIL-PCR are listed in Supplementary Table S5.

We used MeDIP-seq to examine three types of plants: wild-type of Oryza sativa L. ssp. japonica
cv. Nipponbare (NP), the T8-generation plant of knockdown plant of OsNAR2.1 by RNA interference
(RNAi) (describe as r1 in Yan et al. [29]), and the T8-generation pUbi-OsNAR2.1 overexpression plant.
The transformation constructs and plant growth data are shown in Supplementary Figure S1 and
Table S3. We harvested the mixed samples of the first leaf blade, culm and panicles at the anthesis
stage for MeDIP-seq (Figure 4e). Details of the growth conditions of the plants in soil are listed in
Supplementary Table S3. The level of OsNAR2.1 expression was reduced in T8 generation RNAi plants
to one half of the WT, whereas was five times higher in the pUbi-OsNAR2.1 T8 generation transgenic line
(Figure 4f). Other growth characteristics of RNAi and pUbi-OsNAR2.1 transgenic lines are described in
Supplementary Table S3. We tested for T-DNA insertion in three samples (Supplementary Figure S1e);
the primers for TAIL-PCR are listed in Supplementary Table S5.

4.2. Growth Conditions of Plants in the Field

All materials were grown in plots at the Baguazhou base of Nanjing Agricultural University in
Nanjing, Jiangsu. Nanjing is located in a subtropical monsoon climate zone. The pH of the soil is
6.5, and chemical properties included 0.91 g/kg total N content; 18.91 mg/kg available phosphorus
(P) content; 185.67 mg/kg exchangeable potassium (K) and 11.56 g/kg organic matter. We applied
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Ca(H2PO4)2, 30 kg P/ha and KCl, 60 kg K/ha as basal applications to the plots three days before
transplanting. We use urea as N fertilizer, and applied 40% before transplanting, 30% at tilling,
and 40% before the heading stage. Plots size was 2 × 2.5 m and the seedlings planted in a 10 × 10
array [32,59–62]. We randomly chose five seedlings from each plot, avoiding those on the edges.
The agronomic characters of plant height, total tiller number per plant, panicle length, seed setting rate
per plant, grain weight per panicle, grain number per panicle and yield per plant were measured at
the maturity stage. Plant height indicated the height of the highest panicle. One panicle from each
plant was chosen for calculating the panicle length, grain weight per panicle and grain number per
panicle [33]. The agronomic traits of the samples are listed in Supplementary Tables S2 and S3.

4.3. Gene Expression Analysis

Total RNA was extracted from leaf tissue using TRIzol reagent (Vazyme Biotech Co, Ltd., People’s
Republic of China). DNase I-treated total RNAs were subjected to reverse transcription (RT) with
HiScript II Q Select RT SuperMix for qPCR (+gDNA wiper) kit (Vazyme Biotech Co, Ltd., People’s
Republic of China) according to the manufacturer’s instructions. Quantitative assays were performed
using AceQTM qPCR SYBR Green Master Mix (Vazyme Biotech Co, Ltd., China). Relative expression
level is normalized to the amount of OsActin (LOC_Os03g50885) in the same sample and presented as
2–�CT. All primers used for RT-qPCR are listed in Supplementary Table S6.

4.4. T-DNA Insertion Loci Analysis

Leaf tissues harvested from the plants at 10 days were grown in water. Genomic DNA isolation
was performed using the CTAB extraction procedure [63]. T-DNA insertion loci of two overexpression
transgenic lines were determined by TAIL-PCR following the procedures previously described [64].
The primers are listed in Supplementary Table S5.

4.5. WGBS and Data Analyses

Genomic DNA was extracted from 10 day-old seedlings and shipped to the Anoroad Genome
Company (Beijing, China) for WGBS. WGBS library preparation and sequencing was performed by the
Anoroad Genome Company (Beijing, China).

After downloading, the raw reads were filtered and trimmed to obtain clean reads and the
available data were compared with the reference genome of Oryza_sativa Japonica IRGSP-1.0 to obtain
the alignment results using Bismark (v0.9.0) [65]. The uniquely mapped reads will be used to call
the methylated cytosines (mC) in highly enriched regions. For each cytosine site, the methylation
level (%) was calculated by: 100 × (reads-supported methylation)/(total reads depth for the site).
For the methylated region, the methylation level (%) was calculated by: 100 ×methylation level of all
cytosine sites in the region / the total number of cytosine sites in the region. The conversion ratio of
Lambda DNA was around 99.5% to 99.6% in all samples. Valid coverage of methylated cytosine is
the percentage of methylated C among all C on the reference genome, is associated with methylation
level. C sites with read depths less than 5 are eliminated firstly. Then, for each C site, valid coverage
is calculated by for all C or C within each pattern (CG, CHG and CHH). Coverage is the count of C
sites with more than 5 depth divided by total number of C site by its pattern. Normalized mC number
(Figure 1, Table 1) was calculated by: total mC number/valid coverage of methylated cytosine. Relative
data are listed in Supplementary Table S7.

The differential analysis of methylation was performed at the region-base level, differentially
methylated regions (DMRs). Aberrant DNA methylation was compared with the control group,
an increased methylation pattern was defined as hyper-methylation, whereas a decreased methylation
pattern was defined as hypo-methylation. DMR detection was performed using a methylKit and
eDMR package [66] to estimate the boundary of CpG islands with a mixed bimodal normal distribution
assumption of the distance between CpGs.
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4.6. MeDIP-Seq and Data Analysis

MeDIP-seq for this study was performed by KangChen Bio-tech, Shanghai, China. Sequencing
library preparation and data analysis were as performed described by Ding et al. [67]. The available
data were aligned to the reference genome of Oryza_sativa. Japonica IRGSP-1.0 using BOWTIE software
(V2.1.0) [68]. MeDIP peaks were identified by MACS2 [69], and statistically significant MeDIP-enriched
regions (peaks) were identified by comparison to a Poisson background model (cut-off q-value = 10–2).
DMRs in MeDIP dataset was identified by diffReps [70] (p < 0.0001).

4.7. Statistical Analysis

The data of two groups were analyzed by paired sample Student’s test (t-test) and the data of more
than two groups were analyzed by Tukey’s test of one-way analysis of variance (ANOVA). Statistically
significant differences at P < 0.05 between samples were indicated by different letters on the histograms
or after mean values. All statistical evaluations were conducted using the IBM SPSS Statistics version
23 software (SPSS Inc., Chicago, IL, USA).

5. Conclusions

We found that both tissue culture and transgenic processes cause global methylation changes.
The tissue culture process generally leads to a reduction in global methylation whereas the transgenic
process causes global methylation changes that are dependent on the background. Transgenes could
cause the global methylation decrease in WYJ7 and increase in NP. In addition, tissue culture caused
abundant hypo-DMRs while the transgenic process caused hyper-DMRs. Epigenetic changes such as
large amounts of methylation can influence phenotype during the tissue culture process. This happened
in CK, resulting in small-sized plants compared to the wild-type WYJ7, even with no transformed gene.
In the transgenic lines, while the phenotype is mainly determined by the nature and function of the
transgene, but the global epigenetic modification in transgenic lines occurred and resulting in different
patterns of changes in plants of different genetic backgrounds. Our results indicate a potential reason
behind the occurrence of transgenic plants with random and undesirable phenotypes.
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Abstract: Leaf senescence is the final stage of plant development. Many internal and external factors
affect the senescence process in rice (Oryza sativa L.). In this study, we identified qCC2, a major
quantitative trait locus (QTL) for chlorophyll content using a population derived from an interspecific
cross between O. sativa (cv. Hwaseong) and Oryza grandiglumis. The O. grandiglumis allele at
qCC2 increased chlorophyll content and delayed senescence. GW2 encoding E3 ubiquitin ligase
in the qCC2 region was selected as a candidate for qCC2. To determine if GW2 is allelic to qCC2,
a gw2-knockout mutant (gw2-ko) was examined using a dark-induced senescence assay. gw2-ko showed
delayed leaf senescence in the dark with down-regulated expression of senescence-associated genes
(SAGs) and chlorophyll degradation genes (CDGs). The association of the GW2 genotype with
the delayed senescence phenotype was confirmed in an F2 population. RNA-seq analysis was
conducted to investigate 30-day-old leaf transcriptome dynamics in Hwaseong and a backcross
inbred line—CR2002—under dark treatment. This resulted in the identification of genes involved in
phytohormone signaling and associated with senescence. These results suggested that transcriptional
regulation was associated with delayed senescence in CR2002, and RING-type E3 ubiquitin ligase
GW2 was a positive regulator of leaf senescence in rice.

Keywords: leaf senescence; rice; quantitative trait loci; transcriptome analysis

1. Introduction

Chlorophyll (Chl) is a photosynthetic pigment that is an essential component of the plant
photosystem. It changes solar energy to chemical energy. Because of its photosynthetic ability,
increasing Chl content in crops may be an effective way to increase grain yield and biomass
production [1]. A number of studies have demonstrated that Chl content is controlled by quantitative
trait locus (QTL) in various genetic backgrounds in rice [2–6].

Senescence or biological aging is the final stage of plant development [7]. During senescence, leaf
color turns from green to yellow because of chlorophyll degradation [8]. Leaf yellowing is frequently
used as a senescence indicator. Stay-green (non-yellowing) mutants maintain leaf greenness after the
grain-ripening stage [9]. Stay-green mutants exhibit delayed leaf senescence and have been found
in various plant species [8,10]. In rice, several stay-green genes have been cloned and characterized,
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including Stay-Green Rice (SGR), NON-YELLOW COLORING 1 (NYC1), NYC1-LIKE (NOL), Oryza sativa
NAC-like, activated by Apetala3/Pistillata (OsNAP) [10–14]. SGR, a highly conserved senescence-associated
gene, encodes a novel chloroplast protein, and the expression of SGR is up-regulated in both natural
and dark-induced senescence. This gene interacts with the light-harvesting chlorophyll-binding
protein (LHCP) [10,14]. NYC1 and NOL encode short-chain dehydrogenase/reductase (SDR) [11,12].
These two genes are co-localized in the thylakoid membrane and function as a chlorophyll b reductase.
OsNAP contains a typical NAC structure at the N terminus [13]. This gene plays a role in regulating
leaf senescence and acts as a key component, linking ABA signaling in rice. These genes have been
used as ideal markers for the onset of the senescence process.

Ubiquitination is the post-translational modification of protein substrates [15].
The ubiquitin-proteasome pathway is known to play an important role in plant seed and
organ size determination, such as DA1, DA2, EOD1/BB, SAMBA, and SOD/UBP15 genes in
Arabidopsis [16–20]. A major function of E3 ubiquitin ligase is to regulate polyubiquitination and to
degrade their target substrate proteins. E3 ubiquitin ligase BigBrother (BB) controls final organ size and
seed size acting in parallel with the DA1 gene in Arabidopsis, and these two genes also positively control
leaf senescence [17,19,20]. Delayed senescence has been confirmed by measuring the expression of
AHK3, CRF6, and ARF2. The negative regulators of senescence—AHK3 and CRF6—are expressed
higher in da1-1_bb/eod1-2 leaves, while the auxin repressor ARF2 is expressed at a lower level than wild
type [19]. DA2, an ortholog of OsGW2, controls seed and organ size by interacting with DA1 [18].

OsGW2, a QTL on chromosome 2, controls grain width and weight in rice and encodes RING-type
E3 ubiquitin ligase [21]. This gene might function in the degradation by the ubiquitin-proteasome
pathway, and loss-of-function in OsGW2 increases cell numbers and grain size [21]. The OsGW2
mutant also shows increased transcript levels of OsPCR1 during the developing grain stage, leading to
an increase in Zn concentration in the seed [22]. Yeast two-hybrid and in vitro pull-down assays
have shown that OsGW2 directly interacts with expansin-like 1 (EXPLA1), chitinase 14 (CHT14),
and phosphoglycerate kinase (PGK) [23,24]. Transcription activation activity has been found in the
GW2-C terminus (205 to 260) [24]. Together, the findings that OsGW2 interacts with various proteins
and that the mutation of OsGW2 has a pleiotropic effect in rice raises the possibility that GW2 is also
involved in regulating leaf senescence.

The objective of this study was to identify QTL controlling chlorophyll content and leaf senescence
and to characterize candidate genes associated with this trait. qCC2, a major QTL for chlorophyll
content, was mapped using an introgression line, CR2002, developed from an interspecific cross
between O. sativa cv. Hwaseong and the wild species O. grandiglumis. CR2002 harboring qCC2 from
O. grandiglumis showed delayed leaf yellowing and a higher Fv/Fm value than Hwaseong. Endogenous
expression levels of senescence-associated genes (SAGs) and chlorophyll degradation genes (CDGs)
in CR2002 were lower than in Hwaseong. To determine if GW2 is allelic to qCC2 and thereby
associated with delayed senescence, a gw2-knockout mutant (hereafter termed gw2-ko) was examined
using dark-induced senescence (DIS) assay. gw2-ko showed delayed leaf senescence under dark
conditions with down-regulated expression of SAGs and CDGs. Delayed senescence was confirmed by
segregation analysis in the F2 generation. Comparative RNA-seq analysis was conducted to identify
differentially-expressed transcripts, using 30-day-old leaves from Hwaseong and CR2002 that were
subjected to dark treatment. This enabled the identification of which genotype-specific expressions
were enriched in CR2002 and reduced in Hwaseong and vice versa, including genes involved in
phytohormone biosynthesis and signaling, NAC transcription factors, and senescence-associated genes.
Collectively, the results of this study suggested that OsGW2 controlled chlorophyll content and was
a positive regulator of leaf senescence in rice.
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2. Results

2.1. QTL Analysis for Chlorophyll Content

CR2002 exhibited a stay-green phenotype and a higher SPAD value (a parameter of leaf greenness)
than Hwaseong (Figure 1b). CR2002, which had four O. grandiglumis introgressions, also showed
differences in several agronomic traits, including grain weight (Table 1, Figure 1a, and Figure S1).
To identify loci associated with chlorophyll content and the stay-green phenotype, QTL analysis
was conducted using F3 and F4 populations derived from a cross between Hwaseong and CR2002.
Chlorophyll contents were measured at the heading stage and one month after heading. A total of
three significant QTLs located on chromosomes 1, 2, and 6 were detected in the F3 and F4 populations
(Table 2 and Figure S2). A QTL for chlorophyll content (qCC2) was located on chromosome 2 between
RM12813 and RM12983. This QTL was repeatedly detected in F3 and F4 generations at both stages,
heading (Chlorophyll I) and one month after heading (Chlorophyll II). qCC2 explained 24.6% of the
phenotypic variation, and the O. grandiglumis allele contributed to the increased chlorophyll content,
indicating that qCC2 was a major QTL responsible for leaf greenness at heading and ripening stage.

Figure 1. CR2002 showed a higher SPAD value and delayed senescence than Hwaseong in the field
condition. Comparison of (a) plant morphology and (b) SPAD value (n = 30) of two parents. Error bars
indicate the standard error. DAT: days after transplanting.

Table 1. Comparison of agronomic traits and chlorophyll content between Hwaseong and CR2002.

Trait Hwaseong CR2002 p-Value

Plant height (cm) 97 ± 4.00 * 101 ± 3.84 0.000
Stem diameter (mm) 4.47 ± 0.24 5.26 ± 0.48 0.000
Panicle length (cm) 21 ± 1.28 19 ± 1.04 0.000

First internode diameter (mm) 1.72 ± 0.12 1.99 ± 0.14 0.000
Grain length (mm) 7.14 ± 0.45 7.46 ± 0.17 0.002
Grain width (mm) 3.29 ± 0.13 3.83 ± 0.10 0.000

Grain thickness (mm) 2.20 ± 0.06 2.56 ± 0.10 0.000
1000-grain weight (g) 25.8 ± 0.68 32.9 ± 1.04 0.000

Chlorophyll content I (mg/m2) 440 ± 16.38 457 ± 37.57 0.048
Chlorophyll content II (mg/m2) 181 ± 50.57 216 ± 50.86 0.038

* Data are presented as mean ± standard deviation. The student’s t-test was conducted for p-value.
Chlorophyll content I and II were measured at the heading stage and 1 month after heading, respectively.
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Table 2. QTLs (quantitative trait loci) for chlorophyll content based on one-way ANOVA in the F3 and F4.

Trait 1 Gen. QTL Chr. Marker p-Value R2 (%) H/H 2 G/G

Chlorophyll
content I F3 qCC1 1 RM11302-RM11315 0.002 3.48 442 452

F4 qCC2 2 RM7288-RM12983 0.029 10.76 546 570
Chlorophyll
content II F3 qCC2 2 RM12813 0.018 10.68 173 189

F4 qCC2 2 RM12813-RM7288 0.001 24.63 497 545
F3 qCC6 6 RM584 0.018 10.62 454 434

1 Chlorophyll content I and II were measured at heading stage and heading after 1 month, respectively. 2 H/H and G/G
indicate the mean chlorophyll contents of homozygous for Hwaseong and O. grandiglumis genotypes, respectively.

The qCC2 region was confirmed and fine-mapped by substitution mapping (Figure S3).
SPAD values were measured four times, from 95 to 125 days after transplanting (DAT), for four
substitution lines and two parental lines. CR7036 and CR7039 showed significantly higher SPAD
values at 125 DAT than CR7038 and CR7058, suggesting that qCC2 was located in the marker interval
between RM3390 and RM7288 (about 1.4 Mbp).

2.2. Dark-Induced Senescence in Hwaseong and CR2002

To determine whether qCC2 is associated with senescence under dark condition, detached leaves
of Hwaseong and CR2002 were incubated on 3 mM MES buffer at 27 ◦C under complete darkness
(Figure 2). Hwaseong leaves turned yellow four days after incubation (DAI), while CR2002 remained
green (Figure 2a). Although the chlorophyll content of CR2002 was higher than Hwaseong at 0 DAI,
a larger difference was observed at 4 DAI between CR2002 and Hwaseong (Figure 2b). The efficiency
of photosystem II (Fv/Fm ratio) of CR2002 was significantly higher than Hwaseong, indicating CR2002
showed delayed senescence in the DIS assay (Figure 2c).

Figure 2. CR2002 showed delayed senescence under dark-induced senescence (DIS) conditions.
Hwaseong and CR2002 were grown in a paddy field, and fully expanded flag leaves at the heading
stage were used for DIS. (a) Detached leaves were incubated in 3 mM MES buffer (pH 5.8) at 27 ◦C
under dark conditions. (b,c) Total chlorophyll contents (n= 6) and Fv/Fm ratio (n= 5) were compared
between Hwaseong and CR2002. Error bars indicate a standard error, and more than three samples
were used for each experiment. * and *** indicate significant difference at p < 0.05 and p < 0.001 based
on Student’s t-test, respectively.

To further examine the different senescence of Hwaseong and CR2002, transcript levels of SAGs
(OsNAP, Osh36, and OsI57) and CDGs (SGR, RCCR1, PAO, NYC1, and NOL) were measured by
qRT-PCR using detached leaf samples (Figure 3). During DIS, transcription levels of the SAGs and
CDGs showed increases of 4.9-fold to 325-fold in Hwaseong, whereas increases of 4.7-fold to 200-fold
were observed in CR2002. Transcript levels of SAGs and CDGs in CR2002 were significantly lower
than Hwaseong at 4 DAI, with the exception of OsI57, indicating that the lower expression of SAGs
and CDGs in CR2002 might result in the delayed senescence exhibited by CR2002 in the DIS assay.
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Figure 3. Expression of senescence-associated genes and chlorophyll degradation genes in Hwaseong
and CR2002. qRT-PCR was conducted to determine the transcript level of genes. OsUBQ5 was used for
normalization. Error bars indicate the standard deviation of three replications. *, **, and *** indicate
significant difference at p < 0.05, p < 0.01, and p < 0.001 based on Student’s t-test, respectively. DAI:
days after incubation.

2.3. Characterization of gw2-ko

The O. grandiglumis segment harboring qCC2 is approximately 1.4 Mb in size. In this region,
GW2 was selected as a candidate gene based on its function as a RING-type E3 ubiquitin ligase.
A 1-bp deletion at position 316 in the coding region of the O. grandiglumis GW2 allele, which causes
a premature stop and leads to an increased grain width and thickness, was also observed in this study
(Figure S4) [21]. In Arabidopsis, ubiquitin-activated peptidase DA1 regulates leaf senescence together
with E3 ubiquitin ligase BB [18]. In addition, DA1 controls seed and final organ size with interacting
partner DA2, which is orthologous to OsGW2. Due to the previously identified pleiotropic effect of
GW2, the GW2 gene was selected as a candidate gene for the qCC2 QTL.

To determine if GW2 is associated with delayed senescence, a T-DNA insertional mutant
(PFG_1B-10017.R) was selected from a T-DNA insertional mutant library [25]. The T-DNA insertion was
confirmed by two sets of PCR primers, and homozygous T-DNA lines were selected by genomic PCR
(Figure 4a,b). The OsGW2 knock-out mutant (gw2-ko) showed increased grain size, and the transcription
of OsGW2 in wild type (WT Dongjin) and gw2-ko was evaluated using semi-quantitative RT-PCR
(Figure 4c,d). The OsGW2 transcript level was examined during DIS in WT. The expression level was
down-regulated at 2 DAI, whereas gene expression was up-regulated after 4 DAI, and a similar level
of gene expression with 0 DAI was observed (Figure 4e). Consistent expression patterns of OsGW2
and OgGW2 (O. grandiglumis GW2) were found in Hwaseong and CR2002, but CR2002 showed lower
transcript levels than Hwaseong at 0 and 4 DAI (Figure S5).
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Figure 4. OsGW2 T-DNA insertion knock-out mutant (gw2-ko) in wild-type Dongjin genetic background.
(a) Schematic diagram showing the location of T-DNA insertion of the PFG_1B-10017.R mutant.
(b) T-DNA insertion was confirmed using two sets of primers indicated in (a), and lines homozygous
for the T-DNA insertion were used for this experiment. (c) Comparison of grain shape between wild
type and gw2-ko. (d) Confirmation of OsGW2 knock-out by semi-quantitative RT-PCR. OsUBQ5 was
used as a loading control. (e) Gene expression pattern of OsGW2 during the dark-induced senescence.
The transcript level of genes was determined by qRT-PCR. OsUBQ5 was used for normalization.

The gw2-ko mutant showed significantly higher SPAD values than Dongjin from 85 to 130 DAT
under the field conditions (Figure 5a,b). To characterize the phenotypic difference between Dongjin
and gw2-ko during DIS, fully expanded detached leaves were incubated in 3 mM MES buffer (pH 5.8) at
27 ◦C in the dark (Figure 5c). Leaves of Dongjin turned yellow at 6 DAI, while gw2-ko remained green.
Total chlorophyll contents of Dongjin and gw2-ko at 6 DAI were also significantly different, despite the
total chlorophyll contents of gw2-ko at 0 DAI being slightly higher than Dongjin (Figure 5d). The Fv/Fm
ratio remained higher in gw2-ko than Dongjin at 5 DAI (Figure 5e). These results demonstrated that
leaf senescence was delayed in gw2-ko.

An F2 population (n = 107) derived from a cross between Dongjin and gw2-ko was evaluated
for DIS to determine if the T-DNA insertion in OsGW2 was responsible for delayed senescence.
After five days of dark incubation, plants homozygous for gw2-ko genotype (KO/KO group) showed
significantly higher total chlorophyll contents than those homozygous for Dongjin genotype (DJ/DJ
group) (Figure 6a,b). This segregation analysis suggested that T-DNA insertion in OsGW2 caused the
delayed senescence exhibited by gw2-ko.

Endogenous expression levels of SAGs and CDGs were examined (Figure 7). Among CDGs, SGR,
NYC1, and NOL were significantly down-regulated in gw2-ko at 6 DAI, but PAO and RCCR1 showed
no significant difference between Dongjin and gw2-ko. SAGs (OsNAP, Osh36, and OsI57) were also
down-regulated in gw2-ko. The loss-of-function of GW2 led to the down-regulation of SAGs and CDGs
during DIS.

The physiological phenotypes and endogenous transcript levels during DIS indicated that gw2-ko
showed delayed leaf senescence compared to wild type and that GW2 positively regulated leaf
senescence in rice.
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Figure 5. gw2-ko mutant showed delayed senescence. Comparison of (a) plant morphology (at 138 days
after transplanting) and (b) SPAD value (n = 30) of wild-type Dongjin and gw2-ko. (c) Wild type and
gw2-ko were grown in a paddy field, and fully expanded flag leaves at the heading stage were used
for DIS. (d,e) Total chlorophyll contents (n = 6) and Fv/Fm ratio (n = 10) were compared between
wild type and gw2-ko. Error bars indicate a standard error, and more than six samples were used for
each experiment. * and *** indicate significant difference at p < 0.05 and p < 0.001 based on Student’s
t-test, respectively.

Figure 6. Boxplot of chlorophyll contents at (a) 0 day after incubation and (b) 5 days after incubation
under the dark-induced senescence conditions in the F2 population derived from a cross between Dongjin
and gw2-ko. Genotype was determined with two sets of primers, as indicated in Figure 4a—LP+RP and
RB+RP. One-way ANOVA was conducted to determine the significant difference between genotypes.
*DJ/DJ: homozygous for Dongjin, DJ/KO: heterozygous, KO/KO: homozygous for gw2-ko.
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Figure 7. Expression of senescence-associated genes and chlorophyll degradation genes compared in
Dongjin and gw2-ko. qRT-PCR was conducted to determine the transcript level of genes. OsUBQ5 was
used for normalization. Error bars indicate the standard deviation of three replications. *, **, and ***
indicate significant difference at p < 0.05, p < 0.01, and p < 0.001 based on Student’s t-test, respectively.
DAI: days after incubation.

2.4. Transcriptome Analysis using Hwaseong and CR2002

To gain a better understanding of the mechanism for delayed senescence under dark-treatment
conditions, the transcriptome of leaves from Hwaseong and CR2002 plants before (control) and after
dark-treatment for 3 days were investigated by RNA-seq. A total of 264 million reads were generated
using the Illumina Hiseq 4000 platform, and adapter and low-quality read trimming were conducted
(Table S2). A total of 262 million high-quality reads were mapped against the reference genome
sequence, and an average mapping rate of 66% was observed (Table S2). A multi-dimensional scaling
plot showed that three replicates were clustered, indicating samples were consistently generated
(Figure S6).

Differentially expressed genes (DEGs) were identified in Hwaseong and CR2002 under dark
treatment compared with control conditions. DEGs were determined based on the criteria of a greater
than 2-fold change with significance at Benjamini-Hochberg false discovery rate adjusted p < 0.05.
A total of 10,339 DEGs was detected in the comparison of 0 day and 3 days of dark treatment in
Hwaseong, and 9885 DEGs were found in CR2002 genotype during the dark treatment (Figure 8a).
A Venn diagram of the DEGs indicated that Hwaseong and CR2002 shared 7901 of them (Table S5).
Among these 7901 genes, only 29 genes showed different regulation patterns between Hwaseong and
CR2002. For example, Os09g0511600 was up-regulated in Hwaseong by 5.13 log2FC (fold-change),
while down-regulated in CR2002 by -8.26 log2FC. In addition, a total of 2438 and 1984 genes were
specifically identified as DEGs in Hwaseong and CR2002, respectively (Tables S3 and S4). For Hwaseong,
1240 and 1198 genes were specifically up- and down-regulated during the dark treatment, respectively
(Figure 8a and Table S3). A total of 838 up-regulated genes and 1146 down-regulated genes were
specifically identified during the dark treatment in CR2002 (Figure 8a and Table S4).
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Figure 8. Summary of the numbers of differentially expressed genes (DEGs) upon incubation of leaves
of two lines (Hwaseong and CR2002) in complete darkness. (a) A Venn diagram, showing the number
of genes shared and distinct to each genotype. (b) Significantly enriched gene ontology (GO) terms for
CR2002-specific DEGs. Blue and green bars indicate the input list of CR2002 and background/reference,
respectively. H0, H3, G0, and G3 indicate Hwaseong day 0, Hwaseong day 3, CR2002 day 0, and CR2002
day 3 in dark condition, respectively.

To know functional information of the DEGs specifically detected in Hwaseong and CR2002,
gene ontology (GO) analysis was performed with agriGO v2.0. For the 1984 CR2002-specific DEGs,
a total of 33 GO terms was significantly enriched (Figure 8b). Among 33 GO terms, biological process,
cellular component, and molecular function ontologies included 8, 21, and 4 GO terms, respectively.
For Hwaseong-specific DEGs, a total of 33 GO terms were also significantly overrepresented. Of these
GO terms, 6, 23, and 4 were included in the biological process, cellular component, and molecular
function ontologies, respectively (Figure S7). Hwaseong-specific DEGs included intracellular signaling
cascade, organelle membrane, cytosol, cytoskeleton, Golgi membrane, endomembrane system,
and Golgi apparatus GO terms, while iron ion transport, cytoplasmic part, envelope, cellular response
to chemical stimulus, cell cycle, microtubule-associated complex, and organelle envelope were included
only in CR2002-specific DEGs.

To understand the mechanism involved in delayed senescence in CR2002, the SAGs, CDGs,
and genes involved in phytohormone biosynthesis and signaling were examined from the DEGs.
A total of 109 genes were identified (Table S6). Among these genes, we focused on those
specifically detected in Hwaseong or CR2002 (Table 3). During the dark treatment, OsNIT1,
OsDWF1, and OsRR3 were up-regulated in CR2002, and OsERF5, OsABI1, OsJAZ1, and OsGLU
were down-regulated. Phytohormone signaling and biosynthesis genes were mainly found in
the CR2002 DEGs. When these seven DEGs were subjected to RT-qPCR using the same G0/G3
samples as for RNA-Seq, similar expression patterns were observed, suggesting the involvement
of these DEGs in delayed senescence in CR2002 (Figure S8). For Hwaseong, 18 genes were
identified from the DEGs, and 10 and 8 genes were down- and up-regulated, respectively.
Hwaseong-specific DEGs included phytohormone biosynthesis and signaling genes, NAC transcription
factors, and senescence-associated genes.

145



Int. J. Mol. Sci. 2020, 21, 1704

T
a

b
le

3
.

L
is

to
fd

iff
er

en
ti

al
ly

ex
p

re
ss

ed
ge

ne
s

(D
E

G
s)

as
so

ci
at

ed
w

it
h

se
ne

sc
en

ce
,c

hl
or

op
hy

ll
d

eg
ra

d
at

io
n,

an
d

p
hy

to
ho

rm
on

e
sp

ec
ifi

ca
lly

d
et

ec
te

d
in

C
R

20
02

an
d

H
w

as
eo

ng
.

G
e
n

e
C

R
2
0
0
2

S
y

m
b

o
l

D
e
sc

ri
p

ti
o

n
lo

g
2
F

C
A

d
j.

p-
V

a
lu

e

O
s0

7g
04

10
30

0
−3

.6
76

0.
03

7
O

sE
R

F5
C

on
se

rv
ed

hy
po

th
et

ic
al

pr
ot

ei
n.

O
s0

9g
05

32
40

0
−2

.6
53

0.
03

1
O

sA
BI

1
Si

gn
al

tr
an

sd
uc

ti
on

re
sp

on
se

re
gu

la
to

r,
re

ce
iv

er
re

gi
on

do
m

ai
n

co
nt

ai
ni

ng
pr

ot
ei

n.
O

s1
0g

03
92

40
0

−1
.5

77
0.

04
4

O
sJ

A
Z

1
Ti

fy
do

m
ai

n
co

nt
ai

ni
ng

pr
ot

ei
n.

O
s0

7g
06

58
40

0
−1

.0
13

0.
01

2
O

sG
LU

Fe
rr

ed
ox

in
-d

ep
en

de
nt

gl
ut

am
at

e
sy

nt
ha

se
,L

ea
fs

en
es

ce
nc

e,
an

d
ni

tr
og

en
re

m
ob

ili
za

ti
on

.
O

s0
2g

06
35

20
0

1.
08

1
0.

00
0

O
sN

IT
1

Si
m

ila
r

to
N

it
ri

la
se

2.
O

s1
0g

03
97

40
0

1.
36

0
0.

00
3

O
sD

W
F1

D
im
/d

w
f1

pr
ot

ei
n,

C
el

le
lo

ng
at

io
n

pr
ot

ei
n

D
IM

IN
U

TO
/D

w
ar

f1
,B

ra
ss

in
os

te
ro

id
(B

R
)b

io
sy

nt
he

si
s.

O
s0

2g
08

30
20

0
2.

59
2

0.
00

3
O

sR
R

3
A

-t
yp

e
re

sp
on

se
re

gu
la

to
r,

C
yt

ok
in

in
si

gn
al

in
g.

G
en

e
H

w
as

eo
ng

Sy
m

bo
l

D
es

cr
ip

ti
on

lo
g 2

FC
A

dj
.p

-v
al

ue

O
s1

1g
01

43
30

0
−2

.9
66

0.
01

1
O

sR
R

9
A

-t
yp

e
re

sp
on

se
re

gu
la

to
r,

C
yt

ok
in

in
si

gn
al

in
g.

O
s1

2g
01

39
40

0
−2

.6
71

0.
00

6
O

sR
R

10
A

-t
yp

e
re

sp
on

se
re

gu
la

to
r,

C
yt

ok
in

in
si

gn
al

in
g.

O
s1

1g
01

43
20

0
−2

.4
23

0.
04

7
O

sC
PD

1
Si

m
ila

r
to

C
yt

oc
hr

om
e

P4
50

90
A

1.
O

s0
3g

08
56

70
0

−2
.1

26
0.

02
7

O
sG

A
20

ox
1

G
ib

be
re

lli
n

20
ox

id
as

e
1.

O
s0

4g
06

73
30

0
−1

.9
81

0.
00

2
O

sR
R

6
A

-t
yp

e
re

sp
on

se
re

gu
la

to
r,

C
yt

ok
in

in
si

gn
al

in
g.

O
s0

2g
01

64
90

0
−1

.5
24

0.
00

2
O

sA
R

F6
Si

m
ila

r
to

A
ux

in
re

sp
on

se
fa

ct
or

3.

O
s0

1g
02

08
60

0
−1

.4
62

0.
02

1
O

sS
C

A
R

1
SC

A
R

-l
ik

e
pr

ot
ei

n
2,

C
om

po
ne

nt
of

th
e

su
pp

re
ss

or
of

cA
M

P
re

ce
pt

or
/W

is
ko

tt
-A

ld
ri

ch
sy

nd
ro

m
e

pr
ot

ei
n

fa
m

ily
ve

rp
ro

lin
-h

om
ol

og
ou

s
(S

C
A

R
/W

A
V

E)
co

m
pl

ex
,A

ct
in

or
ga

ni
za

ti
on

,P
an

ic
le

de
ve

lo
pm

en
t,

R
eg

ul
at

io
n

of
w

at
er

lo
ss

.
O

s0
1g

07
18

30
0

−1
.3

28
0.

00
5

O
sB

R
I1

Br
as

si
no

st
er

oi
d

LR
R

re
ce

pt
or

ki
na

se
,S

im
ila

r
to

Br
as

si
no

st
er

oi
d-

in
se

ns
it

iv
e

1.
O

s0
1g

07
23

10
0

−1
.3

23
0.

00
1

Se
ne

sc
en

ce
-a

ss
oc

ia
te

d
fa

m
ily

pr
ot

ei
n.

O
s0

3g
02

65
10

0
−1

.2
29

0
PL

S2
G

ly
co

sy
lt

ra
ns

fe
ra

se
,g

ro
up

1
do

m
ai

n
co

nt
ai

ni
ng

pr
ot

ei
n.

O
s0

7g
02

09
00

0
1.

09
6

0
O

sD
G

L
D

ol
ic

hy
l-d

ip
ho

sp
ho

ol
ig

os
ac

ch
ar

id
e-

pr
ot

ei
n

gl
yc

os
yl

tr
an

sf
er

as
e

48
kD

a
su

bu
ni

tp
re

cu
rs

or
,N

-g
ly

co
sy

la
tio

n.
O

s0
2g

03
24

70
0

1.
18

4
0.

00
1

Si
m

ila
r

to
se

ne
sc

en
ce

-a
ss

oc
ia

te
d

pr
ot

ei
n.

O
s0

1g
09

27
60

0
1.

19
2

0
O

sA
R

F2
Si

m
ila

r
to

A
ux

in
re

sp
on

se
fa

ct
or

2
(A

R
F1

-b
in

di
ng

pr
ot

ei
n)

.

O
s0

1g
07

52
50

0
1.

32
1

0.
00

6
O

sE
R

F2
A

PE
TE

LA
2/

et
hy

le
ne

re
sp

on
se

fa
ct

or
(A

P2
/E

R
F)

ty
pe

tr
an

sc
ri

pt
io

n
fa

ct
or

,N
eg

at
iv

e
re

gu
la

ti
on

of
di

se
as

e
re

si
st

an
ce

,N
eg

at
iv

e
re

gu
la

ti
on

of
sa

lt
to

le
ra

nc
e.

O
s0

3g
03

27
80

0
1.

87
2

0.
01

3
O

sN
A

P
N

A
C

Fa
m

ily
tr

an
sc

ri
pt

io
na

la
ct

iv
at

or
,A

bi
ot

ic
st

re
ss

re
sp

on
se

,P
os

it
iv

e
re

gu
la

to
r

of
le

af
se

ne
sc

en
ce

.
O

s1
0g

04
77

60
0

1.
94

2
0.

02
4

O
N

A
C

12
0

Si
m

ila
r

to
N

A
M
/

C
U

C
2-

lik
e

pr
ot

ei
n.

O
s1

1g
01

26
90

0
4.

02
6

0.
04

8
O

N
A

C
12

2
N

A
C

-d
om

ai
n

pr
ot

ei
n,

D
ro

ug
ht

to
le

ra
nc

e.
O

s0
4g

05
78

00
0

5.
52

0
0.

02
8

O
sA

C
S2

A
C

C
sy

nt
ha

se
,E

th
yl

en
e

bi
os

yn
th

es
is

.

146



Int. J. Mol. Sci. 2020, 21, 1704

3. Discussion

3.1. qCC2 is Associated with Chlorophyll Content and Leaf Senescence

Chlorophyll content, one of the most important traits due to its role in photosynthesis, is regulated
by polygenic loci. Several studies have identified a number of QTLs across various genetic resources
and environments [3–6]. A number of studies reported QTLs on the short arm of chromosome 2.
Four QTLs have been mapped for stay-green traits on chromosome 2 between RM145 and RM322
using 190 doubled haploid lines from a cross between ‘Zhenshan 97′ and ‘Wuyujing 2′ [2]. Jiang et al.
(2012) reported QTL for chlorophyll content from heading to the maturity stage (qCHM2) located on
the short arm of chromosome 2 between RM145 and RM29 [5]. In this study, three QTLs for chlorophyll
content were detected using progeny from an interspecific cross between O. sativa and O. grandiglumis.
qCC2 was located on chromosome 2 between RM3390 and RM7288, which were approximately 1.4 Mbp
apart. This QTL was detected in F3 and F4 generations and at two different developmental stages,
respectively, and confirmed by substitution mapping (Figure S3). qCC2 shared a similar location with
QTLs reported in previous studies [2,5]. Although allelism tests are needed to clarify the relationships
among these QTLs, these studies indicated the presence of genes associated with chlorophyll content
and leaf senescence on the short arm region of chromosome 2.

When Hwaseong and CR2002 were tested for dark-induced senescence, CR2002 showed higher
chlorophyll content with delayed leaf senescence than Hwaseong (Figure 2a,b). Fv/Fm values were also
significantly different at 4 days after incubation (Figure 2c). Endogenous expression levels of SAGs
and CDGs were severely down-regulated in CR2002 than Hwaseong, and these results indicated that
qCC2 was associated with leaf senescence in CR2002.

3.2. GW2 Positively Regulates Leaf Senescence

GW2 encodes a RING-type E3 ubiquitin ligase and resides in the qCC2 region (1.4 Mbp).
The O. grandiglumis GW2 allele in CR2002 has the 1-bp deletion in 4th exon, which causes a premature
stop and truncated protein (Figure S4) [21]. Many studies have suggested ubiquitination as a candidate
pathway for the regulation of senescence. SAUL1 encodes E3 ubiquitin ligase, which is required
for suppression of premature senescence in Arabidopsis [26]. Also, spl11 encodes E3 ubiquitin ligase,
which regulates cell death in rice [27]. E3 ubiquitin ligase Big Brother (BB) gene and ubiquitin receptor
DA1 gene negatively regulate leaf size and promote senescence [19]. Mutations in DA1 and BB enhance
leaf growth, an effect that is synergistically increased in the double mutant. A da1-1/eod1-2 double
mutant especially exhibits a longer lifespan than wild type or the single mutants [19]. In addition,
DA1 physically interacts with DA2, an ortholog of GW2, and DA2 acts synergistically with DA1 to
regulate seed size in Arabidopsis [18]. Based on these previous results, GW2 was chosen as a candidate
gene for the delayed senescence phenotype in CR2002. The transcript level of GW2 was down-regulated
at 2 DAI and showed a similar expression level at 0 DAI and at 4 and 6 DAI in the dark (Figure 4e
and Figure S5). This expression pattern was similar to the NYC4 gene, which functions in the
degradation of chlorophyll and chlorophyll-protein complexes during DIS [28]. The effect of gw2-ko
was examined in DIS (Figure 5c). gw2-ko showed delayed senescence and down-regulated expression
of SAGs and CDGs. Compared to Hwaseong and Dongjin, most of the SAGs and CDGs genes
were consistently down-regulated in CR2002 and gw2-ko during DIS. However, transcript levels
of RCCR1 (red chlorophyll catabolite reductase 1), PAO (Pheophorbide a oxygenase), and OsI57 (putative
3-ketoacyl-CoA thiolase) did not show significant differences between Dongjin and gw2-ko or Hwaseong
and CR2002 in DIS. These results suggested that RCCR1 and PAO might function down-stream in
the chlorophyll degradation pathway [8]. Because the transcript levels of RCCR1 and PAO in gw2-ko
were not significantly different from wild-type Dongjin, GW2 might affect genes up-stream in the
chlorophyll degradation pathway.

147



Int. J. Mol. Sci. 2020, 21, 1704

3.3. Differentially Expressed Genes Associated with Leaf Senescence

Comparative RNA-seq analysis was conducted to identify differentially-expressed transcripts,
using 30-day-old leaves from Hwaseong and CR2002 to gain a better understanding of the mechanism
involved in delayed senescence. A total of 10,339 and 9885 DEGs were identified in Hwaseong and
CR2002 under dark treatment compared with the control, respectively (Figure 8a). To examine the
difference between Hwaseong and CR2002, Hwaseong- and CR2002-specific DEGs were extracted.
In CR2002-specific DEGs, 33 GO terms were enriched, and these included iron ion transport, response to
hormone stimulus, cell cycle, response to endogenous stimulus, and chloroplast. Transporter genes are
closely associated with leaf senescence process. During senescence, remobilization of nutrients
from senescing cells to developing tissues is mediated by transporters, and transporter genes
show notable changes in expression [13,29]. Chloroplast GO term contains 15 CR2002-specific
DEGs, including Os07g0462000 (OsSG1), Os07g0558500 (NYC4), Os02g0152400 (RbcS1) [28,30].
Os07g0462000 encodes glutamate-cysteine ligase and possibly controls chlorophyll content and
stay-green phenotype [30]. Os07g0558500 (NYC4) is an ortholog of THF1 in Arabidopsis. The AtTHF1 is
known as a multi-function protein involved in acclimation to high light, sugar sensing, and disease
resistance, while nyc4-1 mutant shows the stay-green phenotype in rice [28]. Os02g0152400 encodes
the rubisco small subunit 1, which reflects involvement in the regulation of rubisco catalytic activity.

Transcription factors (TFs) play an important role in regulating leaf senescence. NAC (NAM,
ATAF1, and CUC2) transcription factor family is one of the large TF families, and many NAC TFs are
up-regulated during leaf senescence [31]. In addition, several NAC TFs regulating leaf senescence have
been characterized in various plant species [13,32–36]. Transcript levels of NAC transcription factors
(OsNAP, ONAC120, and ONAC122) were specifically up-regulated in Hwaseong (Table 3). OsNAP is
a positive regulator of leaf senescence, and its orthologs TtNAM-B1 and AtNAP have shown similar
function in wheat and Arabidopsis [13,32,33]. OsNAC122 (or OsNAC10, Os11g0126900) over-expression
and root-specific expression transgenic have shown significantly improved drought, high salinity,
and low-temperature tolerance in rice [37].

Phytohormone signaling and biosynthesis-related genes were identified in Hwaseong- and
CR2002-specific DEGs. During dark treatment, ethylene (OsERF5), ABA (OsABI1), and jasmonic
acid (OsJAZ1) signaling genes were significantly down-regulated, while auxin synthesis (OsNIT2),
brassinosteroid biosynthesis (OsDWF1), and cytokinin signaling (OsRR3) genes were up-regulated
in CR2002 (Table 3). In contrast, ethylene biosynthesis and signaling (OsACS2 and OsERF2) and
auxin signaling (OsARF2) genes were up-regulated in Hwaseong, whereas cytokinin signaling (OsRR6,
OsRR9, and OsRR10), brassinosteroid signaling (OsBRI1), and gibberellin 20-oxidase (OsGA20ox1) were
down-regulated (Table 3). These results indicated that delayed leaf senescence in CR2002 (gw2-ko)
was associated with phytohormone signaling or biosynthesis pathways in rice. The rice stay-green
mutant oself3.1 has shown down-regulated transcript levels of ABA-, ethylene-, JA-associated genes
in microarray analysis [7]. The results from the present study were consistent with the report that
OsELF3.1 promoted leaf senescence by modulating signaling pathways [7]. To further investigate
this relationship with phytohormones, gene expression of GW2 in response to plant hormones was
examined using the RiceXPro database. GW2 did not show large changes in response to plant hormones
(data not shown) [38]. In durum wheat, a GW2 knock-down mutant has shown enhanced cytokinin
dehydrogenase 1 (CKX1) transcript level and down-regulation of cytokinin dehydrogenase 2 (CKX2) and
gibberellin oxidase 3 (GA3-ox) [39]. In addition, a wheat near-isogenic line (NIL) harboring the TaGW2-6A
allelic variant has shown an increase in not only grain size but also endogenous cytokinin content
(Z+ZR) [40]. Compared to the control (Chinese Spring), the expression level of cytokinin biosynthesis
genes (TaIPT2, TaIPT3, TaIPT5, and TaIPT8) are found to be up-regulated, while cytokinin degradation
genes (TaCKX1, TaCKX2, and TaCKX6) are found to be down-regulated in the NIL during the endosperm
development [40]. These results supported the possibility that delayed senescence in CR2002 and
gw2-ko was mediated by phytohormone-related pathways.
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3.4. GW2 as an E3 Ubiquitin Ligase

The ubiquitination process is a post-translational modification. E3 ligases function in the
regulation of polyubiquitination and are involved in target protein degradation. Several studies have
reported interacting partners of GW2. Target proteins of GW2 have been revealed through yeast
two-hybrid screening [24]. Yeast two-hybrid and pull-down assays have shown that expansin-like 1
(EXPLA1) directly interacts with GW2. In addition, in vitro assays have identified the ubiquitination
of EXPLA1 by GW2 at lysine 279 (K279). Proteomic analysis has shown that chitinase 14 (CHT14)
and phosphoglycerate kinase (PGK) directly interact with GW2 [23]. However, genes that are directly
associated with leaf senescence have not been reported. Identification of GW2 substrate protein(s)
responsible for leaf senescence would be key to understanding the post-translational molecular
mechanism of leaf senescence in rice.

4. Materials and Methods

4.1. Plant Materials

CR2002 was derived from a cross between O. sativa Korean elite line ‘Hwaseong’ as a recurrent
parent and wild species O. grandiglumis (2n = 48, CCDD, Acc. No. 101154) [41]. Four O. grandiglumis
chromosome segments were found in CR2002 on chromosomes 1, 2, 6, and 10. CR2002 was backcrossed
with Hwaseong to produce an F2 population. A total of 705 F2 plants were genotyped using SSR markers
from the introgression regions. Fifty-eight F3 plants with different combinations of O. grandiglumis
homozygous segments were selected and advanced to the F3. Among the 58 F3 lines, 17 that have
different recombination break-points within the qCC2 region were selected and advanced to the
F4 generation. QTL analysis was performed using two replications of the 58 F3 lines and 17 F4

lines, which were grown in the Chungnam National University paddy field during 2015 and 2016,
respectively. For substitution mapping, four F4 recombinant lines in the qCC2 region were investigated
in 2017. To determine whether OsGW2 is associated with leaf senescence, a gw2-knockout (gw2-ko)
mutant (PFG_1B-10017.R) in the japonica rice ‘Dongjin’ background was used for evaluating leaf
senescence [42,43]. An F2 population (n = 107) derived from a cross between Dongjin and gw2-ko
was generated and used for DIS assay to confirm whether the T-DNA insertion in OsGW2 locus was
responsible for delayed senescence.

4.2. Phenotypic Evaluation

A total of 10 traits, including chlorophyll content and three-grain morphology traits (Table 1),
were evaluated in the parental lines (n= 10) using the methods, as described in Yoon et al. (2006) [41].

To evaluate chlorophyll content, three methods were used. First, fluorescence ratio F735/F700 was
measured in F3 and F4 generation plants, and the relative chlorophyll content (mg/m2) was evaluated
using CCM-300 (OPTI-SCIENCE, Hudson, NH, USA). This data was used for QTL analysis. Second,
SPAD values were measured to compare parental lines (Hwaseong, CR2002, Dongjin, and gw2-ko)
using a SPAD-502Plus (KONICA MINOLTA, Tokyo, Japan). Third, total chlorophyll was extracted
from detached leaves and used for dark-induced senescence using pre-chilled 80% acetone [7].
The absorbance of supernatants was measured at 645 and 663 nm using a UV/VIS spectrophotometer
(Hanson Tech., Seoul, Korea) [44]. For the dark-induced senescence (DIS) assay, fully expanded flag
leaves were detached and placed in 3 mM MES buffer (pH 5.8) and incubated at 27 ◦C under complete
darkness [45]. Fv/Fm ratio was measured using a Hansatech PEA MK2 (Hansatech, Norfolk, UK).
The middle part of leaf samples from DIS was adapted in the dark for 30 min to complete the oxidation
of QA, and then the Fv/Fm value was measured. A student’s t-test was performed for trait comparisons.

4.3. DNA Extraction and QTL Analysis

DNA was extracted from leaf tissues using the extraction method, as described in Causse
et al. (1994) [46]. Genotyping was conducted in 58 F3 and 17 F4 lines using 11 polymorphic
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SSR markers between CR2002 and Hwaseong. PCR was conducted, as described in Shim et al.
(2019) [47]. PCR products were separated on 3% metaphor agar stained with StaySafe Nucleic Acid
Gel Stain (RBC, Taiwan) or 4% polyacrylamide denaturing gel stained with Silver Staining Kit (Bioneer,
Korea), respectively.

QTLs were determined by single-marker analysis (SMA). SMA was conducted to establish the effect
of each marker on each trait. In SMA, a QTL was declared when the phenotype was associated with
SSR genotype at p < 0.05 by one-way analysis of variance (ANOVA). The observed phenotypic variation
was estimated using the coefficient of determination (R2). For Tukey’s test, Minitab19 software was used.
Student’s t-test was conducted using Microsoft Excel. Boxplots were drawn using R version 3.5.3.

4.4. RNA Isolation and Quantitative Real-Time PCR

Total RNA of detached leaves from DIS was isolated using NucleoSpin RNA (Macherey Nagel,
Deuren, Germany), according to the manufacturer’s instructions. Following reverse-transcription into
the first-strand cDNA with SmartGene Mixed cDNA synthesis kit (SJ Bioscience, Daejeon, Korea),
real-time PCR was performed using a CFX Connect Real-Time System (Bio-Rad, Hercules, CA, USA).
Each reaction contained 10 μL of 2× SYBR Green Master Mix reagent, 2 μL of diluted cDNA samples,
1 μL of 10 pmol gene-specific primers in a final volume of 20 μL. The real-time PCR protocol was: 15 min
at 95 ◦C to denature and activate an enzyme, followed by 40 cycles at 95 ◦C for 20 s (denaturation),
60 ◦C for 40 s (annealing), 72 ◦C for 30 s (extension). qRT-PCR was conducted according to the 2-ΔΔCt

method [48]. Rice UBIQUITIN5 (OsUBQ5) was used for normalization, and relative expression levels
were compared by Student’s t-test. Primers used in this study are listed in Table S1.

4.5. RNA-Seq Analysis

The 30-day-old Hwaseong and CR2002 plants were dark-treated to induce senescence for three
days. From plants each before (day 0) and 3 days after dark-treatment (day 3), the 5th leaves
were collected with three replicates, and total RNA was extracted, as described above. A total of
12 transcriptome libraries were constructed using TruSeq RNA Sample Prep Kit v2 (Illumina, San Diego,
CA, USA), according to the manufacturer’s instructions. The library construction was conducted by
GnC Bio Inc. (Daejeon, Korea). The constructed libraries were sequenced on a HiSeq 4000 instrument
with 150 bp of paired-end reads. The sequence data generated from this study have been deposited at
the National Center for Biotechnology Information Sequence Read Archive (SRA) under accession
number PRJNA602373. Sequencing results were checked using FastQC (version 0.11.7). Raw sequences
were processed to obtain clean reads by removing adapters and low-quality reads, using SCYTHE
(https://github.com/vsbuffalo/scythe) and SICKLE (https://github.com/najoshi/sickle), respectively.
High-quality reads were mapped on rice reference genome IRGSP-1.0, and transcript abundances were
quantified using Salmon version 0.8.2 [49]. Differentially expressed genes (DEGs) were determined
with more than 2-fold change with significance at Benjamini-Hochberg false discovery rate adjusted
p < 0.05 using Limma-Voom package [50,51]. GO enrichment was carried out using agriGO v2.0
singular enrichment analysis [52].

5. Conclusions

A mapping population derived from an interspecific cross between O. sativa and O. grandiglumis
facilitated the discovery of qCC2, a major QTL for chlorophyll content. The O. grandiglumis allele at
qCC2 increased chlorophyll content and delayed senescence. Building on several previous studies,
GW2, which encodes E3 ubiquitin ligase, was selected as the most probable candidate gene for this
phenotype, and this was confirmed through genetic analysis of a knockout mutant. The gw2-ko mutant
showed delayed leaf senescence under dark conditions with down-regulation of SAGs and CDGs,
and the delayed senescence trait completely segregated with the gw2-ko gene. On the basis of this work,
the RING-type ubiquitin ligase GW2 appeared to function as a positive regulator of leaf senescence in
rice. This study also represented the first investigation of global gene expression in rice leaves subjected
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to complete darkness. The results of this whole-genome transcriptome analysis of Hwaseong and
CR2002 highlighted the processes and genes that are likely to play a role in the mechanisms underlying
leaf senescence in rice (e.g., carbohydrate metabolism, pyrophosphate-dependent energy conservation,
and ethylene signaling). The QTL analysis and the genotype-specific regulation suggested that
senescence was regulated at the transcriptional level, although the possibility of post-translational
regulation by GW2 requires further investigation.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/5/1704/
s1.
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Abstract: The chloroplast RNA splicing and ribosome maturation (CRM) domain proteins are
involved in the splicing of chloroplast gene introns. Numerous CRM domain proteins have been
reported to play key roles in chloroplast development in several plant species. However, the functions
of CRM domain proteins in chloroplast development in rice remain poorly understood. In the study,
we generated oscaf1 albino mutants, which eventually died at the seedling stage, through the editing
of OsCAF1 with two CRM domains using CRISPR/Cas9 technology. The mesophyll cells in oscaf1
mutant had decreased chloroplast numbers and damaged chloroplast structures. OsCAF1 was located
in the chloroplast, and transcripts revealed high levels in green tissues. In addition, the OsCAF1
promoted the splicing of group IIA and group IIB introns, unlike orthologous proteins of AtCAF1
and ZmCAF1, which only affected the splicing of subgroup IIB introns. We also observed that the
C-terminal of OsCAF1 interacts with OsCRS2, and OsCAF1–OsCRS2 complex may participate in
the splicing of group IIA and group IIB introns in rice chloroplasts. OsCAF1 regulates chloroplast
development by influencing the splicing of group II introns.

Keywords: chloroplast RNA splicing and ribosome maturation (CRM) domain; intron splicing;
chloroplast development; rice

1. Introduction

Chloroplasts are important organelles in plants. A series of metabolic processes occur in
chloroplasts, including photosynthesis and anabolism of compounds such as tetrapyrroles, terpenoids,
lipids, amino acids, and hormones [1]. Chloroplasts are considered semi-autonomous organelles
because their development is not only influenced by their own genetic material but also by fine
regulation by nuclear-encoded genes [2,3]. Studies have shown that by plastid-encoded polymerases
(PEPs) and nucleus-encoded polymerases (NEPs) influence the development of chloroplasts [4–6].
Chloroplast genes encode approximately 100 proteins, some of which have one or more introns that
cannot be self-spliced, and the primary RNA transcription of such chloroplast genes require splicing by
ribozymes potentially via chemical steps similar to spliceosome-mediated splicing in the nucleus [7–9].
In plants, based on the primary sequences, predicted structures, and splicing mechanisms, the introns
of the chloroplast are mainly classified into two categories, including group I and group II [10]. Group
II introns are mainly divided further into two subgroups, including subgroup IIA introns and subgroup
IIB introns [11]. Arabidopsis thaliana, maize, and rice chloroplast genomes all have only 1 group I intron,
and 20, 17, and 17 group II introns, respectively [8]. In plant chloroplasts, such introns have lost the
capacity to self-splice in vivo and require nuclear gene-encoded proteins as co-factors to participate in
splicing [8,12].
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Numerous studies have shown that nuclear-encoded pentatricopeptide repeat (PPR) proteins
participate in chloroplast RNA editing and splicing, which are critical for chloroplast development
and function [8,13]. Currently, the large PPR protein families, including AtOTP51, ZmPPR5,
OsPPR6, and OsPPR1, are considered to participate in different chloroplast group II intron splicing
activities [14–18]. Previous studies have shown that the disruption of the normal functions of such PPR
proteins could lead to abnormal chloroplast development, which would lead to albino seedlings or
death of plants [14–18]. In addition to the PPR proteins mentioned above, chloroplast RNA splicing and
ribosome maturation (CRM) domain proteins participate in the splicing of chloroplast gene introns [8].

In plants, the splicing of chloroplast introns requires splicing factors encoded by nuclear genes and
the abnormal splicing of chloroplast intron will affect the development of chloroplast [14–16]. Several
proteins with CRM domains have been identified as splicing co-factors, including CFM2, CFM3, CRS1,
CAF1, and CAF2 [8]. Both ZmCFM2 and AtCFM2 have four CRM domains, and they participate in
the splicing of ndhA and ycf3-1 subgroup IIB and group I introns. In A. thaliana, AtCFM2 potentially
promotes the splicing of clpP introns [19]. CFM3 and CRS1 contain three CRM domains, and AtCRS1
and ZmCRS1 have been associated with the splicing of the atpF intron, which belongs to subgroup
IIA introns [20,21]. In addition, CFM3 has been reported to be dual-localized in chloroplasts and
mitochondria, and CFM3a is required for the splicing of group II introns, including ndhB, rpl16, rps16,
petD, and petB introns in chloroplasts [19]. The CAF1 and CAF2 contain two CRM domains, which
are required for the splicing of group IIB introns, including ndhA, ndhB, petB, petD, rpl16, rps16, trnG,
and ycf3-1 in maize and A. thaliana [11,21]. In A. thaliana, AtCAF2 potentially promotes the splicing
of rpoC1 and ClpP introns that are absent in the maize chloroplast genome [21]. In addition, CAF1
and CAF2 could interact with CRS2, forming the CRS2–CAF1 and CRS2–CAF2 complexes, which
participate in the splicing of chloroplast group II introns and the regulation of chloroplast development
in maize [22].

Previous studies have shown that there are 14 proteins that contain one or more CRM domains in
rice [8]. To date, researchers have only studied the functions of OsCRS1 and OsCFM3, which contain
three CRM domains. The studies revealed that oscrs1 mutants exhibited albino leaf phenotypes in
rice [23]. In addition, OsCRS1 has been reported to participate in the splicing of ndhA, ndhB, petD,
ycf3-1, and trnL introns and it could influence the expression of PEP-dependent genes such as psaA
and psbA [23]. Furthermore, oscfm3 T-DNA insertion mutants exhibited albino seedling phenotypes;
however, the OsCFM3 participates in the intron splicing of ndhB, petD, rps16, and rpl16 in rice [19].
The functions of other CRM domain proteins have hardly been reported in rice. Previous studies have
shown that homologous CAF1 plays important roles in chloroplast development in A. thaliana and
Zea mays L. In rice, the function of OsCAF1 remains unknown and investigating its function would
enhance our understanding of mechanisms of chloroplast development.

In this study, we investigated the function of OsCAF1 in rice chloroplast development, and oscaf1
mutants were obtained using the CRISPR-Cas9 system. The results of our study revealed that
oscaf1 mutants exhibited albino seedlings phenotype along with a damaged chloroplast structure.
In rice, chloroplast development is regulated by the expression of PEP-dependent genes, which could
be affected by OsCAF1. In addition, we observed that the leaves of oscaf1 mutants accumulated
higher hydrogen peroxide (H2O2) contents. In addition, OsCAF1 could interact with the OsCRS2 via
C-terminal, and then form an OsCAF1–OsCRS2 complex that regulates the splicing of chloroplast
gene introns. Chloroplast RNA splicing analysis showed that OsCAF1 influenced the splicing of
both chloroplast subgroup IIA and subgroup IIB introns, which is different from the orthologous
proteins of AtCAF1 and ZmCAF1, which both influence the splicing of chloroplast subgroup IIB
introns. The results of the present study reveal the functions of OsCAF1 in the regulation of rice
chloroplast development.
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2. Results

2.1. Knockout of OsCAF1 Produced the Albino Seedling Phenotype

According to a previous study, the ortholog of ZmCAF1 in rice was Os01g0495900, which was
named OsCAF1, and the function of OsCAF1 has not been determined to date [8]. We observed that
the cDNA of OsCAF1 had a 2106-bp nucleotide and encoded 701 amino acids (aa). To determine
the function of OsCAF1 in rice chloroplast development, oscaf1 mutants were generated using the
CRISPR/Cas9 system (Figure 1A,B), and 26 transgenic plants were obtained in the T0 generation.
Sequencing and phenotypic analysis revealed that oscaf1 homozygous mutants exhibited the albino
phenotype in the rice seeding stage (Figure 1C,D), and then died after the three leaves stage. In both of
#3 and #4 mutants, a premature stop codon was created by a frame shift in the coding region of OsCAF1.
However, the OsCAF1/oscaf1 heterozygous exhibited green leaves (Figure 1C,D), which exhibited
normal growth and phenotypes under chamber conditions. Because of oscaf1/oscaf1 homozygous lethal
mutants, the heterozygous lines were used to generate the T1 generation. The different homozygous
mutations in the allele’s of OsCAF1 in T1 generation were obtained from #1 and #2 plants and also
exhibited albino seedling phenotypes. These results indicated that OsCAF1 mutations caused the
albino seedling phenotype. To study the function of OsCAF1, oscaf1 mutants from T1 generation of #1
plant were selected for further analysis.

 

Figure 1. Knockout of OsCAF1 produces the albino phenotype in seedlings. (A) Diagram of CRISPR/
Cas9 system for editing OsCAF1. (B) Schematic diagram of the targeted site in OsCAF1. (C) Mutation
types of four positive plants in T0 generation. The targeted sequences are in blue letters. The protospacer
adjacent motif (PAM) sequences are in red letters. The number of nucleotides at both sides of the target
sequences is 18 bp. (D) Phenotypes of four positive plants at seedling stage. Scale bar, 1 cm.

2.2. The oscaf1 Mutant Exhibited Defects in Chloroplast Development

The oscaf1 mutant exhibited an albino seedling phenotype and eventually died after the three leaves
stage (Figure 2A). Compared with the wild type (WT), photosynthetic pigment concentrations showed
that chlorophyll a (Chla), chlorophyll b (Chlb), and carotenoid (Car) contents decreased significantly
in oscaf1 mutants (Figure 2B). According to the results of chlorophyll fluorescence measurements,
the Fv/Fm values of oscaf1 mutants were low (Figure 2C). The results suggested that oscaf1 mutants
had impaired chloroplast development and photosynthesis. Subsequently, we analyzed the expression
levels of chloroplast development and photosynthesis-related genes in WT and oscaf1 mutants using
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qRT-PCR. The results showed that compared with the WT, the transcript levels of HZMA1, PORA,
CAB1, psaA, rbcL, CHLI, CHLH, ATPa, psbA, TaX2, ATPB, and ATPE in oscaf1 mutants decreased,
while the relative expression levels of YGLI, HSA1, HSA2, RPOB, RPOC1, and RPOC2 increased
(Figure 2D). Particularly, in oscaf1 mutants, the expression levels of HZMA1, PORA, CAB1, psaA, rbcL,
CHLH, and psbA decreased significantly, and the expression levels of YGLI, HSA1, RPOB, RPOC1, and
RPOC2 increased markedly in oscaf1 mutants (Figure 2D). Overall, the results suggested that OsCAF1
influences chloroplast development and photosynthesis in rice.

 
Figure 2. oscaf1 showed defects in chloroplast development and photosynthesis. (A) Phenotype
observations of WT (left) and oscaf1 mutant (right). Scale bar, 1 cm. (B) Pigment content of WT and
oscaf1 at seedling stage. (C) Photochemical efficiency of PSII in the light (Fv/Fm) of WT and oscaf1
mutants at seedling stage. (D) Relative expression levels of chloroplast development and photosynthesis
genes in WT and oscaf1 mutants. The data represent mean ± SE from three independent biological
duplicate, * and ** indicated p < 0.05 and p < 0.01, respectively.

To investigate chloroplast development in oscaf1 mutants further, we observed the ultrastructure
of chloroplasts at the three leaves stages of WT and oscaf1 mutants using transmission electron
microscopy (TEM). We observed that the chloroplast number in the mesophyll cells of the oscaf1
mutant was less than in WT (Figure 3B). In addition, the chloroplasts in WT mesophyll cells were well
developed, with normal-looking and distinctly stacked grana and thylakoids (Figure 3A,C). Conversely,
the oscaf1 mutant had abnormal chloroplast architecture along with abnormally structured thylakoid
and abnormally stacked grana (Figure 3B,D). The results suggested that OsCAF1 plays a key role in
early chloroplast development in rice.
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Figure 3. Chloroplast ultrastructure observation of WT (A,C) and oscaf1 mutants (B,D) mesophyll cell
at the three leaves stage. cp, chloroplast, gl, grana lamella. Bars = 2.0 μm.

2.3. Increased Reactive Oxygen Species (ROS) Contents and Reduced ROS-scavenging Gene Expression Levels
in oscaf1 Mutant

In plants, the overproduction of ROS might cause cell death in leaves [24]. The oscaf1 mutants died
after the three leaves stage; therefore, we tested the ROS levels in leaves of the WTs and oscaf1 mutants.
The oscaf1 mutant leaves displayed a more intense brown color following 3,3-diaminobenzidine (DAB)
staining, indicating that the levels of H2O2 in oscaf1 mutant leaves were higher than in WT leaves
(Figure 4A). In addition, following nitroblue tetrazolium (NBT) staining, oscaf1 mutant leaves had
larger blue leaf areas than WT leaves. The results suggested that oscaf1 mutant leaves generate more
O2− than WT (Figure 4B). The results of the experiments indicated that oscaf1 leaves accumulated high
ROS levels. Moreover, we measured the H2O2 contents in WT and oscaf1 mutant leaves. The results
indicated that the H2O2 content in the mutant was significantly increased compared to that in WT
(Figure 4C). This result was consistent with DAB staining. Meanwhile, the ROS-scavenging gene
expression levels were investigated in WT and oscaf1 mutants. According to the qRT-PCR results,
the expression levels of APX1, APX2, SODA1, SODB, CatA, and CatC were significantly decreased in
oscaf1 mutants compared to WT (Figure 4B). The ROS-scavenging genes reduced expression in oscaf1
might have had feedback from lack of OsCAF1. Overall, a decrease in ROS-scavenging gene expression
levels would impair the ROS detoxification system, eventually leading to the accumulation of ROS,
such as H2O2 in oscaf1 mutant leaves.
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Figure 4. DAB, NBT staining, H2O2 contents and gene expression level analysis in WT and oscaf1
mutants. (A) DAB staining of leaves from WT (left) and oscaf1 mutants (right). Scale bar, 1 cm. (B) NBT
staining of leaves from WT (left) and oscaf1 mutants (right). Scale bar, 1 cm. (C) Measurement of H2O2

content in WT and oscaf1 mutant (D) Relative expression levels of genes involved in ROS-scavenging.
The data represent mean ± SE from three independent biological duplicate, * and ** indicated p < 0.05
and p < 0.01, respectively.

2.4. OsCAF1 Involved in Splicing of Multiple Chloroplast Group II Introns

Previous studies have shown that ZmCAF1 and AtCAF1 participate in intron splicing in the
chloroplast [21]. To test whether OsCAF1 was involved in the RNA splicing of chloroplast genes, we
amplified the chloroplast genes that contained at least one intron in WT and oscaf1 mutants using the
RT-PCR method. We observed that the introns of chloroplast atpF, rpl2, and rps12 could not be spliced,
whereas the intron splicing efficiency of ndhA, ndhB, and ycf3 decreased in group II introns in oscaf1
mutants (Figure 5). In oscaf1, the splicing efficiency of group I introns (trnL) was normal. The results
indicated that OsCAF1 might participate in the splicing of multiple chloroplast group II introns.

 

Figure 5. Splicing analysis of chloroplast gene transcripts in WT and oscaf1 mutants. U, unspliced
transcripts; S, spliced transcripts.
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2.5. Subcellular Localization and Expression Patterns of OsCAF1

OsCAF1 was localized in the chloroplasts, which was predicted using the TargetP website
(http://www.cbs.dtu.dk/services/TargetP/). To determine the actual subcellular localization of OsCAF1,
we fused the OsCAF1 full-length cDNA with GFP driven by the 2× CaMV 35S promoter and transiently
transfected in rice protoplasts. The results showed that the green fluorescent signals of OsCAF1–GFP
co-localized with chloroplast autofluorescence in transformed rice protoplasts (Figure 6A). The assays
indicated that OsCAF1 was localized in the rice chloroplast.

The qRT-PCR assays were used to investigate the expression patterns of OsCAF1 in different
tissues at the three leaves stage. According to our results, OsCAF1 was highly expressed in green tissue,
particularly in the leaves, suggesting that the OsCAF1 mainly functions in green tissue (Figure 6B).

Figure 6. Subcellular localization and expression patterns of OsCAF1. (A) Subcellular localization
of OsCAF1 in rice protoplasts. (B) Expression analysis of OsCAF1 in different tissues. The tissues
include roots (R), stems (S), and leaves (L). The values in the figures represent the means ± SE (n = 3).
** indicate p < 0.01.

2.6. OsCAF1 through C-terminal Interacts with OsCRS2

In maize, CRS2 could interact with CAF1 and form a CRS2–CAF1 complex in chloroplasts [22].
Therefore, we investigated whether OsCAF1 interacted with OsCRS2 and formed an OsCRS2–OsCAF1
complex in rice. We obtained rice OsCRS2 (Os01g0132800) by homologous alignment with ZmCRS2
and observed that OsCRS2 was also expressed highly in green tissue (Supplementary Figure S1A).
The results of the yeast two-hybrid (Y2H) experiment revealed that OsCAF1 interacted with OsCRS2
and formed an OsCRS2–OsCAF1 complex in rice (Figure 7A). To determine which OsCAF1 section was
essential for interactions with OsCRS2, we first generated three truncated forms of OsCAF1, including
OsCAF1-N, OsCAF1-M, which contains two CRM domains, and OsCAF1-C (Figure 7B). The results
showed that only OsCAF1-C could interact with OsCRS2, while OsCAF1-N and OsCAF1-M failed to
interact with OsCRS2 (Figure 7C). The result indicated that the C-terminal of OsCAF1 was essential for
interactions with OsCRS2. To further explore the function of the of OsCAF1 C-terminal, we analyzed
the alignment of the C-terminals of OsCAF1 residues 387–701 aa in Oryza sativa with different species,
including Z. mays, A. thaliana, Panicum hallii, Brachypodium distachyon, Sorghum bicolor, Setaria italica,
Triticum aestivum, Elaeis guineensis, and Phoenix dactylifera. The sequence alignment results showed that
the OsCAF1 C-terminal residues of 585–598 aa and 685–701 aa were highly conserved (Supplementary
Figure S2). To test the functional regions of the OsCAF1 in C-terminal, we divided the C-terminal
containing OsCAF1 residues C1 (387–584 aa), C2 (585–598 aa), C3 (599–684 aa), and C4 (685–701 aa)
(Figure 7B) for further study. The results of the Y2H experiment showed that OsCAF1-C1 could bind
OsCRS2 (Figure 7C). The results indicated that the C1-terminal of OsCAF1 was required for interactions
with OsCRS2 in rice; however, the two highly conserved regions of the C-terminal of OsCAF1 could
not interact with OsCRS2.
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Figure 7. C-terminal of OsCAF1 interacts with OsCRS2. (A) OsCAF1 interacts with OsCRS2.
The full-length CDS sequences of OsCAF1 and OsCRS2 were cloned into PGBKT7 (BD) and PGADT7
(AD) vector, respectively, to generate BD-OsCAF1 and AD-OsCRS2 constructs. The successfully
cloned two constructs were then co-transformed into yeast AH109 cells. AD+ BD-OsCAF1 and
BD+AD-OsCRS2 constructs were used as control. (B) The protein structure of OsCAF1. Diagram
of OsCAF1 protein structure and different structural domains of OsCAF1, OsCAF1-N (1-184),
OsCAF1-M (185-386), OsCAF1-C (387-701), OsCAF1-C1 (387-584), OsCAF1-C2 (585-598), OsCAF1-C3
(599-684), and OsCAF1-C4 (685-701). (C) Yeast two-hybrid results of the interaction of OsCRS2 and
OsCAF1. Truncated versions of OsCAF1 were cloning into BD vector and to generate BD-OsCAF1-N,
BD-OsCAF1-M, BD-OsCAF1-C, BD-OsCAF1-C1, BD-OsCAF1-C2, BD-OsCAF1-C3 and BD-OsCAF1-C4
vectors. These vectors were co-transferred to AH109 yeast cells with AD-OsCRS2, respectively.
Yeast cells were selected on synthetic dextrose medium lacking Leu and Trp (SD/-Trp-Leu) and the
medium lacking Leu, Trp, His, and Ade (SD/-Trp-Leu-His-Ade) with different dilution series (1, 10−1,
and 10−2).

The oscaf1 mutant exhibited albinism and survived for only approximately three weeks.
The chloroplast numbers in oscaf1 mutants decreased, accompanied by abnormal chloroplast
development (Supplementary Figure S3) and damaged thylakoid membranes compared with the WT,
which led to a decrease in chlorophyll contents in oscaf1 mutants. Similar phenotypes of CRM domain
proteins have been reported in rice, such as oscfm3 and oscrs1 [19,23]. OsCAF1 might play an important
role in chloroplast development. Among the altered chloroplast and photosynthesis-related gene
expressions in oscaf1 mutants, PEP-dependent genes, including PsaA, PsbA, and RbcL, and encoding
photosynthesis-associated proteins significantly decreased in oscaf1 mutants, although NEP-dependent
genes, RpoC1 and RpoC2, markedly increased in oscaf1 mutants. In addition, the expression levels of
AtpB and AtpE, transcribed by both NEP and PEP, significantly decreased in oscaf1 mutants. Therefore,
OsCAF1 might regulate chloroplast development by influencing PEP activities.

The ROS contents such as H2O2 increased in the three leaves stage leaves of oscaf1 mutants,
compared with the WT. In addition, the expression levels of ROS-scavenging related genes decreased
in oscaf1 mutant leaves. Considering the results of a previous study [19], the functional obstruction
of OsCAF1 could lead to abnormal chloroplast development, ROS over-accumulation in leaves,
and eventually the death of rice seedlings after the three leaves stage.

Numerous leaf-color associated mutants have been identified and cloned in different plants [25–27].
Abnormal splicing of chloroplast gene introns could cause chlorophyll deficiency, which then leads
to visible losses in green color in leaves or death of plants [25–27]. In rice, wsl4 exhibit bleached
appearances before the four leaves stage, and after the five leaves stage, all leaves turned to a normal
color similar to WT under normal growth environments. The bleached appearance phenomenon in wsl4
was caused by defective intron splicing of chloroplast genes, including atpF, rpl2, ndhA, and rps12 [26].
The results of such studies indicate that the abnormal splicing of the four introns does not cause
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lethal phenotypes at seedling stages. In the present study, the splicing of ndhB and ycf3 introns
was also affected. The ndhB protein was an NADPH dehydrogenase and bound to the thylakoid
membrane, influenced NDH activity, and regulated cyclic electron transport around photosystem
I (PS I) and respiratory electron transport [28]. In tobacco, the �ndhB mutant exhibited abnormal
intron splicing of only chloroplast ndhB, and the �ndhB mutant could grow normally under normal
conditions [28]. In addition, both crr2-1 and crr2-2, with impaired intron splicing of ndhB in Arabidopsis,
could grow normally under normal conditions [29]. In the present study, NDH activity or electron
transfer efficiency of PS I may be affected in oscaf1 mutants; however, the impairing of the ndhB intron
was not the key factor influencing seedling death after the three leaves stage. Another intron splicing
impaired gene, ycf3, the chloroplast-encoded Ycf3 protein, was responsible for the stability of the PS
I protein complex [16]. Previous studies have shown that numerous mutants, such as otp51, osppr6,
and tha8, have albino seedling lethal phenotypes similar to the one in the oscaf1 mutant, and all the
mutants have similar genetic defects including reduced intron splicing efficiency of ycf3, similar to
the results in the present study [14,16,27]. Therefore, the Ycf3 protein could be required for early
chloroplast development. In oscaf1 mutants, the reduced splicing efficiency of ycf3 was responsible for
mutant deaths after the three leaves stages.

In Arabidopsis, AtCAF1 is required for the splicing of group IIB introns, including ndhA, petD,
rpl16, rps16, trnG, ycf3, rpoC1, and ClpP [21]. ZmCAF1 in maize is also required for the splicing of
group IIB introns, almost similar to A. thaliana, excluding rpoC1 and ClpP [11]. Previous results have
shown that CAF1 is not required for group IIA intron splicing in maize and A. thaliana [11,21]. Notably,
our results indicated that the efficiency of intron splicing of group IIA introns, including atpF, rpl2,
and rps12, and group IIB introns, including ndhB, ycf3, and ndhA, were affected. Particularly, the group
IIA introns were not spliced in oscaf1 mutants completely. The results indicated that OsCAF1 could
play a key role in the regulation of intron splicing in group IIA and group IIB introns in rice, which
was different from maize and A. thaliana. Previous study showed that OsCRS1 not only participated in
the splicing of atpF introns but also promoted the splicing of other introns, including trnL, rpl2, ndhA,
ndhB, petD, and ycf3 [22]. Therefore, the functions of OsCRS1 and OsCAF1 could partially overlap
but are not redundant in rice. In addition, the intron splicing of subgroup IIB introns, including petD,
rpl16, rps16, and trG does not require OsCAF1 in rice, while the splicing of the subgroup IIB introns
requires ZmCAF1 and AtCAF1 in maize and A. thaliana [11,21]. Moreover, in rice, there are three
additional proteins containing two CRM domains, and the functions of the proteins may be different
from OsCAF1. Intron splicing of subgroup IIA and subgroup IIB introns was regulated by OsCAF1,
which, in turn, influenced chloroplast development in rice.

Nuclear-encoded protein ZmCRS2 could interact with ZmCAF1 to form the CRS2–CAF1 complex,
which regulates the splicing of group IIB introns in maize chloroplasts [22]. In addition, our study
demonstrated that OsCAF1 could interact with OsCRS2 through the C-terminal region, suggesting that
the interaction mechanism of CAF1 and CRS2 might be conserved in maize and rice. The homologous
alignment analysis results of the C-terminal region of CAF1 among various plants suggested high
conservation at C-terminal positions 585–598 aa and 685–701 aa. However, the results of our study
showed that the C1 region of OsCAF1, 387–584 aa, was essential for interactions with OsCRS2 rather
than the conserved regions of the C2 and C4 regions. The C2 and C4 conserved regions of OsCAF1
could interact with other proteins, which requires further investigations. In addition, the OsCRS2
expression levels decreased significantly in oscaf1 (Supplementary Figure S2B), suggesting the mutation
of OsCAF1 also influenced OsCRS2 expression. Based on the above findings, the C1 region of OsCAF1
interacts with OsCRS2, and the generated complex, OsCRS2–OsCAF1, could participate in the splicing
of subgroup IIA and subgroup IIB introns in rice chloroplast.

OsCAF1, which has two CRM domains, is an RNA intron-splicing factor in rice. OsCAF1 influences
the expression of chloroplast-associated genes, affects the accumulation of H2O2 in rice leaves, and
plays a key role in early chloroplast development in rice. We demonstrated that OsCAF1 is potentially
involved in the splicing of both group IIA and group IIB introns of chloroplast transcripts in rice.
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In addition, the C1-terminal region of OsCAF1 could interact with OsCRS2 and the OsCRS2–OsCAF1
complex could participate in the splicing of group II introns.

3. Materials and Methods

3.1. Plant Materials and Growth Conditions

The oscaf1 mutants were obtained using the CRISPR-Cas9 gene editing system in the japonica rice
variety, Nipponbare, which was used as the WT. For chlorophyll content measurement and genetic
material and RNA extraction, the WT and oscaf1 plants were grown in growth chambers under a 16 h
light and 8 h of a dark cycle at a constant temperature of 30 ◦C.

3.2. Knockout of OsCAF1 Using the CRISPR/Cas9 System

The rice genome editing strategy was based on the CRISPR/Cas9 system according to a previous
study [30]. Two gRNA target sequences (AAGCCCAGTACCCCATCTCACGG, CCGAGGTACCA
AGCGGCGTCCAG) were designed from exon 1 to construct the intermediate vector (Figure 1B)
namely SK-gRNA- gOsCAF1-g1 and SK-gRNA- gOsCAF1-g2. The binary expression vector transferred into
Agrobacterium tumefaciens strain EHA105 was constructed using the isocaudamer ligation method;
the intermediate vectors were digested with Kpn I/Xho I, Sal I/Bgl II, and then assembled into the
pC1300-Cas9 binary vector (digested with Kpn I/BamH I). The schematic for the development of
the plant expression vector is illustrated in Figure 1A,B. The intermediate vector SK-gRNA and the
expression vector pC1300-Cas9 were provided by Kejian Wang and were kept in our laboratory. All of
the primers are listed in Supplementary Table S1.

3.3. Transmission Electron Microscopy (TEM)

The WT and oscaf1 seedlings were grown in growth chambers, as above. The transmission electron
microscopy (TEM) analysis was performed according to a previous study [23]. Briefly, the third leaves
from WT and oscaf1 were collected and cut into approximately 0.5 cm2 pieces. Leaf samples were fixed
using 2.5% glutaraldehyde and 1% OsO4, dehydrated using an ethanol series, and embedded in resin.
The samples were stained again with uranyl acetate and alkaline lead citrate and finally observed
under a HitachiH-7500 TEM (Tokyo, Japan).

3.4. RNA Extraction and Quantitative Real-time PCR (qRT-PCR) Assay

Total rice RNA from leaves of oscaf1 and WT plants was extracted using an RNA extraction Kit
(TaKaRa, Japan). First-strand cDNA was synthesized using a ReverTra Ace qPCR RT Kit (TOYOBO,
Japan). The qRT-PCR was conducted using a SYBR green real-time PCR master mix (TOYOBO, Japan)
on a Bio-Rad CFX96 system according to the manufacturer’s instructions. The qRT-PCR procedure
was as follows: 5 min at 95 ◦C followed by 40 cycles of 95 ◦C for 10 s and 58 ◦C for 1 min. OsActin1
were used as internal controls. The fluorescence data were analysis by Lin-RegPCR program [31,32] to
calculate primer efficiency and obtain Ct values. The genes relative expression levels were calculated
according to previous study [33]. All qRT-PCR primers are listed in Supplementary Table S1. For date
statistical significance was analyzed using ANOVA with Tukey post hoc pairwise comparisons. * and
** indicate p < 0.05 and p < 0.01, respectively.

3.5. Chloroplast RNA Splicing Analysis

The cDNA of WT and oscaf1 plants seeding leaves were obtained according to the procedures
above. The RT-PCR procedure was as follows: 95 ◦C for 5 min, followed by 32 cycles of 95 ◦C for
30 s, 60 ◦C for 30 s, 72 ◦C for 1 min, and a final elongation step at 72 ◦C for 8 min. The corresponding
RT-PCR primers were used for chloroplast RNA splicing analysis according to previous studies [18,26].
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3.6. Chlorophyll Concentration and Fv/Fm Measurement

Total chlorophyll content in the plants was determined spectrophotometrically. In brief,
we obtained 0.1 g leaf samples at the three leaves stage, cut them into pieces, and immersed them into
15 mL 95% ethanol for 48 h in darkness at 4 ◦C. The chlorophyll concentrations were measured using a
UV-1800PC (Mapada, China) spectrophotometer at 665 nm, 649 nm, and 470 nm. According to the
method of Lichtenthaler [34], we calculated Chla, Chlb, and Car content pigment concentrations.

In three leaves stage, WT and oscaf1 mutants were treated with darkness for 30 min, and Fv/Fm
was measured using a handheld fluorometer according to the manufacturer’s instructions. There
were 5 WT and mutant plants used for analysis, respectively. The values in the figures represent the
means ± SE. Statistical significance was analyzed using Student’s t-test * and ** indicate p < 0.05 and
p < 0.01, respectively.

3.7. Subcellular Localization of OsCAF1

We cloned the coding sequence of OsCAF1, and the PCR product was fused to the N-terminus of
the green fluorescent protein (GFP) in the pAN580 vector. Both the OsCAF1–GFP fusion construct and
the empty GFP vector were transformed into rice protoplasts as previously described [35]. Protoplasts
with GFP signals were observed under a laser scanning confocal microscope (Zeiss LSM700, Germany).
The PCR amplification primers are listed in Supplementary Table S1.

3.8. Yeast Two-hybrid Analysis

The coding sequences of OsCAF1 and OsCRS2 (Os01g0132800) were amplified using gene-specific
primers. Full-length OsCAF1 and partial-length OsCAF1 were cloned into pGBKT7 (BD) to generate
the BD-OsCAF1, BD-OsCAF1-N, BD-OsCAF1-M, BD-OsCAF1-C, BD-OsCAF1-C1, BD-OsCAF1-C2,
BD-OsCAF1-C3, and BD-OsCAF1-C4 plasmids. In addition, full-length OsCRS2 was cloned into
pGADT7 (AD) to generate the AD-OsCRS2 plasmid. The pairwise plasmid was co-transformed into
the AH109 yeast strain and growth on SD-T/L in a 28 ◦C incubator. Next, the co-transformed yeast
strains were transferred to SD-T/L/H/A for interaction analysis.

3.9. Measurement of H2O2 Content

The H2O2 was extracted using 3-amino-1,2,4-triazole, and according to the method of Brennan
and Frenkel [36]. In brief, we obtained 0.1-g leaf samples at the three leaves stage. The samples were
homogenized in 3 mL of 3-amino-1,2,4-triazole (10 mM) and centrifugation for 20 min under 6000× g.
Next, 1 mL (0.1% titanium tetrachloride to 20% H2SO4) was added to 1.5 mL supernatant. Centrifuge
the reaction solution to remove insoluble materials and measured absorbance at 410 nm against a
blank. The standard curve was used to calculate the content of H2O2.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/18/
4386/s1.
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Abstract: Rice (Oryza sativa L.) frequently suffers in late spring from severe damage due to cold spells,
which causes the block of chlorophyll biosynthesis during early rice seedling greening. However, the
inhibitory mechanism by which this occurs is still unclear. To explore the responsive mechanism
of rice seedlings to low temperatures during greening, the effects of chilling stress on chlorophyll
biosynthesis and plastid development were studied in rice seedlings. Chlorophyll biosynthesis was
obviously inhibited and chlorophyll accumulation declined under low temperatures during greening.
The decrease in chlorophyll synthesis was due to the inhibited synthesis of δ-aminolevulinic acid
(ALA) and the suppression of conversion from protochlorophyllide (Pchlide) into chlorophylls (Chls).
Meanwhile, the activities of glutamate-1-semialdehyde transaminase (GSA-AT), Mg-chelatase, and
protochlorophyllide oxidoreductase (POR) were downregulated under low temperatures. Further
investigations showed that chloroplasts at 18 ◦C had loose granum lamellae, while the thylakoid
and lamellar structures of grana could hardly develop at 12 ◦C after 48 h of greening. Additionally,
photosystem II (PSII) and photosystem I (PSI) proteins obviously declined in the stressed seedlings,
to the point that the PSII and PSI proteins could hardly be detected after 48 h of greening at 12 ◦C.
Furthermore, the accumulation of reactive oxygen species (ROS) and malondialdehyde (MDA) and
cell death were all induced by low temperature. Chilling stress had no effect on the development of
epidermis cells, but the stomata were smaller under chilling stress than those at 28 ◦C. Taken together,
our study promotes more comprehensive understanding in that chilling could inhibit chlorophyll
biosynthesis and cause oxidative damages during greening.

Keywords: Oryza sativa L.; chilling stress; chlorophyll biosynthesis; chloroplast biogenesis; epidermal
characteristics

1. Introduction

Seedlings, growing in the darkness before emerging from the soil, undergo etiolation with long
hypocotyls and closed cotyledons which contain undeveloped plastids called etioplasts that have no
chlorophyll [1,2]. The greening process initiates when exposed to light as the seedlings come out of soil,
and this de-etiolation process includes the reduction of hypocotyl elongation rate, cotyledon opening,
chlorophyll synthesis, and chloroplast biogenesis, and subsequently, seedlings absorb light energy and
transition to autotrophy [3,4].
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Chlorophyll (Chl) has unique and essential roles in harvesting and transducing light energy in
antenna systems, and charge separation and electron transport in reaction centers [5,6]. Chlorophyll
level is an important index used to evaluate photosynthetic capacity. Chlorophyll content decreases
under cold stress, which might be because low temperature suppresses chlorophyll biosynthesis,
probably by inhibiting the activities of chlorophyll biosynthetic enzymes [7]. A previous study showed
that the optimum temperature of divinyl reductase (DVR) activity was 30 ◦C, and low activity was
observed at 10 ◦C and no activity was found at 50 ◦C [7].

Chls share a common biosynthetic pathway with other tetrapyrroles, including siroheme, heme,
and phytochromobilin in plants, algae, and many bacteria [6,8,9]. Since tetrapyrrole intermediates are all
photosensitizers that are easily activated by light, leading to highly toxic levels of reactive oxygen species
(ROS) and photooxidative damage and growth retardation, Chl biosynthesis must be finely controlled
to ensure healthy growth during the greening process [9,10]. Chl biosynthesis is a very complex
process that is executed via a series of coordinated reactions catalyzed by numerous enzymes [11].
The process of Chl biosynthesis can be divided into three distinct phases. The first phase involves
the synthesis of protoporphyrin IX (Proto IX) from glutamate [12]. The first committed precursor is
δ-aminolevulinic acid (ALA), and its synthesis is a key control point in Chl biosynthesis. This step is
catalyzed by glutamyl-tRNA reductase (GluTR), which is encoded by HEMA gene [8]. δ-Aminolevulinic
acid dehydratase (ALAD) catalyzes aggregation of two ALA molecules into porphobilinogen (PBG).
Four PBGs polymerize and further cyclize to yield uroporphyrinogen III (urogen III), when then
decarboxylates to form coproporphyrinogen III (coprogen III). Coprogen III occurs via oxidative
decarboxylation and oxygen-dependent aromatization reaction to form protoporphyrin IX (Proto
IX) [9]. The second phase includes the synthesis of chlorophyll a (Chla) from Proto IX. Proto IX is
the branch point of the chlorophyll and heme biosynthetic pathways [6]. The insertion of Mg2+ into
Proto IX forms Mg-protoporphyrin IX (Mg-proto IX), which is catalyzed by Mg-chelatase, but the
insertion of Fe2+ into Proto IX catalyzed by ferrochelatase starts the heme branch [9]. Meanwhile, the
photoreduction of Pchlide to chlorophyllide (Chlide), catalyzed by protochlorophyllide oxidoreductase
(POR), is another important step. POR is the key enzyme in the light-dependent greening of higher
plants [13]. Two POR proteins (PORA and PORB) and three POR proteins (PORA, PORB, and PORC)
have been found in rice and Arabidopsis, respectively [14,15]. DVR catalyzes 3,8-divinyl-chlide a to
yield chlorophyllide a (Chlide a), which further forms Chl a catalyzed by chlorophyll synthase (CHLG).
The third phase is the interconversion of Chl a and chlorophyll b (Chl b) catalyzed by chlorophyllide a
oxygenase (CAO) which is known as the chlorophyll cycle [16].

Chloroplasts are responsible for photosynthesis and the production of hormones and
metabolites [17,18], which develop from proplastids that are present in the immature cells of plant
meristems. Chloroplast biogenesis involves a coordinated function of plastid- and nuclear-encoded
genes [19]. The process of chloroplast biogenesis accompanies the biosynthesis of chlorophylls,
chloroplast proteins, carotenoids, and lipids, and the assembly of photosynthetic protein complexes
including the light-harvesting complex (LHC), photosystem I (PSI), photosystem II (PSII), cytochrome
f/b6 (cytf/b6), and adenosine triphosphate (ATP) synthase [1,17]. Many factors have direct impacts on
chloroplast biogenesis, such as light, water, salt, leaf age, etc. [1,20].

Low temperature is one of the most severe weather events that destructively affect crop growth,
quality, and yield [21,22]. Cold or chilling stress impairs the chloroplast microstructure, photosynthetic
metabolism, and energy production [23], directly leading to inhibited photosynthesis, which is a severe
threat to crop production. Additionally, the efficiency of photosynthetic electron transport in plants is
significantly decreased under chilling stress, resulting in a burst of ROS that directly causes cellular
oxidative damages and increases membrane rigidity [24–27]. Low temperature also disrupts the carbon
reduction cycle and the control of stomatal conductance [28].

Rice (Oryza sativa L.) is a kind of thermophilic cereal crop that feeds almost half of the world’s
population. Originating from tropical and subtropical areas, rice is highly sensitive to low temperatures,
particularly during the greening process of the early seedling growth. In China, cold spells in late
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spring cause serious suppression of rice seed germination and young seedling growth, especially in the
middle–lower Yangtze River region and southern China. In the past 30 years, 30%–50% rice seedlings
suffered from chilling or cold stress, resulting in a reduction of 3–5 megatons every year [29].

Chlorophyll biosynthesis is seriously blocked by low temperatures during greening. However,
the inhibitory mechanism by which this occurs is still unclear. Understanding how rice responds to
low temperatures will provide valuable information and genetic resources for improving cold-stress
tolerance. Therefore, the object of this study was to explore the response mechanism of chlorophyll
biosynthesis and chloroplast biogenesis during the greening process under chilling stress and to
provide valuable data for crop production.

2. Results

2.1. Effect of Chilling Stress on Plant Growth

To investigate the effect of chilling stress on the growth of rice seedlings during greening, 6 day
etiolated seedlings were treated with 28 ◦C, 18 ◦C, and 12 ◦C for 48 h in light (120 μmol m−2 s−1).
After 48 h of greening, leaves were green and fully expanded at 28 ◦C (Figure 1A,B) and the leaves
at 18 ◦C looked yellow-green and were fully expanded, while the leaves at 12 ◦C were yellow and
incompletely expanded (Figure 1A,B). Compared with plants growing at 28 ◦C, chill-treated rice
seedlings exhibited significantly lower shoot and root lengths after 48 h illumination (Figure 1C).
These results showed that chilling stress significantly inhibited the greening process and the growth of
rice seedlings.

Figure 1. Effect of chilling stress on rice seedling growth (A,B) and shoot/root length (C) after 48 h
of greening. Six day old etiolated seedlings were treated with 18 ◦C or 12 ◦C chilling stress. Date
represent means ± SD of 10 replicate samples. Bars with different letters above the columns of figures
indicate significant differences according to Duncan’s multiple range test at p < 0. Bar = 2 cm.

2.2. Effect of Chilling Stress on Dry Weight, Protein, Chlorophyll, and Carotenoid Content

The dry weight (DW) of shoots was increased by 1.8%, 17.3%, and 56.5%, respectively, at 28 ◦C
after 0.5 h, 12 h, and 48 h of light exposure (Figure 2A). However, the accumulation of dry matter was
significantly inhibited under chilling stress. Shoot DWs were 10.3% and 20.7% lower after 12 h and
48 h at 18 ◦C compared with those at 28 ◦C. More severely, DWs at 12 ◦C were 13.2% and 34.1% lower
after 12 h and 48 h of light exposure compared with those at 28 ◦C, and showed no significant change
compared with the seedlings before the light exposure.

At 28 ◦C, protein contents of seedlings rose to 16.38, 22.74, and 37.90 mg·g−1 fresh weight (FW)
after 0.5 h, 12 h, and 48 h of greening, respectively (Figure 2B). Low temperature reduced protein
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accumulation of rice seedlings during the greening process. There were only 22.41 mg·g−1 FW at 18 ◦C
and 17.31 mg·g−1 FW at 12 ◦C after 48 h of light exposure.

Chlorophyll during the greening process was significantly increased at 28 ◦C. However, chlorophyll
levels were 77.1% lower at 18 ◦C and 97.5% lower at 12 ◦C than at 28 ◦C (Figure 2C). Carotenoids at
28 ◦C increased to 0.21 mg·g−1 FW after 48 h of greening, while chill-stressed rice seedlings accumulated
much lower levels of carotenoids (Figure 2D).

Figure 2. Dry weight (DW, A), soluble protein (B), chlorophyll (C), and carotenoids (D) of control
(28 ◦C) and chill-stressed (18 ◦C and 12 ◦C) rice seedlings after 0 h, 0.5 h, 12 h, and 48 h greening.
Six day old etiolated seedlings were treated with 18 ◦C or 12 ◦C cold stress. Seedlings were harvested
at 0 h, 0.5 h, 12 h, and 48 h of greening and their DW, protein, chlorophyll, and carotenoid contents
were measured. The error bars represent standard deviations of three independent biological replicates.
Different letters indicate significantly different at p < 0.05 according to Duncan’s multiple range tests.

2.3. Effect of Chilling Stress on the Accumulation of Chlorophyll Intermediates in Rice Seedlings
during Greening

To explore how chilling stress inhibits chlorophyll biosynthesis in rice seedlings during greening,
the accumulation of chlorophyll intermediates was measured.

ALA is the first intermediate of chlorophyll biosynthesis. As shown in Figure 3A, light promoted
ALA accumulation. After 48 h of light exposure, ALA contents were 19.4% lower at 18 ◦C and 46.8%
lower at 12 ◦C compared with those at 28 ◦C. These results indicate that chilling stress inhibited the
synthesis of ALA during greening.

PBG content at 28 ◦C was increased by 14.8%, 104.9%, and 155.2% after 0.5 h, 12 h, and 48 h of light
exposure, respectively (Figure 3B), and there was no significant difference of PBG content between
chill-treated rice seedlings and the control seedlings after 12 h and 48 h of greening. Urogen III and
coprogen III levels were significantly increased at 28 ◦C during greening (Figure 3C,D). Under low
temperatures, the contents of urogen III and coprogen III during greening were higher than those
at 28 ◦C. Proto IX level was gradually decreased after exposure to light, and the rate of decline was
accelerated under low temperatures (Figure 3E).
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Figure 3. Chlorophyll biosynthesis intermediates during the greening period. δ-Amino levulinic acid
(ALA, A), porphobilinogen (PBG, B), uroporphyrinogen III (urogen III, C), coproporphyrinogen
III (coprogen III, D), protoporphyrin IX (Proto IX, E), Mg-protoporphyrin IX (Mg-proto IX, F),
Mg-protoporphyrin monomethyl ester (Mpe, G), protochlorophyllide (Pchlide, H), chlorophyllide
a (Chlide a, I), chlorophyllide b (Chlide b, J), chlorophyll a (Chl a, K), chlorophyll b (Chl b, L),
Mg-protoporphyrin IX diester (Mpde, M), and heme (N) content of control (28 ◦C) and cold-stressed
(18 ◦C and 12 ◦C) rice seedlings after 0 h, 0.5 h, 12 h, and 48 h greening. Six day old etiolated seedlings
were treated with 18 ◦C or 12 ◦C cold stress. Seedlings were harvested at 0 h, 0.5 h, 12 h, and 48 h
of greening and their chlorophyll biosynthesis intermediates contents were measured. The relative
content of intermediates at 28 ◦C after 48 h of light exposure was defined as 100%, except Pchlide; the
relative content of Pchlide at 0 h was defined as 100% due to its massive accumulation in the dark.
The error bars represent standard deviations of three independent biological replicates. Different letters
indicate significantly different at p < 0.05 according to Duncan’s multiple range tests.

Mg-proto IX is the first intermediate of the Mg branch in the chlorophyll biosynthesis pathway.
As shown in Figure 3F, Mg-proto IX increased by 34.5%, 97.5%, and 155.3% after 0.5 h, 12 h, and
48 h of light exposure at 28 ◦C, respectively. However, the level of Mg-proto IX was significantly
decreased during greening under the cold condition. These results demonstrated that chilling stress
also inhibited the synthesis of Mg-proto IX during greening. Mg-Proto monomethyl ester (Mpe)
content was increased during greening, and was barely influenced by the low temperature (Figure 3G).

In the dark, massive amounts of Pchlide were accumulated, because the protochlorophyllide
oxidoreductase (POR) in angiosperms is strictly light-dependent. The etiolated rice seedlings
accumulated plenty of Pchlide (Figure 3H). The content of Pchlide was drastically decreased at
28 ◦C after 0.5 h of light exposure, while Chlide a and Chlide b contents were increased rapidly and
then decreased during greening (Figure 3I,J). Compared with 28 ◦C, the levels of Pchlide were higher
but the Chlide a and Chlide b contents were lower in chill-treated groups after 0.5 h and 12 h of
light exposure. Obviously, the cold treatment lowered the conversion efficiency of Pchlide to Chlide,
especially at 12 ◦C.

The contents of Chl a and Chl b were almost undetectable in etiolated seedlings (Figure 3K,L),
which were significantly increased at 28 ◦C during greening. Under low temperatures, the synthesis of
Chl a and Chl b was significantly suppressed during greening, especially at 12 ◦C. The Chl a and Chl b
contents at 12 ◦C showed little difference from those in the dark. These results suggested that chilling
stress greatly inhibited the synthesis of Chl a and Chl b during greening.

Mpe can also convert to Mg-protoporphyrin IX diester (Mpde) and then further form Chlide a
ester. Mpde contents at both 28 ◦C and low temperatures were increased during greening (Figure 3M).
Heme is the product of the Fe branch, which usually acts as a cofactor in respiration and photosynthesis.
Heme contents at different time points had no significant difference during greening (Figure 3N).
However, the contents of heme after 48 h of light exposure were decreased by 19.3% and 29.2% at 18 ◦C
and 12 ◦C, respectively. These results also indicate that chilling stress inhibited the pathway of Fe2+

branch during greening.
In summary, the inhibition of chlorophyll biosynthesis under chilling stress may be attributed to

inhibited synthesis of ALA and hampered conversion from Pchlide into Chls.

2.4. Effect of Chilling Stress on Enzyme Activities in Chlorophyll Biosynthesis

To further investigate the inhibitory mechanism of chlorophyll biosynthesis, we next
examined some key enzymes involved in chlorophyll biosynthesis. Enzymatic activity of
glutamate-1-semialdehyde transaminase (GSA-AT), which catalyzes glutamate-1-semialdehyde to
ALA, was significantly increased at 28 ◦C and 18 ◦C (Figure 4A) during greening. However, low
temperature decreased GSA-AT activity, and the activity of GSA-AT at 12 ◦C had no significant
difference from that recorded in the dark (Figure 4A). ALA dehydratase (ALAD) activity was slightly
increased after light exposure, and chilling stress had no significant effect on ALAD activity during
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greening (Figure 4B). Mg-chelatase is a key enzyme which initiates the Mg branch of the chlorophyll
biosynthesis pathway. Mg-chelatase activity was increased during greening, and chilling stress had
an inhibitory effect on the activity of Mg-chelatase (Figure 4C). POR is a light-dependent enzyme in
angiosperms that converts Pchlide to Chlide. POR activity went down gradually during greening
(Figure 4D) and chill-treated seedlings showed lower POR activities, especially at 12 ◦C. In short, the
lower ALA content might be attributable to the fact that cold stress inhibited GSA-AT activity, and the
inhibition of conversion from Pchlide into Chlide might have been due to the low POR activity under
chilling stress.

Figure 4. Effects of chilling stress (18 ◦C and 12 ◦C) on activities of enzymes involved in chlorophyll
biosynthesis. Glutamate-1-semialdehyde transaminase (GSA-AT, A), ALA dehydratase (ALAD, B),
Mg-chelatase (C), protochlorophyllide oxidoreductase (POR, D) activities of control (28 ◦C) and
chill-stressed (18 ◦C and 12 ◦C) rice seedlings after 0 h, 0.5 h, 12 h, and 48 h greening. Six day old
etiolated seedlings were treated with 18 ◦C or 12 ◦C chilling stress. Seedlings were harvested at 0 h,
0.5 h, 12 h, and 48 h of greening and their activities of enzymes involved in chlorophyll biosynthesis
were measured. The activities of enzymes at 28 ◦C after 48 h of light exposure were defined as 100%.
Values are means ± SD from three independent biological replicates. Different letters indicate significant
differences according to Duncan’s multiple range tests at p < 0.05. Each data point is the average of
three replicates. The error bars represent SD.

2.5. Effect of Chilling Stress on Transcriptional Expression of Chlorophyll Biosynthetic Genes

To decipher the effects of chilling stress on transcription levels of chlorophyll biosynthetic genes,
we analyzed the relative expression of four key chlorophyll biosynthetic genes by RT-qPCR. At 28 ◦C,
the expression of HEMA was increased initially, and then decreased after 12 h of light exposure
(Figure 5A). This phenomenon might have been due to avoidance of the oxidative stress caused
by excessive tetrapyrrole intermediate accumulation. However, the chilling stressed rice seedlings
accumulated more transcript of HEMA after 12 h of light exposure. At 28 ◦C, the RNA of CHLH after
0.5 h of light exposure was slightly higher than that in etiolated seedlings, but the expression of CHLH
was much higher at 18 ◦C (Figure 5B). The expression of most chlorophyll biosynthetic genes was
inhibited in the dark, but PORA transcripts accumulated in the etiolated seedlings but were degraded
rapidly upon illumination (Figure 5C). In contrast, PORB mRNA level did not fluctuate at 28 ◦C after
illumination. Interestingly, the mRNA level of PORB was very high at 18 ◦C and significantly lowered
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at 12 ◦C (Figure 5D). The expression of DVR increased at 28 ◦C and 18 ◦C after 12 h of light irradiation,
but at 12 ◦C it had no significant difference from that in the dark (Figure 5E). When the temperature
was below 18 ◦C, the expressions of CHLH, PORB, and DVR were severely repressed. Taken together,
the repressed expression of chlorophyll biosynthetic genes might be responsible for the inhibition of
chlorophyll biosynthesis under low temperatures.

Figure 5. Effect of chilling stress on relative expression of chlorophyll biosynthetic genes HEMA (A),
CHLH (B), PORA (C), PORB (D), and DVR (E). The expression levels of genes at 28 ◦C after 48 h of
light exposure were set to 1. OsACTIN1 was used as an internal standard. Values are means ± SD from
three independent biological replicates. Different letters indicate significant differences according to
Duncan’s multiple range tests (p < 0.05).

2.6. Effect of Chilling Stress on Plastid Proteins during Greening

To determine whether chilling stress affected plastid protein biosynthesis, immunoblotting analysis
was performed (Figure 6). SDS-PAGE showed that the proteins with molecular weight from 20 kDa
to 35 kDa under low temperatures were much lower than those at 28 ◦C after 12 h and 48 h of light
irradiation (Figure 6C). In etiolated seedlings, PSI (Lhca1, Lhca2, Lhca3, Lhca4, and PsaD) and PSII
(D1, D2, CP43, Lchb1, Lchb2, Lchb3, Lchb4, Lchb5, and Lchb6) proteins were undetected, and large
amounts of PSI and PSII proteins were rapidly synthesized at 28 ◦C during greening (Figure 6A,B).
Chilling stress inhibited the accumulation of PSI and PSII proteins during greening (Figure 6A,B,
Supplementary Figures S1 and S2), especially at 12 ◦C, where we hardly detected PSI and PSII proteins.
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Figure 6. Immunoblot analysis of thylakoid proteins in control and chill-stressed rice seedlings. Six day
old etiolated seedlings were treated with 18 ◦C or 12 ◦C chilling stress. Thylakoid proteins were isolated
from control and chill-stressed seedlings after 0 h, 0.5 h, 12 h, and 48 h of greening. Immunoblot analyses
were performed with antibodies specific for representative photosystem I (PSI) (A) and photosystem II
(PSII) (B). The SDS–PAGE of 20 ug plastid protein stained by Coomassie blue (C).

2.7. Effect of Chilling Stress on Chloroplast Biogenesis during Greening

Chloroplast biogenesis normally depends on a stable supply and correct stoichiometry of
chlorophyll and photosynthetic proteins during greening. To further investigate the effect of low
temperature on plastid development, plastid morphology was analyzed via transmission electron
microscopy (TEM). The results showed that the proplastid developed into the etioplast that contains
the prolamellar bodies (PLBs) in etiolated seedlings (Figure 7A). When seedlings were illuminated
(120 μmol m−2 s−1) for 48 h at 28 ◦C, PLBs disappeared and thylakoids formed and grana thylakoids
stacked regularly (Figure 7B). Grana stacking was inhibited and thylakoids were much looser at 18 ◦C
(Figure 7C), and no functional thylakoid structure was formed after 48 h of greening at 12 ◦C (Figure 7D).
Taken together, these results suggest that chilling stress inhibited the biogenesis of chloroplast, which
might have been due to the lack of chlorophylls and photosynthetic proteins.

Chlorophyll fluorescence is an important indicator of the work status of chloroplasts. Compared
with the seedlings grown under low temperature, the seedlings at 28 ◦C showed higher quantitative
values of maximum PSII yield (Fv/Fm) and lower non-photochemical quenching (NPQ) (Figure 8).
Minimal fluorescence yield (F0) showed no big fluctuations between 28 ◦C, 18 ◦C, and 12 ◦C treatments,
but maximal fluorescence yield (Fm) was significantly lower in the chill-stressed seedlings.
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Figure 7. Effect of chilling stress (18 ◦C and 12 ◦C) on chloroplast biogenesis of rice seedlings. Plastid
ultrastructure of etiolated seedlings (A); chloroplast ultrastructure after 48 h of greening under normal
temperature (28 ◦C) condition (B); chloroplast ultrastructure after 48 h of greening at 18 ◦C (C);
chloroplast ultrastructure after 48 h of greening at 12 ◦C (D). G: granum; SL: stroma lamellae; GL: grana
lamellae; SG: starch grain. Bar = 1 μm.

Figure 8. Effect of chilling stress on chlorophyll fluorescence parameters of rice seedlings.
The chlorophyll fluorescence images (A) and chlorophyll fluorescence parameters (Fv/Fm, NPQ,
F0, Fm) (B) after 48 h of greening. Six day old etiolated seedlings were treated with 18 ◦C or 12 ◦C
chilling stress. Values are means ± SD from three independent biological replicates. Different letters
indicate significant differences according to Duncan’s multiple range tests (p < 0.05).

2.8. Effect of Chilling Stress on ROS Accumulation, Oxidation, and Electrolyte Leakage during Greening

As crucial indexes of oxidative damages under chilling stress, the contents of hydrogen peroxide
(H2O2), superoxide anion radical (O2

.−), and malondialdehyde (MDA) were determined. Histochemical
detection and quantification analysis showed that H2O2 increased slightly, but the superoxide anion
radical (O2

.−) levels remained almost stable at 28 ◦C during greening. An ROS burst occurred in
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chill-treated leaves, especially at 12 ◦C (Figure 9A–D), indicating that chilling stress could induce
ROS accumulation. MDA content and electrolyte leakage (EL) were quantified to examine the lipid
peroxidation and the damage to cellular membranes. MDA had a slight increase and EL had no
remarkable change at 28 ◦C during greening, but both MDA and EL significantly increased under low
temperatures during greening, especially at 12 ◦C (Figure 9E,F). These results indicate that chilling
stress induced ROS accumulation and caused lipid peroxidation and finally destroyed the integrity of
membranes during greening.

Figure 9. Effects of chill-stressed (18 ◦C and 12 ◦C) on H2O2 (A,C), O2
.− (B,D), MDA content (E), and

EL (F) of rice seedlings. Histochemical detection (A,B), content of H2O2 (C), O2
.− (D), MDA (E), and EL

(F) of control (28 ◦C) and chill-stressed (18 ◦C and 12 ◦C) rice seedlings after 0 h, 0.5 h, 12 h, and 48 h
greening. Six day old etiolated seedlings were treated with 18 ◦C or 12 ◦C chilling stress. Seedlings
were harvested at 0 h, 0.5 h, 12 h, and 48 h of greening and their ROS levels were measured. Values
are means ± SD from three independent biological replicates. Different letters indicate significant
differences according to Duncan’s multiple range tests (p < 0.05).

2.9. Effect of Chilling Stress on Cell Death during Greening

We further examined the effect of low temperature on cell death of leaves using Trypan-blue
staining (Figure 10). Few cells could be stained at 28 ◦C, but the number of dead cells significantly
increased under low temperatures during greening, especially at 12 ◦C. These results indicate that the
low temperature aggravated cell death during greening.
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Figure 10. Effect of chilling stress on cell death of rice seedlings. Six day old etiolated seedlings were
treated with 18 ◦C or 12 ◦C chilling stress. Phenotypes of rice leaves at different time points (A);
Trypan-blue staining (B) of control (28 ◦C) and chill-stressed (18 ◦C and 12 ◦C) leaves after 0 h, 0.5 h,
12 h, and 48 h greening.

2.10. Effect of Chilling Stress on Epidermis of Rice Leaves during Greening

To investigate whether low temperature affected the epidermal characteristics, we observed the
epidermis cells after 48 h of greening. The upper and lower epidermis layers of rice are mainly composed
of stomata apparatus and epidermis cells. In addition, there were some trichomes. The shapes and
sizes of upper and lower epidermis cells showed no significant difference between the seedlings at
28 ◦C and low temperatures (Figure 11), while stomata under low temperature were smaller than those
at 28 ◦C (Table 1). Meanwhile, chilling stress had no significant effect on the number of trichomes
(Table 1).

Figure 11. The epidermis cells development of control and chill-stressed rice leaves. Six day old
etiolated seedlings were treated with 18 ◦C or 12 ◦C chilling stress. Seedlings were harvested at 48 h
of greening and their epidermal cells’ characteristics were observed. Red arrows and blue arrows
represent trichomes and stoma, respectively.
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Table 1. Effect of chilling stress on stomatal characteristics and trichomes number of rice seedlings.

Type of Leaf
Stomata

Length (μm)
Stomata

Width (μm)
Stomata Size

(μm2)
Stomata Density

(No·mm−2)

Trichomes
(Per Unit leaf)

28 ◦C Upper epidermis 27.50 ± 3.28a 18.40 ± 1.23a 384.32 ± 24.75a 195.51 ± 14.97bc 49.61 ± 10.63a
Lower epidermis 21.92 ± 1.73c 15.60 ± 1.34b 307.98 ± 20.86b 210.94 ± 25.69a 48.51 ± 6.91a

18 ◦C Upper epidermis 23.43 ± 1.44b 15.32 ± 1.74b 303.59 ± 20.76bc 193.67 ± 16.56bc 52.18 ± 10.08a
Lower epidermis 21.80 ± 1.52c 13.66 ± 1.08c 294.31 ± 16.00c 206.53 ± 30.24ab 51.45 ± 10.11a

12 ◦C Upper epidermis 23.19 ± 1.62b 13.57 ± 0.89c 299.30 ± 17.94bc 184.12 ± 22.68c 51.08 ± 9.38a
Lower epidermis 22.62 ± 1.62c 13.63 ± 0.91c 270.20 ± 26.74d 195.88 ± 14.94bc 51.45 ± 5.33a

The values are expressed as mean ± SD (n = 50); different letters represent significant difference (p < 0.05).

3. Discussion

Chlorophyll biosynthesis is affected by various biotic and abiotic factors. Previous studies have
reported that water and salt stresses lead to the severe inhibition of chlorophyll biosynthesis during
de-etiolation [1,30]. Temperature is one of the major environmental factors that can inhibit chlorophyll
biosynthesis and chloroplast biogenesis, and thus affect photosynthesis [31–33]. Our previous
study also showed that cold stress dramatically decreases the net photosynthetic rate, stomatal
conductance, intercellular CO2 concentration, and water use efficiency in rice seedlings [34]. In this
study, our results demonstrated that chlorophyll was significantly increased with the period of light
exposure during greening at 28 ◦C (Figure 2C). However, chlorophyll biosynthesis was obviously
inhibited in chill-stressed rice seedlings. Our study further found that ALA synthesis was significantly
inhibited in chill-stressed seedlings (Figure 3A). That is to say, the early step of chlorophyll biosynthesis
was inhibited by the low temperature, which ultimately led to a significant reduction of chlorophyll
and heme contents. Similar changes have also been observed in water- and salt-stressed rice/wheat
seedlings during early seedling development [1,30]. Meanwhile, GSA-AT activity was reduced by low
temperature during de-etiolation (Figure 4A), suggesting that decreased ALA synthesis in chill-stressed
rice seedlings might have been due to the downregulated GSA-AT activity.

In the whole chlorophyll synthesis process, Mg-proto IX and Chlide levels were reduced
significantly in stressed seedlings (Figure 3F,I,J), and Mg-chelatase and POR activities were decreased
synchronously in chill-stressed seedlings (Figure 4C,D). Declines in Mg-chelatase and POR activities
were also observed in water-stressed rice [1]. In plants, Mg-chelatase is composed of three non-identical
subunits that are encoded by CHLI, CHLD, and CHLH [35,36]. Previous studies have demonstrated
that the mutations of Chl1 and Chl9 genes which encode CHLD and CHLI could reduce Mg-chelatase
activity, and thus inhibit chlorophyll synthesis [37]. Additionally, ATP is required for the catalytic
activity of Mg-chelatase, while ferrochelatase is inhibited by ATP. More Pchlide is allocated to the
Mg branch when ATP levels are higher in the light; conversely, the Mg branch is inhibited in the
dark [8]. In addition, we found that CHLH expression level was much higher at 18 ◦C than that
at 28 ◦C, but its expression was the lowest at 12 ◦C. CHLH expression in etiolated seedlings was
suppressed with lower histone acetylation levels by PIF3, but increased rapidly during greening with
higher acetylation levels of histones [38]. Chilling stress might repress histone acetylation levels of
CHLH at 12 ◦C. Numerous studies have indicated that post-translational regulation plays an essential
role in chlorophyll biosynthesis [39–41]. The caseinolytic protease activity counteracts the binding of
GluTR-binding protein to assure an appropriate content of GluTR and an adequate ALA synthesis at
the post-translational level [42]. This might be why the increased transcriptional levels of DVR and
CHLH under chilling stress were not directly proportional to their corresponding products (Figures 2
and 5). Previous studies have also shown that in water- and chill-stressed rice/cucumber seedlings,
Mg-chelatase activity and its gene/protein expression were downregulated [1,43]. The light-dependent
POR is a plastid (pro)thylakoid-membrane-associated protein, which binds to NADPH and Pchlide to
form a ternary complex in etioplasts [44]. There are three POR isoenzymes in Arabidopsis thaliana. PORA
transcripts accumulate in etiolated seedlings, but the expression of PORA is strongly downregulated
when exposed to light. The PORB transcript can be detected throughout the growth and development
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of plants, while the expression of PORC is induced by light and is predominantly present in fully
matured green tissues [8,45]. However, there are only two isoenzymes in rice, namely PORA and
PORB [1]. In the present study, POR activity was significantly inhibited in stressed seedlings, especially
at 12 ◦C (Figure 4D). PORA transcription decreased dramatically when etiolated rice seedlings were
exposed to light at 28 ◦C, but chill-treated rice seedlings had a relatively high PORA mRNA level
(Figure 5). Similarly, POR activity and PORB transcript abundance were downregulated in water- and
chill-stressed rice/cucumber seedlings [1,43]. However, we found that a slightly lowered temperature
(18 ◦C) could significantly increase the expression of PORB. As another important tetrapyrrole, heme
content showed a 30% drop in seedlings at 12 ◦C compared to that at 28 ◦C after 24 h of greening
(Figure 3A), which was far less than the declined proportion of chlorophylls, indicating that Chl
biosynthesis is more sensitive to low temperatures than heme synthesis. Meanwhile, this result
indicated that more tetrapyrrole metabolic intermediates were allocated to the heme branch than to
the chlorophyll branch under chilling stress. Thus, the inhibition of chlorophyll biosynthesis under
chilling stress might be attributable to the blocked synthesis of ALA and the inhibition of conversion
from Pchlide into Chls.

It has been found that the development of thylakoid is inhibited when chlorophyll biosynthesis
is reduced [37]. Chlorophyll content was decreased and thylakoid membrane was not stacked in
porB porC double mutants [46]. These results indicated that the inhibition of chlorophyll biosynthesis
affected the biogenesis of chloroplasts, which led to the reduction of granum lamellae and thylakoid
membrane proteins. Thus, a stable supply and correct stoichiometry of chlorophyll are necessary for
chloroplast biogenesis. In the present study, chloroplast biogenesis was significantly affected by chilling
stress (Figure 7C,D). The grana lamellae were disorganized at 18 ◦C and no grana lamellar structure
was formed at 12 ◦C (Figure 7D). The synthesis of thylakoid membrane protein is of importance to the
assembly of the photosystem during greening. Western blotting results showed that thylakoid protein
synthesis was obviously inhibited under chilling stress (Figure 6). PSII is considered a primary target of
photodamage, and the D1 protein is the most vulnerable component in the PSII reaction center under
stress conditions [47]. In this study, the content of D1 was obviously lower under low temperatures,
and was almost undetectable at 12 ◦C. Moreover, low temperatures greatly inhibited the content of the
peripheral antenna proteins of PSII, including Lhcb1, Lhcb2, Lhcb3, Lhcb4 (CP29), Lhcb5 (CP26), and
Lhcb6 (CP24) and peripheral antenna proteins of PSI, including Lhca1, Lhca2, Lhca3, Lhca4, and PsaD
(Figure 6), especially at 12 ◦C.

Chlorophyll fluorescence analysis has been proven to be a powerful method for obtaining the
functional status of PSII [48]. OsAsr1 rice seedlings have a high value of Fv/Fm, which is correlated
with an enhanced cold tolerance [33], suggesting that Fv/Fm could be an indicator of cold tolerance.
The decline of Fv/Fm in stressed seedlings may be due to the partial inactivation of PSII reaction
centers [49]. In the present study, after 48 h of greening, chill-treated seedlings showed an obvious
reduction of Fv/Fm (Figure 8A,B), and the lower Fv/Fm might have been because the low temperature
suppressed the assembly and formation of PSII. Meanwhile, the ultrastructural changes of the plastids
also indicated that chilling stress affected grana stacking and thylakoid integrity (Figure 6C,D), thereby
resulting in a decrease in PSII activity in the stressed plants. Nonphotochemical quenching is a
self-protection mechanism in plants. Previous studies have shown that effective heat dissipation in
plants can reduce the occurrence of photoinhibition induced by stresses [49]. In this study, the increase
of NPQ in stressed seedlings indicated that more excess light energy needed to be dissipated because
of the low activity of PSII at low temperatures.

ROS plays double roles under cold stress. On one hand, ROS as a signal can trigger stress-responsive
gene expression and the MKK6-MPK3 signaling pathway [26]. On the other hand, excessive ROS in
plants can directly induce membrane lipid peroxidation, cell integrity damage, and cell death [50]. PSI
and PSII in chloroplasts are the major sources of ROS in plants. Numerous studies have indicated
that ROS production increases significantly in plants and the balance of ROS is disturbed under stress
conditions [49,51]. Cold signals can be sensed by rice cells through changes in membrane rigidity
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and osmotic pressure [52]. The membrane rigidity increases under cold stress, resulting in a high
electrolyte leakage [53,54]. In accordance with ROS accumulation, the level of lipid peroxidation
(MDA) and damage to the cellular membranes were also higher under chilling stress (Figure 9E,F).
The increased EL indicated the enhancement of membrane rigidification, which is required for the
cold-activated SAMK signaling cascade via cytoskeleton, Ca2+ fluxes, and CDPKs [55]. Cold stress
initially promotes Ca2+ influx into the cytoplasm, which might be controlled by Ca2+ channels that
are activated by membrane rigidification [56]. Furthermore, the calcium signaling cascade interprets
and amplifies the rice-sensing cold signal and subsequently activates the DREB-CRT/DRE pathway,
which is important for the cold response [57]. At the same time, our observations showed that leaf cell
death was significantly increased under the cold-stress condition during greening (Figure 10). Proline
and soluble sugars served as osmoprotectants against oxidative damage, which are also considered
indicators to assess the potential cold tolerance of plants [34]. Our previous study indicated that
proline and soluble sugar accumulation is enhanced in cold-stressed rice seedlings [34].

Over the past decades, researchers have made extensive efforts to improve cold tolerance in crops,
especially in rice. The increasing global food demand, together with rapid population growth and
frequent occurrence of chilling forces scientists to speed up and push forward the improvement of
rice cold tolerance. ALA synthesis is the rate-limiting step in the whole tetrapyrrole metabolic net,
and it is obviously inhibited in chill-treated rice seedlings (Figure 3A). Based on this finding, we
propose that application of exogenous ALA or overexpression of HEMA or GSA gene in plants may
overcome inadequate chlorophyll biosynthesis and maintain the structural and functional integrity of
chloroplasts, and thus improve cold tolerance. Because tetrapyrrole intermediates are easily activated
by light, leading to photooxidative damage, the concentration of exogenous ALA should be applied
accurately. Several investigations have recognized that ALA pretreatment enhances plants’ tolerance to
chilling by increasing the activities of antioxidant enzymes to eliminate excessive ROS and improving
chlorophyll fluorescence and photosynthesis [58–60]. Thus, our results suggested the protective role
of exogenous ALA and contribute to further illustrate its mechanism. Nevertheless, exogenous ALA
increased chlorophyll accumulation in etiolated oilseed rape, but failed to enhance its cold tolerance [61].
Application of exogenous ALA is an exciting field to explore, and might be beneficial for increasing
chlorophyll content and improving cold resistance of rice seedlings. Thus, more refined investigations
of the effect of exogenous ALA in etiolated seedlings under chilling stress are still required.

Given that transgenic technologies have been developed intensively and almost all chlorophyll
biosynthetic genes have been identified in many crops, genetically engineered crops provide a new
opportunity to solve the threats from environmental stresses. Thus, genetic modification of chlorophyll
biosynthetic genes might be a promising approach for improving plant cold tolerance. A previous study
suggested that CHLG-over-expressing plants have increased ALA synthetic capacity and increased
chelatase activity, indicating that overexpression of CHLG could stimulate chlorophyll biosynthesis [62].
Overexpression of HEMA, DVR, and CHLG in plants may be helpful to improve the cold tolerance of
rice seedlings during greening by increasing chlorophyll biosynthesis.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

Rice (Oryza sativa L.) cultivar DM You 6188 was used as experimental material, and was purchased
from Ya’an seed store. Seeds were sterilized with 3% (m/v) sodium hypochlorite for 10 min, washed
five times with distilled water and soaked in distilled water for 36 h, then placed on moist filter
papers with 1/4 strength Hoagland nutrient solution and grown in the dark at 28 ◦C before chilling
treatment. After 6 days, the etiolated seedlings were transferred to vermiculite with 1/4 strength
Hoagland nutrient solution in the dark. The seedlings were then exposed to light (120 μmol m−2 s−1)
and transferred to 28 ◦C, 18 ◦C, and 12 ◦C, respectively. The first leaf was used to measure physiological
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and biochemical parameters at 0 h, 0.5 h, 12 h, and 48 h after exposure to light, and all experiments
were repeated at least three times.

4.2. Determination of Shoot Dry Weight (DW)

The shoots were collected at 0 h, 0.5 h, 12 h, and 48 h after being exposed to light, washed with
tap water and rinsed twice with distilled water, gently wiped with a paper towel, and then oven-dried
to a constant weight at 80 ◦C for DW determination.

4.3. Determination of Chlorophyll, Carotenoids and Protein

Chlorophyll and carotenoids were extracted from 0.1 g fresh rice seedlings with 80% acetone.
The absorbance of the extract was recorded at 663, 646, and 470 nm according to Lichtenthaler and
Wellburn using a spectrophotometer (UV-1750, Shimadzu, Japan) [63]. Protein content was determined
by the Bradford method [64].

4.4. Determination of Chlorophyll Precursors

δ-Aminolevulinic acid (ALA) was measured according to Dei [65]. Briefly, 0.5 g of fresh leaf was
ground in 10 mL of 4% trichloracetic acid with an ice bath, then centrifuged at 18,000× g for 15 min.
Next, 500 μL of the supernatant was mixed with 2.35 mL of 1 mol/L sodium acetate and 1.5 mL of
acetyl-acetone. The mixture was then heated in boiling water for 10 min. After cooling to 25 ◦C, 2 mL
of the mixture was added to 2 mL of Ehrlich-Hg and reacted in the dark for 15 min. The absorption
was recorded at 553 nm. The content of ALA was evaluated from the calibration curve prepared from
known concentration of ALA.

Porphobilinogen (PBG) was extracted as described by Bogorad [66] with some modifications.
Briefly, 0.5 g of fresh leaf was homogenized with 5 mL of extraction solution (0.6 mol/L Tris, 0.1 mol/L
EDTA, pH 8.2) in an ice bath and centrifuged for 10 min at 18,000× g. Next, 2 mL of the mixture was
mixed with 2 mL of Ehrlich-Hg and reacted in the dark for 15 min, with absorbance measured at
553 nm.

Uroporphyrinogen III (urogen III) and coproporphyrinogen III (coprogen III) were assessed
according to Bogorad [66] and Rebeiz et al. [67], with some modifications. To determine urogen III
content, 1.0 g fresh sample was extracted in an ice bath with 10 mL 0.067 mol/L PBS pH 6.8, then
centrifuged for 10 min at 18,000× g. Next, 5 mL of the supernatant was mixed 0.25 mL of 1% Na2S2O3.
The mixture was illuminated by strong light for 20 min, after which the pH was adjusted to 3.5 with
1 mol/L formic acid. The mixture was extracted three times with 5 mL of ether. The water phase was
used to measure the absorbance at 405.5 nm. For analysis of coprogen III, the ether phase was extracted
with 0.1 mol/L HCl three times. The HCl phase was used to measure the absorbance at 399.5 nm.

Protoporphyrin IX (Proto IX) was measured based on the method of Rebeiz et al. [67]. Fresh leaves
(1.0) were homogenized with extracted solution (acetone: 0.1 mol/L NH3·H2O, 9:1, v/v) in an ice bath,
then centrifuged for 10 min at 18,000× g. Next, 5 mL of the supernatant was mixed with 2 mL n-hexane.
The acetone phase was used to record the fluorescence emission spectra at 400, 622, 633, and 640 nm.

Similarly, Mg-protoporphyrin IX (Mg-proto IX), Mg-Proto monomethyl ester (Mpe),
Mg-protoporphyrin IX diester (Mpde), protochlorophyllide (Pchlide), and chlorophyllide (Chlide) were
determined based on their fluorescence emission spectrums [67]. Heme was extracted and quantified
as described by Wilks [68].

4.5. Measurement of Chlorophyll Biosynthetic Enzyme Activities

Fresh leaves were collected at 0 h, 0.5 h, 12 h, and 48 h after exposure to light, and immediately
grounded with extracting buffers at 4 ◦C. Glutamate 1-semialdehyde aminotransferase (GSA-AT)
activity was analyzed according to Shalygo et al. [62]. ALA dehydratase (ALAD) activity was evaluated
as described by Kumar et al. [43]. Mg-chelatase activity was determined based on Yaronskaya et al. [69].
POR activity was measured according to Rebeiz et al. [67].
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4.6. Isolation of RNA and Quantitative Real-Time PCR

Total RNA was extracted from rice leaves using a Column Plant RNAOUT V1.0 Kit (Tiandz Inc.,
Beijing, China) according to the manufacturer’s instructions. The first strand of cDNA was synthesized
using PrimeScriptTM RT reagent Kit with gDNA Eraser (Perfect Real Time) (TaKaRa Bio Inc., Dalian,
China), following standard protocol. The quantitative real-time PCR was carried out with the diluted
cDNA and SYBR Premix Ex TaqTM II (TaKaRa Bio Inc., Dalian, China) using CFX96 TouchTM Real-Time
PCR Detection Systems (Bio-Rad, Chicago, USA), as described previously [70]. The relative expression
level of OsACTIN1 was normalized. The primers used for quantitative real-time PCR are listed in
Supplementary Table S1.

4.7. Isolation of Thylakoid Proteins and Western Blotting

Thylakoid membrane proteins were isolated as described by Fristedt et al. [71]. Isolated thylakoid
membrane protein was separated by SDS-PAGE (5% acrylamide stacking gel + 15% separation gel +
6 M urea) [72]. Western blotting analysis was performed according to Chen et al. [73]. The primary
antibodies (all raised in rabbits) including anti-Arabidopsis D1, D2, CP43, LHCb1, LHCb2, LHCb3,
LHCb4, LHCb5, LHCb6, LHCa1, LHCa2, LHCa3, and LHCa4, and horseradish-peroxidase-conjugated
secondary antibody were purchased from Agrisera (Umea, Sweden). The Western blotting signal
was detected by a chemiluminescent detection system (ECL, GE Healthcare, Buckinghamshire, UK).
The quantification of immunoblots was done with Quantity One software (Bio-Rad, Hercules, CA,
United States).

4.8. Observation of Transmission Electron Microscopy

Transmission electron microscopy (TEM) analysis of leaves was carried out following a previous
method [74]. Leaf tissue was fixed with 3% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 6.9)
at 4 ◦C overnight, after being washed with phosphate buffer three times. Samples were post-fixed
with 2.5% osmium tetroxide, then dehydrated in a gradient solution of alcohol–acetone mixture and
embedded in Epon Ultrathin cross sections were cut with an ultramicrotome (Ultracut F-701704,
Reichert-Jung, Reichert, Austria), which was then stained with uranyl acetate and observed using a
transmission electron microscope (TEM H-9500, Itachi, Tokyo, Japan) operating at 75 kV.

4.9. Measurement of Chlorophyll Fluorescence

Chlorophyll fluorescence was imaged using a modulated imaging chlorophyll fluorometer
(the Imaging PAM M-Series Chlorophyll Fluorometer System, Heinz-Walz Instruments, Effeltrich,
Germany) according to the instructions. The rice leaves were adapted in the dark for 30 min prior to
the fluorescence assay, and minimum fluorescence yield (F0), maximum fluorescence yield (Fm) and
nonphotochemical quenching (NPQ), and maximal quantum yield of PSII photochemistry (Fv/Fm)
were then determined according to the method of Zhou et al. [75].

4.10. Analysis of Reactive Oxygen Species

Histochemical staining of hydrogen peroxide (H2O2) and superoxide anion radicals (O2
.-) was

performed using 3, 3-diaminobenzidine (DAB) and nitro blue tetrazolium (NBT), respectively [76].
Leaf tissue was immersed in NBT (1 mg/mL) solution for 2 h or in DAB (0.5 mg/mL) solution for 12 h
in the dark. The stained leaves were decolorized in boiling ethanol (90%, v/v) for 2 h. H2O2 was
quantitated according to Velikova et al. [77] and calculated using a standard curve of H2O2 reagent.
The quantification of O2

.- was determined as described by Nahar et al. [78] and calculated using a
standard curve of a NaNO2 reagent.
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4.11. Determination of Malondialdehyde (MDA) and Electrolyte Leakage (EL)

The level of membrane lipid peroxidation was estimated by MDA content, which was determined
by thiobarbituric acid (TBA) assay [78]. Fresh leaves (0.5 g) were homogenized in 5 mL of 5% (m/v)
trichloroacetic acid (TCA) and centrifuged at 4 ◦C for 10 min at 8000× g. Next, 2 mL of 0.5% TCA
containing 0.67% TBA was added to 2 mL of the supernatant. The mixture was incubated at 95 ◦C for
30 min and then instantly cooled on ice and centrifuged at 4 ◦C for 10 min at 5000× g. The absorbance
of the supernatant was recorded at 450, 532 nm, and 600 nm.

EL of rice leaves was determined using an electrical conductivity meter (DDS-309+, Chengdu,
China) following Ning et al. [79]. Relative EL was expressed as the ratio of initial conductivity to the
conductivity after the samples were boiled for 15 min to achieve 100% electrolyte leakage.

4.12. Trypan-Blue Staining

Dead cells were visually detected using a Trypan-blue staining method as described by
Liang et al. [80] with some modifications. Leaves were stained with lactophenol–Trypan blue solution
for 20 min under vacuum conditions. The stained leaves were then decolorized in boiling ethanol
(90%, v/v) for 2 h. Samples were equilibrated with 70% glycerol for scanning.

4.13. Characteristics of Epidermis Cell and Stomata

The upper and lower epidermis layers of rice leaves after 48 h of greening were observed using
light microscopy by transparent nail polish imprint method [81]. The epidermis cells’ characteristics
and stomatal characteristics, including stomatal length, width, size, and density, were observed
via Olympus fluorescence microscopy (DP71) (40 × 10) and measured and counted by an image
analysis system (Image-Pro Plus 6.3). Five microscope fields were randomly selected in each slide.
Each treatment group was repeated 50 times to measure all the characteristic parameters under
the microscope.

4.14. Statistical Analysis

All experiments were repeated at least three times, and mean values are presented with standard
deviation (SD). The data analysis was performed using IBM SPSS Statistics. Duncan’s multiplication
range test was used for comparison among different treatments. The difference was considered to be
statistically significant when p < 0.05.

5. Conclusions

In summary, our results showed that chilling stress induced ROS accumulation, leading to lipid
peroxidation and cell death during greening. In particular, our data highlighted the detailed regulation
of photosynthetic pigments under chilling stress during greening, suggesting that the inhibition of
chlorophyll biosynthesis may be attributable to the blocked synthesis of ALA and the inhibition of
conversion from Pchlide into chlorophylls. In this case, we have proposed that application of ALA or
overexpression of HEMA, DVR, and CHLG may be good for increasing chlorophyll biosynthesis and
improving cold resistance of rice seedlings during greening.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/4/1390/s1.
Figure S1: Relative content of PSI proteins in control and chill-stressed rice seedlings. Figure S2: Relative content of
PSI proteins in control and chill-stressed rice seedlings. Table S1: The primers used for quantitative real-time PCR.
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Abstract: To clarify the genetic mechanism underlying grain protein content (GPC) and to improve
rice grain qualities, the mapping and cloning of quantitative trait loci (QTLs) controlling the natural
variation of GPC are very important. Based on genotyping-by-resequencing, a total of 14 QTLs were
detected with the Huanghuazhan/Jizi1560 (HHZ/JZ1560) recombinant inbred line (RIL) population
in 2016 and 2017. Seven of the fourteen QTLs were repeatedly identified across two years. Using
three residual heterozygote-derived populations, a stably inherited QTL named as qGPC1-1 was
validated and delimited to a ~862 kb marker interval JD1006–JD1075 on the short arm of chromosome 1.
Comparing the GPC values of the RIL population determined by near infrared reflectance spectroscopy
(NIRS) and Kjeldahl nitrogen determination (KND) methods, high correlation coefficients (0.966 and
0.983) were observed in 2016 and 2017. Furthermore, 12 of the 14 QTLs were identically identified
with the GPC measured by the two methods. These results indicated that instead of the traditional
KND method, the rapid and easy-to-operate NIRS was suitable for analyzing a massive number of
samples in mapping and cloning QTLs for GPC. Using the gel-based low-density map consisted of 208
simple sequence repeat (SSR) and insert/deletion (InDel) markers, the same number of QTLs (fourteen)
were identified in the same HHZ/JZ1560 RIL population, and three QTLs were repeatedly detected
across two years. More stably expressed QTLs were identified based on the genome resequencing,
which might be attributed to the high-density map, increasing the detection power of minor QTLs.
Our results are helpful in dissecting the genetic basis of GPC and improving rice grain qualities
through molecular assisted selection.

Keywords: quantitative trait locus; grain protein content; single nucleotide polymorphism; residual
heterozygote; rice (Oryza sativa); specific length amplified fragment sequencing; Kjeldahl nitrogen
determination; near infrared reflectance spectroscopy

1. Introduction

Rice grain quality, including appearance, milling, cooking and eating, as well as nutritional
qualities, determines the market value, and is getting more and more concern from rice researchers,
producers and consumers [1,2]. Grain protein content (GPC) is not only one key factor determining
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nutritional quality, but is also closely associated with cooking and eating qualities [3,4]. Generally,
the increase of GPC may consequently lead to low eating quality.

Compared to the protein content of other cereal crops such as wheat and barley, GPC in rice is
relatively low, with a mean about 8.0% and a range of 4.9% to 19.3% in the indica subspecies and 5.9%
to 16.5% in the japonica subspecies [5]. As a typical quantitative trait, GPC in rice is easily affected by
environmental conditions, especially the level of nitrogen fertilizer in the field, which makes it very
difficult to manipulate in a traditional breeding program. Therefore, illuminating the genetic basis of
GPC makes a lot of sense in constructing a molecular marker-assisted selection system to improve rice
grain quality [6,7].

Quantitative trait locus (QTL) analysis is the main strategy for dissecting the genetic mechanism
underlying a target quantitative trait. During the past two decades, hundreds of QTLs for GPC
in rice were detected throughout the entire 12 chromosomes, using different mapping populations,
including the recombinant inbred line (RIL) [3,8–13], double haploid population [14–17], chromosome
segment substitution line [4,18,19] and the backcross-inbred population [20]. As GPC is sensible to
environmental factors, QTLs controlling the GPC are difficult to be repeatedly identified in different
populations, or in the same population under different environments [19]. Till now, only two QTLs,
qPC1 and qGPC-10, have been map-based cloned and functionally analyzed. qPC1 was found on the
long arm of chromosome 1, which encodes a putative amino acid transporter OsAAP6 and functions as
a positive regulator of GPC in rice [6]. qGPC-10 located on chromosome 10 encodes a glutelin type-A2
precursor, and is also a positive regulator of GPC [7]. Besides, another stably inherited QTL qPC-1 that
is nonallelic to qPC1 was validated and delimited to a 41-kb region on the long arm of chromosome
1 [19]. Owing to the detection instability of GPC QTLs, it is important to confirm the genetic effect
of the QTLs detected in the primary mapping before their map-based cloning and application in the
improvement of rice nutritional quality.

Genotyping and phenotyping of the mapping population are two essential components for QTL
analysis. With the development of next-generation sequencing, genotyping-by-sequencing becomes
a feasible technique to rapidly identify a huge number of single nucleotide polymorphisms (SNPs)
throughout the whole genome. Then, a high-density linkage map can be constructed with saturated
SNP markers, while most current maps are low-density, and only contain hundreds of gel-based DNA
markers, such as restriction fragment length polymorphism and simple sequence repeat (SSR) markers.
The detection power of minor QTLs can be improved, and the confidence interval of the QTL can be
reduced in a high-resolution linkage map [21]. Among the most common genotyping-by-sequencing
methods, specific length amplified fragment sequencing (SLAF-seq) is acceptable as an efficient
and high-resolution technology with a relatively lower sequencing cost [22]. With the availability
of rice genome draft, genotyping-by-resequencing (GBR) has been applied in linkage mapping and
genome-associated analysis to map QTLs for important agronomic traits. Nevertheless, for GPC,
the information of QTL identified by GBR of a bi-parent population is still limited in rice.

GPC is traditionally measured by the Kjeldahl nitrogen determination (KND), which is
time-consuming and needs a large amount of chemicals such as strong acid and alkali. Therefore,
this KND method is difficult for the measurement of a massive number of samples, which is usually
necessary in the map-based cloning of a target QTL. Compared to the KND method, near infrared
reflectance spectroscopy (NIRS) is a promising technique that is fast and easy-to-use [23]. A lot of
QTLs were identified, and two major QTLs have been successfully isolated through the NIRS method.
However, it keeps unknown whether there is difference in the detection power of QTLs for GPC
between the two methods.

In this study, we mainly completed the following research objectives. First, we analyzed the
correlation between the GPC values measured by the KND and NIRS methods, and validated the
feasibility of mapping QTLs for GPC using NIRS instead of KND. Second, we identified QTLs for GPC
with a high-resolution genetic map containing 18,194 SNP markers in an RIL population, which was
derived from a cross between an indica variety Huanghuazhan (HHZ) and a japonica accession Jizi1560
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(JZ1560). Third, we compared the GPC QTLs identified with the high- and low-density map in the
same HHZ/JZ1560 RIL population. Finally, one stably inherited major QTL (qGPC1-1) located on the
short arm of chromosome 1 was validated using three secondary populations developed from three
residual heterozygotes (RH) with the heterozygous genotype at the target interval.

2. Results

2.1. Phenotypic Variation and Correlation Analysis

In 2016 and 2017, the GPC of the HHZ/JZ1560 RIL population and the parents was measured by
NIRS and KND, respectively. The descriptive statistics of phenotypic variation are shown in Table 1.
Significant phenotypic differences were observed between the parents, and the GPC of JZ1560 was
higher than that of HHZ in both years. Frequency distributions of GPC in the brown rice flour of
RILs and the parents were plotted (Figure 1). The GPC of the RILs showed similar distribution either
measured by the KND or NIRS method in each year. Phenotypic variation was continuously distributed
with low skewness and kurtosis, showing a typical pattern of quantitative variation. Using the KND
method, the GPC of the RILs showed a wide variation from 7.27% to 15.78% in 2016 and from 7.39% to
15.98% in 2017 (Figure 1). Continuous segregation and significant transgressive segregation at two
directions suggested polygenic control underlying this trait.

Table 1. Descriptive statistics of the grain protein content (GPC, %) in the recombinant inbred line (RIL)
population and the parents in the two years.

Year Method
RIL Population (n = 280) Parental Mean (n = 16)

p
Mean ± SD CV Range Skewness Kurtosis HHZ JZ1560

2016 NIRS 12.44 ± 1.59 0.13 8.35–16.35 0.20 −0.26 10.14 ± 0.02 13.16 ± 0.01 <0.001
KND 11.68 ± 1.62 0.14 7.27–15.78 0.18 −0.30 9.39 ± 0.11 13.06 ± 0.33

2017 NIRS 10.67 ± 1.40 0.13 7.29–15.90 0.28 0.06 8.44 ± 0.03 10.92 ± 0.01 <0.001
KND 10.64 ± 1.39 0.13 7.39–15.98 0.29 0.15 8.54 ± 0.00 10.62 ± 0.36

NIRS: near infrared reflectance spectroscopy; KND: Kjeldahl nitrogen determination; p: two-tailed p value of
student’s t test.

Figure 1. Frequency distributions of grain protein content (GPC) measured by near infrared reflectance
spectroscopy (NIRS) and Kjeldahl nitrogen determination (KND) methods in the recombinant inbred
line (RIL) population. Parental values are indicated by arrows.

Significant positive correlations between the GPC values measured by the two methods or in
different years were found in the RIL population (Table 2). However, correlation coefficients for GPC
determined by KND and NIRS methods as 0.966 in 2016 and 0.983 in 2017 were much higher than that
of GPC measured with the same method in different years as 0.638 for NIRS and 0.631 for KND. This

193



Int. J. Mol. Sci. 2020, 21, 408

implied that GPC determined by NIRS was quite consistent with that by the KND method, and GPC
was strongly influenced by environmental factors.

Table 2. Correlation coefficients of GPC between two methods and between different years from
280 RILs.

16NIRS 16KND 17NIRS

16KND 0.966 **
17NIRS 0.638 ** 0.651 **
17KND 0.614 ** 0.631 ** 0.983 **

16NIRS, 17NIRS: GPC of 280 RILs in 2016 and 2017 measured by near infrared reflectance spectroscopy (NIRS);
16KND, 17KND: GPC of 280 RILs in 2016 and 2017 measured by Kjeldahl nitrogen determination (KND). ** highly
significant correlations at the 0.01 level.

2.2. QTL Analysis of Grain Protein Content in the HHZ/JZ1560 RIL Population

Combining the high-density genetic map containing 18,194 SNP markers with the GPC means of
each RIL, 14 QTLs were detected on the whole genome except for chromosomes 6, 9 and 12 with each
QTL explaining 0.81%–18.59% of the phenotypic variations (Table 3, Figures 2 and 3). Among the QTLs,
12 were identified in 2016 and nine in 2017. The detailed description of each QTL including peak location,
peak LOD value, additive effect and percentage of total phenotypic variations (R2) are showed in Table 3.
Except for qGPC2, qGPC8 and qGPC10, the enhancing alleles for GPC were derived from JZ1560 at the
remaining 11 loci as the brown rice of JZ1560 contained significantly higher GPC (Table 1).

 
Figure 2. High-density linkage map based on genotyping-by-resequencing showing the most likely
positions of QTLs for GPC measured by NIRS and KND methods in the HHZ/JZ1560 RIL population.
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Table 3. QTLs for GPC based on genotyping-by-resequencing in the RIL population.

QTL Year Method Marker Interval Position (cM) LOD A R2 (%)

qGPC1-1 2016 NIRS Marker37041–37509 36.46 7.96 0.57 9.14
2016 KND Marker37041–37509 36.46 9.72 0.55 10.89
2017 NIRS Marker37041–37509 36.46 9.59 0.58 11.85
2017 KND Marker37508 38.74 8.72 0.47 11.05

qGPC1-2 2016 NIRS Marker138502 205.52 2.12 0.45 5.53
2016 KND Marker138502–136654 205.52 2.44 0.38 5.20
2017 NIRS Marker136541–138500 205.88 3.07 0.41 5.88
2017 KND Marker138502–139278 205.52 3.06 0.36 6.41

qGPC1-3 2016 NIRS Marker208637–210208 255.84 3.00 0.21 1.18
2016 KND Marker207139–209159 255.84 2.62 0.15 0.81

qGPC2 2016 NIRS Marker413084–424309 156.64 3.96 −0.36 3.68
2016 KND Marker413084–424409 156.64 3.91 −0.31 3.47

qGPC3-1 2016 NIRS Marker449522–449025 5.95 11.15 0.78 16.86
2016 KND Marker449522–449025 5.95 12.68 0.72 18.59
2017 NIRS Marker450509–451398 7.80 6.34 0.46 7.21
2017 KND Marker450216–451025 7.61 6.77 0.41 8.40

qGPC3-2 2016 NIRS Marker567334–573384 91.73 2.41 0.30 2.50
2016 KND Marker571649–571070 91.73 2.52 0.26 2.53
2017 NIRS Marker571649–572521 91.73 2.31 0.36 4.63
2017 KND Marker571649–573384 91.73 2.38 0.30 4.53

qGPC3-3 2017 NIRS Marker620694–621697 133.44 5.74 0.39 5.44
2017 KND Marker620694–621697 133.44 6.11 0.36 6.29

qGPC4 2016 NIRS Marker779713-795626 173.67 3.90 0.45 5.61
2016 KND Marker790607–796001 178.83 4.58 0.39 5.47
2017 NIRS Marker792925–793575 175.36 2.93 0.35 4.26
2017 KND Marker792925–796001 175.36 3.56 0.31 4.89

qGPC5 2016 NIRS Marker940773–956686 159.63 4.09 0.35 3.47
2016 KND Marker951188–956259 159.63 3.19 0.24 2.12
2017 NIRS Marker942375–968984 167.68 5.02 0.41 6.09
2017 KND Marker941389–968984 167.68 4.61 0.32 5.21

qGPC7 2016 NIRS Marker1254363–1255283 92.11 3.46 0.50 6.84
2016 KND Marker1254363–1255919 92.11 3.83 0.44 7.15

qGPC8 2016 NIRS Marker1330696–1330654 38.51 7.81 −0.57 9.23
2016 KND Marker1330714–1331214 39.43 7.10 −0.46 7.71
2017 NIRS Marker1330696–1330654 38.51 2.12 −0.28 2.70
2017 KND Marker1330696 38.33 2.55 −0.25 3.20

qGPC10 2016 NIRS Marker1714254–1714662 129.12 2.84 −0.43 5.18

qGPC11-1 2017 NIRS Marker1789482–1788848 45.47 2.08 0.33 3.89

qGPC11-2 2016 NIRS Marker1901374–1901256 184.63 2.03 0.46 5.84
2016 KND Marker1902918–1902895 186.73 2.06 0.36 4.66

NIRS: near infrared reflectance spectroscopy; KND: Kjeldahl nitrogen determination; A: additive effect of replacing
a maternal allele with a paternal allele; R2: proportion of the phenotypic variance explained by the QTL.
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Figure 3. The identified QTLs for GPC measured by the NIRS and KND methods through analyzing
the SNP genotypes and corresponding phenotypes of the 280 RILs. Red font indicates that QTLs were
detected in both 2016 and 2017, and blue font indicates that QTLs were identified in either year 2016
or 2017.

In order to find the difference in the detection power of QTLs using different measurement
methods of GPC, we further compared the QTLs for GPC determined by the NIRS and KND methods.
In 2016, we identified 12 QTLs for GPC measured by NIRS and 11 QTLs for GPC measured by KND,
which explained 55.07% and 48.25% of the total phenotypic variations, respectively. Eleven QTLs
were commonly mapped using the two measurement methods, and one QTL (qGPC10) with a small
genetic effect was only detected using the NIRS method (Figures 2 and 3, Table 3). Similar results were
observed in 2017. Eight common QTLs were identified by both the measurement methods, and only
one minor QTL (qGPC11) was mapped on chromosome 11 using the NIRS method. This indicated that
QTLs for GPC were coincided between the two GPC measurement methods. Seven of the fourteen
QTLs, qGPC1-1, qGPC1-2, qGPC3-1, qGPC3-2, qGPC4, qGPC5 and qGPC8, were repeatedly identified in
both years. The remaining seven QTLs were only detected in one year.

QTL analysis was also performed using a low-density genetic map containing 208 SSR and InDel
markers and a total of 14 QTLs were detected in the same HHZ/JZ1560 RIL population (Figure 4,
Table S1). Compared with the seven stably inherited QTLs identified in the high-density genetic map,
only three QTLs including qGPC1, qGPC3-1 and qGPC5 were mapped at the same region and showed
the similar effects for the two years using the low-density genetic map, suggesting that the high-density
genetic map increased the detection power of QTLs for GPC.
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2016

2017

NIRS KND

Figure 4. Low-density linkage map containing 208 gel-based SSR and InDel markers showing the
most likely positions of QTLs for GPC measured by NIRS and KND methods in the HHZ/JZ1560
RIL population.

The qGPC1-1 was detected on the short arm of chromosome 1 across two years using the high-density
genetic map and accounted for 9.14% to 11.85% of the phenotypic variations. The allele from JZ1560 at
this locus increased GPC by 0.47%-0.58%. Corresponding to qGPC1-1, qGPC1 was mapped at the same
location with the flanking markers JD1006 and JD1007 using the low-density genetic map in both years
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(Figure 4, Table S1). The qGPC1 identified in this study contributed 11.78% to 13.33% of phenotypic
variations with a relatively large additive effect ranging from 0.54% to 0.71% (Table S1).

2.3. Validation and Delimitation of qGPC1-1 Using RH-derived F2 Populations

To confirm the genetic effect and location of qGPC1-1, three RH individuals were selected from
one F8 RIL line with the heterozygous genotype covering the target marker interval of JD1006–JD1007.
Three RH-derived F2 populations, named as WB01, WB02 and WB03, were developed from the
three plants with sequential heterozygous segments extending from JD1006 to JD1007, respectively.
Based on the sequence differences between the parents HHZ and JZ1560 identified by 30-fold whole
genome re-sequencing, additional six InDel markers were developed and used to genotype the three
populations (Table S2). GPC was continuously distributed and ranged from 8.33% to 11.90%, 8.27% to
12.19% and 8.32% to 10.47% in WB01, WB02 and WB03 populations, respectively (Figure S1).

Three segmental linkage maps were constructed for WB01, WB02 and WB03, respectively (Figure 5).
Combined the genotype and phenotype information, qGPC1-1 was identified in WB01 and WB02
populations, with the JZ1560 allele always increasing GPC (Table 4; Figure 5). This QTL explained
26.00% and 27.40% of phenotypic variations with the similar additive effects of 0.36% and 0.39% in
WB01 and WB02, respectively. No QTL for the GPC was detected in the WB03 population. Therefore,
qGPC1-1 should be located within the common segregating regions of WB01 and WB02, but outside
the segregating region of WB03. As shown in Figure 5, qGPC1-1 was delimited to the interval between
JD1006 and JD1075 (~862 kb) with a common segregating region JD1068–JD1075 and one flanking
cross-over region JD1006–JD1068.

Table 4. QTLs for the GPC detected in the three residual heterozygote-derived F2 populations.

Population Name Segregating Region Sample LOD A D R2 (%)

WB01 JD1006–JD1078 180 7.59 0.36 0.11 26.00
WB02 JD1068–JD1007 137 6.25 0.39 0.04 27.40
WB03 JD1075–JD1007 115 ns ns ns ns

A: additive effect of replacing a maternal allele with a paternal allele; D: dominance effect; R2: proportion of the
phenotypic variance explained by the QTL; ns: no significance.

Figure 5. Genotypic compositions of the three residual heterozygote-derived F2 populations in the
segregating regions.
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3. Discussion

Elucidating the genetic mechanism of GPC accumulation is very important for regulating rice grain
qualities in breeding. In the present study, we characterized the genetic basis of GPC and identified a
total of 14 QTLs using the high-resolution map in the HHZ/JZ1560 RIL population. Although GPC is
sensitive to environmental conditions and the QTLs for GPC are difficult to be repeatedly identified in
different environments, the majority of the 14 QTLs have been reported in the previous studies. On the
long arm of chromosome 1, QTLs for GPC have been reported in some studies including pro1 between
RM226 and RM297 [15], qPC-1 between R888 and R1485 [13], qPC1 between RM472 and RM104 [6],
qPC-1 between RM1196 and RM302 [19] and TGP1b between RM1297 and RM1067 [4]. The qGPC1-2
and qGPC1-3 were located in the adjacent chromosome regions with these reported QTLs, and the indica
variety HHZ allele decreased the GPC. Two minor QTLs, qGPC2 and qGPC11-1, were also mapped at
the similar locations with pro2 between RM6 and RM112 and pro11 between RM209 and RM229 [15].
On the chromosome 3, we detected three QTLs including qGPC3-1, qGPC3-2 and qGPC3-3, and the
enhancing alleles were all from the japonica rice JZ1560. The qGPC3-1 with the largest effect in 2016 and
qGPC3-2 were repeatedly detected as qPC-3.1 in the interval XNpb212–G1318 and qPC-3.2 in the interval
R758–XNpb15, respectively [13]. The qGPC3-3 was located in the overlapping confidence interval with
the QTLs for protein content in several previous reports [13,14,18]. These results indicated that there
are multiple genetic factors controlling GPC on chromosome 3. The qGPC4 was detected within the
qPC-4 region between RG214 and RG620 [12]. We still noted that qGPC5 was repeatedly identified as
qRPC5 for rice protein content in the interval RG435–RG172a using a doubled haploid population [16].
Although qGPC7 was only detected in 2016, four QTLs were located in the same or adjacent regions as
reported by previous studies [3,4,8,17]. On the chromosome 8, qGPC8 showed overlapping intervals
with cp8.1, qPC-8a and TGP8, which have been identified using different populations in different
environments [4,18,24]. The qPC11-2 with minor effect was mapped near to qPC11 between RM202 and
RM206 [25]. No QTL for GPC has been mapped in the region of qGPC10 on chromosome 10 before,
therefore qGPC10 might be newly detected in this study. Unlike many previous studies, we did not
detect the QTL for GPC near to the Wx locus on chromosome 6 [4,8,12,25]. Over all, the locations of
QTLs for GPC showed a significant similarity between our studies and the previous findings.

Of the 14 QTLs identified in this study, the qGPC1-1 was a stably expressed QTL with a relatively
large effect and it was repeatedly detected in both years. This QTL was also identified in the similar
chromosome region in different populations and environments, implying that qGPC1-1 plays an
important role in controlling GPC [4,11,18]. Based on the primary mapping result, qGPC1-1 was further
validated and delimited in the interval JD1006–JD1075, corresponding to the 6.0–6.8 Mb region on the
short arm of chromosome 1 in the Nipponbare genome [26]. The japonica rice JZ1560 allele contributed
to the increase of GPC in the RH-derived F2 population (Table 4). Dissecting the genetic mechanism
underlying GPC is important for the improvement of rice grain quality, and the main obstacle to
date is the absence of key genes/QTLs regulating GPC. Primary mapping leads to a large confident
interval and poor repeatability of target QTLs, which makes it difficult to find tightly linked markers
for marker-assisted selection. Validation and delimitation of qGPC1-1 contributed to the facilitation of
marker-assisted selection in rice breeding for high nutritional quality. Furthermore, based on these
results, fine mapping and map-based cloning of qGPC1-1 is under way.

Mapping and isolation of QTLs need a high efficiency method to measure GPC. Cloning of
QTLs controlling the natural variation of GPC is the important step toward uncovering the regulatory
mechanism underlying this quantitative trait. However, map-based cloning of a QTL needs phenotype
and genotype information of a massive number of samples, suggesting a rapid and easy operation
method for GPC is necessary. Using the NIRS system, the GPC value can be directly measured once
the brown rice is grinded into flour.

Compared with the NIRS, the KND method for GPC in rice needs further lengthy operation,
which is time-consuming and laborious. More importantly, high correlation between the GPC values
determined by the NIRS and KND methods was observed in the HHZ/JZ1560 RIL population across
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two years. Only two minor QTLs (qGPC10 and qGPC11-1) were detected using the single measurement
method of GPC, the remaining twelve QTLs were identical to be identified by both methods in 2016
or 2017 (Figures 2 and 3, Table 3). Comparative analysis between the two methods suggested that
NIRS could be a feasible strategy for the mapping and map-based cloning of QTLs for GPC instead
of the KND method. In recent years, NIRS has been successfully employed in the isolation and
characterization of two major QTLs for GPC, qPC1 and qGPC-10 [6,7].

Accompanied with the development of DNA sequence techniques, the sequencing cost decreases
continuously and more and more high-density genetic maps have been constructed to detect QTLs
for different traits through genotyping-by-sequencing [21,27,28]. In the present study, QTLs for GPC
were mapped simultaneously using a high-density genetic map with 18,194 SNP markers identified by
GBR and a low-density map with 208 gel-based SSR and InDel markers in the same RIL population.
Although the same number of QTLs were identified using the different resolution genetic maps, 7 of
14 and 3 of 14 QTLs were repeatedly detected across two years in the high- and low-density genetic
maps, respectively. Identification of more stably expressed QTLs might be attributed to the increased
detection power resulted by the saturated SNP markers in the high-density genetic map.

4. Materials and Methods

4.1. Plant Materials and Field Experiments

The HHZ/JZ1560 mapping population consisting of 280 RILs was developed using the single-seed
descendent method by Ying et al. [29]. HHZ is an indica variety as the female parent with small grains
and being widely cultivated in China, while JZ1560 is a japonica rice accession with very large grains
(Figure S2). Three RH-derived F2 populations (WB01, WB02 and WB03) consisting 180, 137 and 115
individuals, respectively, were originated from 3 RH plants that were selected from one line of the F7

HHZ/JZ1560 RIL population. The three populations were used to validate the target QTL, qGPC1-1.
All the populations, together with the two parents, were planted with the spacing of 16.7 cm

between plants and 26.7 cm between rows during the rice-growing seasons in the experimental field of
China National Rice Research Institute, Hangzhou (120.2◦ E, 30.3◦ N), China. Eighteen plants per RIL
were transplanted and the middle four plants were harvested in bulk at maturity for the measurement
of GPC in 2016 and 2017. The three RH-derived populations were tested for one year in 2018. Field
management was conducted according to the common practice in rice production. Fertilizer was
applied for each cultivation year as follows: 375 kg/ha compound fertilizer (N-P2O5-K2O: 14:16:15) as
the basal fertilizer, 52 kg/ha nitrogen at seedling stage, 69 kg/ha nitrogen at 5 days after transplanting
and 150 kg/ha potassium at 20 days after transplanting.

4.2. GPC Measurement

GPC of brown rice flour for each RIL was carefully measured by the KND and NIRS methods,
respectively. Rice grains were harvested after maturity and stored at room temperature for at least
three months before the GPC measurement. The fully filled grains were de-hulled into brown rice by a
rice huller (JLGJ-45, Taizhou, Zhejiang, China), then the brown rice was grinded into flour by a grinder
(IKA TUBE-MILL, Staufen, Germany). Brown rice flour samples were directly used to determine GPC
by NIRS (Foss, Sweden). Each sample was assayed twice and the mean values were used for further
analysis. GPC was calculated according to the modified NIRS model constructed by Xie et al. [23].

For the KND method to measure GPC, 0.2 g brown rice flour, 1.0 g catalyst (CuSO4:Na2SO4 = 1:10)
and 4.0 mL of H2SO4 were first added into a 100-mL digestion tube in turn. Then the mixture was
immediately heated at 420 ◦C for 2 h in a digestion stove. After the solution being digested, the mixture
was cooled to room temperature. Then, 10 mL ddH2O was added into the digestion tube. The mixed
solution was analyzed using a Kjeltec 8400 Autoanalyzer (Foss, Sweden). GPC of the rice flour was
calculated from the total N content by multiplying a conversion factor of 5.95 [30]. The assay for each
sample was conducted with two replicates and the means were used for further analysis.
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4.3. Genetic Map and DNA Marker Analysis

To compare the detection power of GPC QTL, high-density and low-density linkage maps of the
RIL population were both used to map QTL, respectively. The high-density linkage map constructed by
one of the GBR method, specific length amplified fragment, was composed of 18,194 SNP markers and
spanned 2132.56 cM with an average genetic distance of 0.12 cM. In our previous study, we constructed
the SLAF library for each RIL and the products were further sequenced using Illumina HiSeq 2500
system (Illumina, Inc.; San Diego, CA, USA) [29]. Polymorphism loci between the parents were
identified for the selection of high-quality SNP markers after filtering out the low-quality raw reads.
SNP markers with more than 20% missing data and the segregation distortion were further filtered
out. A total of 18,194 high quality SNP markers were used to genotype the 280 RILs. The low-density
linkage map constructed by the gel-based method consisted of 121 SSR and 87 InDel markers and
spanned 1399.40 cM with an average distance of 7.61 cM.

For the three RH-derived populations, leaf samples of each individual were extracted for genomic
DNA through the modified CTAB method [31]. To genotype the three RH-derived populations, a total
of six InDel markers (Table S2) in the mapping interval of qGPC1-1 were designed with Primer3.0
(http://primer3.ut.ee/) based on the 30-fold genome resequencing of the parents, HHZ and JZ1560.
According to our previous study [32], the PCR was performed in 10-μL reactions containing 2 ×
Taq MasterMix (CW0682, CWBIO) 5-μL, 0.4 μM of each primer and 50 ng DNA template. The PCR
program was set as an initial denaturation at 94 ◦C for 2 min, then followed by 30 cycles of 30 s at
94 ◦C, 30 s at 55 ◦C and 30 s at 72 ◦C, and finally 2 min at 72 ◦C. The PCR products were analyzed on
2.5% agarose gels.

4.4. QTL Mapping and Statistical Analysis

Using the high-density genetic map, QTL analysis for GPC was performed by R/qtl software with
the method of composite interval mapping (CIM) [33], taking the two years for the RIL population
as two environments. A threshold of LOD > 2.0 was used for detecting a putative QTL. Using the
low-density genetic map, QTLs controlling GPC were identified by Windows QTL Cartographer
2.5 [34]. Identification of QTLs was performed using CIM. The LOD threshold for claiming a QTL was
also fixed as a LOD score of 2.0. QTL analysis in the three RH-derived populations was also conducted
by CIM using Windows QTL Cartographer 2.5 [34].

Basic descriptive statistics, including mean, standard deviation, coefficient of variation, range,
skewness and kurtosis, and correlation analysis for GPC in the RIL population were performed
with Microsoft Excel 2016 for Windows. The t-test of the two parents was performed with the SAS
program [35].

5. Conclusions

Based on genotyping-by-resequencing, a total of 14 QTLs controlling GPC were identified with
an indica/japonica (HHZ/JZ1560) RIL population in 2016 and 2017. Of the 14 QTLs, 13 QTLs showed
similar chromosome regions with the QTLs for GPC documented in previous studies. The qGPC10
with a minor effect was newly detected in this study. Seven of the fourteen QTLs were repeatedly
identified across two years. The stably inherited qGPC1-1 with a relatively large effect was validated
and delimited to a ~862 kb region flanked by JD1006 and JD1075 on the short arm of chromosome 1,
which is helpful for the construction of a marker-assisted selection system to improve rice grain qualities
and further map-based cloning of this QTL. Our results indicated that instead of the KND method
with lengthy operation, the NIRS with rapid and easy operation was a feasible strategy for measuring
a massive collection of samples in the mapping and map-based cloning of GPC QTL. More stably
expressed QTLs identified in the genetic map based on genotyping-by-resequencing suggested that
high-density map enhanced the detection power of minor QTLs.
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Abstract: Plants activate their immune system through intracellular signaling pathways after
perceiving microbe-associated molecular patterns (MAMPs). Receptor-like cytoplasmic kinases
mediate the intracellular signaling downstream of pattern-recognition receptors. BROAD-SPECTRUM
RESISTANCE 1 (BSR1), a rice (Oryza sativa) receptor-like cytoplasmic kinase subfamily-VII protein,
contributes to chitin-triggered immune responses. It is valuable for agriculture because its
overexpression confers strong disease resistance to fungal and bacterial pathogens. However,
it remains unclear how overexpressed BSR1 reinforces plant immunity. Here we analyzed
immune responses using rice suspension-cultured cells and sliced leaf blades overexpressing BSR1.
BSR1 overexpression enhances MAMP-triggered production of hydrogen peroxide (H2O2) and
transcriptional activation of the defense-related gene in cultured cells and leaf strips. Furthermore, the
co-cultivation of leaves with conidia of the blast fungus revealed that BSR1 overexpression allowed
host plants to produce detectable oxidative bursts against compatible pathogens. BSR1 was also
involved in the immune responses triggered by peptidoglycan and lipopolysaccharide. Thus, we
concluded that the hyperactivation of MAMP-triggered immune responses confers BSR1-mediated
robust resistance to broad-spectrum pathogens.

Keywords: disease resistance; microbe-associated molecular pattern (MAMP); Pyricularia oryzae
(formerly Magnaporthe oryzae); Oryza sativa (rice); receptor-like cytoplasmic kinase (RLCK); reactive
oxygen species (ROS)

1. Introduction

Plants combat pathogens by activating their innate immunity. Microbe/pathogen-associated
molecular patterns (MAMPs/PAMPs), which have molecular structures that are conserved in fungi
or bacteria, alert plants to pathogen attacks. Chitin (a backbone of fungal cell walls), peptidoglycan
(a component of bacterial cell walls), lipopolysaccharide (LPS; a component of the outer membranes
of Gram-negative bacteria), flagellin, and elongation factor-Tu (EF-Tu) are well-known MAMPs [1].
MAMPs are perceived by corresponding pattern-recognition receptors (PRRs) on host cell surfaces [2].
In rice (Oryza sativa), CHITIN ELICITOR RECEPTOR KINASE 1 (OsCERK1), a lysine motif
(LysM)-receptor-like kinase (RLK), is well-characterized as a protein component of PRRs. OsCERK1
interacts with a receptor-like protein CHITIN ELICITOR BINDING PROTEIN (CEBiP) [3] to recognize
the chitin oligomer [4–6] and with rice LYSM-CONTAINING PROTEIN 4/6 (OsLYP4/6) to recognize
peptidoglycan [7]. OsCERK1 also functions as a receptor/co-receptor for LPS signaling [8]. Thus, the
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central RLKs, like OsCERK1, function as hub receptors. PRR complexes activate pattern-triggered
immunity (PTI) through intracellular signaling pathways. Protein phosphorylation signals originating
in PRRs positively regulate early phase responses, such as oxidative burst and the activation of
mitogen-activated protein kinase (MAPK) cascades, followed by the transcriptional activation of
defense-related genes [9,10]. Oxidative burst is caused by a rapid production of reactive oxygen species
(ROS) by plant NADPH oxidases, called RESPIRATORY BURST OXIDASE HOMOLOG (RBOH)
proteins [11]. Host-derived ROS play various roles in PTI. They possess an antimicrobial activity that
can kill microbes, and they enhance physical barrier production by promoting lignin synthesis and
cross-linking of plant cell walls [12–15]. Hydrogen peroxide (H2O2), an ROS produced in oxidative
bursts, acts as a signaling molecule to induce the transcriptional activation of defense-related genes,
biosynthesis of phytoalexin, and programmed cell death [11,16].

Pathogens have adapted to suppress PTI through the secretion of effectors using type III secretion
system (TTSS) and structural variations on MAMPs [17]. Molina and Kahmann (2007) reported that
the detoxification of host-derived ROS is required for a biotrophic pathogen of maize Ustilago maydis to
overcome PTI [18]. The deletion of YAP, encoding an oxidative stress-responsive transcription factor,
in U. maydis increases the sensitivity to H2O2 and significantly decreases the pathogenicity. Rice blast
fungus (Pyricularia oryzae), which causes a serious disease in rice, releases a catalase-peroxidase B
(CPXB)-dependent ROS-degrading activity near conidia [19,20]. Enzymes that compose the glutathione
and thioredoxin antioxidation system in P. oryzae are required for virulence as well as resistance
to ROS [21,22]. P. oryzae mutant strains Δdes1 and Δsir2, which lack transcriptional regulators for
extracellular peroxidases and superoxide dismutase, cannot form susceptible lesions because they
induce defense responses, including the accumulation of host-derived ROS and the upregulation of
defense-related genes [23,24]. These findings indicate that host-derived ROS is a crucial factor in
host–microbe interactions.

Receptor-like cytoplasmic kinases (RLCKs) contribute to cytoplasmic phosphorylation signaling
pathways in PTI. RLCKs are characterized as cytoplasmic proteins that contain a RLK-homologous
kinase domain but not a transmembrane domain. Arabidopsis thaliana and rice have 147 and 379
RLCK-encoding genes, respectively [25,26]. RLCKs are classified into 17 subfamilies based on their
sequence features. Several RLCKs belonging to subfamily-VII are involved in PTI [27]. In A. thaliana,
BOTRYTIS-INDUCED KINASE 1 (BIK1) is phosphorylated by PRRs composed of BRI1-ASSOCIATED
KINASE 1 (BAK1) and FLAGELLIN SENSING 2 (FLS2) or EF-Tu RECEPTOR (EFR) depending on the
ligand (flagellin or EF-Tu, respectively)-binding [28,29]. Phosphorylated BIK1 further phosphorylates
and activates RBOHD, which is responsible for the oxidative bursts in PTI [30,31]. In rice, OsRLCK176,
an ortholog of BIK1, interacts with OsCERK1 to mediate chitin- and peptidoglycan-induced defense
responses [7]. OsRLCK57, OsRLCK107, and OsRLCK118, which are highly homologous to OsRLCK176,
also have similar functions [32]. OsRLCK118 directly phosphorylates OsRBOHB [33]. OsRLCK185
interacts with OsCERK1 and MAPKKK, connecting PRRs and the MAPK cascade [34,35].

BROAD-SPECTRUM RESISTANCE 1 (BSR1; OsRLCK278), a rice RLCK-VII protein, has unique
disease control effects when overexpressed. It was identified in a screen for disease resistance in rice
Full-length cDNA OvereXpressor (FOX) Arabidopsis lines [36,37]. The screening revealed that transgenic
A. thaliana plants overexpressing BSR1 were highly resistant to Pseudomonas syringae pv. tomato DC3000
and Colletotrichum higginsianum. Furthermore, overexpression of BSR1 in rice conferred strong
resistance against four rice pathogens: rice blast fungus, brown spot fungus (Cochliobolus miyabeanus),
rice leaf blight bacteria (Xanthomonas oryzae pv. oryzae), and Burkholderia glumae, which is the causal
agent of bacterial seedling rot and bacterial grain rot [36,38]. To our knowledge, among the many
RLCKs, BSR1 is the only one that can enhance disease resistance when overexpressed. However, the
mechanism underlying the broad-spectrum disease resistance conferred by the overexpression of BSR1
remains unknown.

The contribution of BSR1 to the innate immunity of wild-type rice has been analyzed. A knockout
of BSR1 caused significant suppression of chitin-induced defense-responses, including oxidative bursts
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and the transcriptional activation of defense-related genes [39]. BSR1 has an active protein kinase
domain that phosphorylates serine/threonine and tyrosine residues [40]. These indicate that BSR1
should mediate the downstream phosphorylation signaling of OsCERK1, because the perception of
chitin completely depends on OsCERK1 [4]. The silencing of BSR1 decreased resistance to not only
fungal but also bacterial diseases [40], suggesting that BSR1 is involved in the signaling pathway
activated by bacterial MAMPs downstream of OsCERK1.

In this report, we investigated whether BSR1 contributes to defense responses elicited by bacterial
MAMPs. The resulting resistance is almost independent of salicylic acid, a plant hormone related
to immunity [40]. Therefore, we focused on the early phase of defense responses, like the oxidative
bursts. Furthermore, to reveal the mechanisms underlying broad-spectrum disease resistance in the
BSR1-overexpressing rice plants, we analyzed the early defense events using suspension-cultured cells
and sliced leaf blades overexpressing BSR1.

2. Results

2.1. BSR1 Contributes to Bacterial MAMP-Induced Oxidative Bursts

To assess the contribution of BSR1 to bacterium-derived MAMP-induced defense responses, we
evaluated the effects of BSR1 knockout on defense responses using three independent BSR1-knockout
lines. These lines were generated in our previous study and contain homozygous frameshift mutations
in exon 1 of BSR1 [39]. Suspension-cultured cells were derived from knockout and non-transgenic
(wild-type) lines and treated with the bacterium-derived MAMPs peptidoglycan and LPS. After
treatment with peptidoglycan, suspension-cultured cells derived from all three BSR1-knockout lines
produced lower H2O2 concentrations than wild-type cells (Figure 1a; Supplementary Materials
Table S2a). At 180 min after addition, 59%–71% of H2O2 production was lost in knockout cells. The LPS
treatment also induced impaired oxidative bursts in BSR1-knockout cells (Figure 1b; Supplementary
Materials Table S2b). These cells accumulated 38%–45% lower amounts of H2O2 compared with
wild-type at 60 min after treatment. Knockout mutations in BSR1 significantly suppressed the oxidative
bursts but they were not completely abolished, indicating functional redundancy for BSR1. Thus, BSR1
plays a role in the induction of oxidative bursts in response to peptidoglycan and LPS.

 

Figure 1. Knockouts of BSR1 impaired H2O2 production in rice cell cultures treated with MAMPs.
Suspension-cultured cells were treated with peptidoglycan (a), LPS (b), or an autoclaved suspension of
Xanthomonas oryzae pv. oryzae (Xoo; c). H2O2 concentrations were measured before treatment and at
20, 60, and 180 min after treatment. Values are presented as the means ± standard deviations of three
biological replicates. Experiments were conducted twice with similar results. PGN, peptidoglycan; LPS,
lipopolysaccharide; KO, knockout line; KO#1, bsr1-1#13-1; KO#2, bsr1-2#16-2; KO#8, bsr1-8#5-1; WT,
wild-type; MAMPs, microbe-associated molecular patterns; BSR1, BROAD-SPECTRUM RESISTANCE
1. The statistical analysis was performed as shown in Supplementary Materials Table S2.
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To further provide support for the involvement of BSR1 in oxidative bursts against bacterial
infections, autoclaved X. oryzae pv. oryzae cells were used as the elicitor. Knocking out BSR1 reduced
the production of H2O2 by 39%–58% at 60 min after treatment with the autoclaved cells (Figure 1c;
Supplementary Materials Table S2c). Thus, BSR1 should contribute to defense responses against
not only MAMPs purified from nonpathogenic microbes but also against the cellular components of
pathogenic bacteria.

2.2. BSR1 Is Involved in Regulating MAMP-Responsive Genes

In MAMP-treated suspension-cultured cells, the transcriptional activation of defense-related
genes was analyzed. Transcript levels of four defense-related genes, diterpenoid phytoalexin (DP)
momilactone biosynthetic gene KAURENE SYNTHASE-LIKE 4 (KSL4), DP biosynthetic key transcription
factor-encoding gene DITERPENOID PHYTOALEXIN FACTOR (DPF) [41], the representative defense
marker gene PROBENAZOLE-INDUCIBLE PROTEIN 1 (PBZ1), and flavonoid phytoalexin and lignin
biosynthetic gene PHENYLALANINE AMMONIA-LYASE 1 (PAL1) were determined. After treatment
with peptidoglycan, the inductions of KSL4, DPF, and PBZ1 in knockout cells were significantly weaker
than in wild-type, although significant changes in PAL1 transcript level were not detected (Figure 2a).
Knocking out BSR1 resulted in a decrease in PBZ1 transcript levels under mock-treatment conditions
(Figure 2). Our liquid cultivation conditions slightly induced PBZ1 transcriptional activation, which
was mediated by BSR1.

Figure 2. MAMP-induced transcript levels of defense-related genes were suppressed in BSR1-knockout
suspension-cultured rice cells. The PBZ1, PAL1, KSL4, and DPF transcript levels at 3-h post treatment
with peptidoglycan (a) and LPS (b) were normalized against the RUBQ1 internal control levels. Values
are presented as the means ± standard deviations of three biological replicates. Experiments were
conducted two times with similar results. Different letters indicate significant differences (Tukey’s
test; p < 0.05). PGN, peptidoglycan; KO, knockout line; KO#1, bsr1-1#13-1; KO#2, bsr1-2#16-2; KO#8,
bsr1-8#5-1; WT, wild-type; LPS, lipopolysaccharide.
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Knocking out BSR1 suppressed the elicitation of KSL4 and DPF by LPS (Figure 2b). The significant
suppression of PBZ1 and PAL1 were not reproducibly detected. As shown in Figures 1 and 2, BSR1
appears to function in defense responses after the plant perceives peptidoglycan and LPS.

2.3. BSR1 Overexpression Enhances Oxidative Bursts in Suspension-Cultured Cells

Contrary to the BSR1 disruption phenotype, the overexpression of BSR1 is assumed to enhance
defense responses. Whether the overexpression affects the robustness of the oxidative bursts and
transcriptional activation was investigated. Rice plants overexpressing HA–PreScission–Biotin
(HPB)-tagged BSR1 and GUS (BSR1-HPB:OX and GUS-HPB:OX, respectively) were generated. The
GUS-HPB:OX line was used as a control. The integrities of the inserted constructs were confirmed by
western analysis with an anti-HA antibody (Supplementary Materials Figure S1a). The overexpression
of BSR1-HPB conferred resistance to rice blast, indicating that BSR1-HPB is functional (Supplementary
Materials Figure S1b). Suspension-cultured cells were prepared from wild-type, GUS-HPB:OX, and
two independent BSR1-HPB:OX lines. The transcript levels of BSR1 and HPB-tagged transgenes in
suspension-cultured cells were ascertained using qRT-PCR (Supplementary Materials Figure S1c).

In response to peptidoglycan treatments, suspension-cultured cells derived from two
BSR1-HPB:OX lines produced H2O2 more rapidly than GUS-HPB:OX (Figure 3a; Supplementary
Materials Figure S2a). At 60 min after treatment, the overexpression of BSR1 resulted in increased
H2O2 concentrations to 1.6–2.0 times that of the control (Figure 3a). Transcript level of a defense-related
gene PAL1 was increased in BSR1-HPB:OX cells compared with GUS-HPB:OX control, while no
significant changes in transcript levels of PBZ1 and KSL4 were detected (Figure 3b). Transcript levels
in GUS-HPB:OX did not necessarily agree with those in WT, indicating that the responses would be
slightly altered by overexpression of transgenes. BSR1-HPB:OX cells produced enhanced H2O2 bursts
in response to LPS as well as peptidoglycan (Supplementary Materials Figure S3).

Interestingly, before the MAMP treatment, the overexpression of BSR1-HPB resulted in a slight
but statistically significant increase in H2O2 concentrations compared with GUS-HPB in cell cultures.
Comparisons between the untreated conditions (Figure 3a, 0 min) showed that there were significant
differences between BSR1-HPB:OX lines and the GUS-HPB:OX line (p < 0.001 for BSR1-HPB:OX17 and
BSR1-HPB:OX39, Student’s t-test). These phenotypes were common to all the replicated experiments
(Figure 4; Supplementary Materials Figure S3). BSR1 overexpression did not increase transcript levels
of RbohB, encoding a NADPH oxidase related to ROS burst (Supplementary Materials Figure S4).
These results suggest that an excess of BSR1 protein could constitutively promote NADPH oxidase
activity of RBOH proteins but not their transcription.

Because of requirement of BSR1 in chitin oligomer-induced defense responses [39], we assessed
the oxidative bursts after a chitin hexamer treatment. The amount of H2O2 produced by BSR1-HPB:OX
cells significantly exceeded that of the control at each measured time point (Figure 4a; Supplementary
Materials Figure S2b). At 60 min after treatment, BSR1-HPB:OX cells produced a 1.8–1.9-fold greater
H2O2 concentration than GUS-HPB:OX cells (Figure 4a). The chitin-induced transcriptional activation
of PAL1, but not KSL4 and PBZ1, were enhanced by the overexpression of BSR1-HPB (Figure 4b).
These comparisons of BSR1-HPBs with GUS-HPB clearly showed that BSR1 overexpression enhanced
oxidative bursts and transcriptional activation of, at least, PAL1 in response to multiple MAMPs.
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Figure 3. The overexpression of BSR1-HPB enhanced peptidoglycan-induced oxidative bursts in
suspension-cultured rice cells. Cells treated with peptidoglycan were analyzed for H2O2 production
accompanying oxidative bursts (a) and the transcript levels of defense-related genes (b). Values are
presented as the means ± standard deviations of three biological replicates. In (a), H2O2 concentrations
were measured before treatment and at 20, 60, and 180 min after treatment. The statistical analysis
was performed as shown in Figure S2a. Experiments were conducted three times with similar results.
In (b), the PBZ1, PAL1, and KSL4 transcript levels were normalized against the RUBQ1 internal
control levels. Experiments were conducted two times with similar results. Different letters indicate
significant differences (Tukey’s test; p < 0.05). PGN, peptidoglycan; OX, overexpressing line; HPB,
HA–PreScission–Biotin; OX#17, BSR1-HPB:OX#17; OX#39, BSR1-HPB:OX#39; GUS, GUS-HPB:OX;
WT, wild-type.
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Figure 4. The overexpression of BSR1-HPB enhanced chitin-induced defense responses in
suspension-cultured rice cells. Values are presented as the means ± standard deviations of three
biological replicates. (a) H2O2 concentrations were measured before treatment and at 20, 60, and
180 min after treatment. The statistical analysis was performed as shown in Figure S2b. Experiments
were conducted three times with similar results. (b) The PBZ1, PAL1, and KSL4 transcript levels were
normalized against the RUBQ1 internal control levels. Experiments were conducted twice with similar
results. Different letters indicate significant differences (Tukey’s test; p < 0.05). CE, chitin elicitor; OX,
overexpressing line; HPB, HA–PreScission–Biotin; OX#17, BSR1-HPB:OX#17; OX#39, BSR1-HPB:OX#39;
GUS, GUS-HPB:OX; WT, wild-type.

2.4. Oxidative Bursts against Blast Fungus Are Enhanced in Plants Overexpressing BSR1

We speculated that H2O2 production in plant leaves as a response to pathogen challenges is
increased by the overexpression of BSR1, as observed in suspension-cultured cells. To test the
hypothesis, strips from leaf blades were quantitatively analyzed for H2O2 production after being
treated with conidia of the blast fungus, which had been autoclaved to eliminate any biological activity.
Before the treatment, the H2O2 concentration in water containing leaf strips of BSR1-HPB:OX#17 was
slightly greater than that of GUS-HPB:OX (Figure 5). After exposure to autoclaved conidia, leaf strips
of BSR1-HPB:OX plants produced far greater H2O2 concentrations than those of GUS-HPB:OX plants
(Figure 5a). Taking into consideration the difference between untreated conditions, we calculated
changes in H2O2 concentrations during the experiment. By 180 min after treatment, the overexpression
of BSR1-HPB resulted in a ~4.2-fold increase in changes in H2O2 concentration, compared with GUS-HPB
(Supplementary Materials Figure S5a). Autoclaved conidia-induced H2O2 hyperproduction was also
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detected in leaf strips of BSR1-HPB:OX#39, an another BSR1-overexpressing line (Supplementary
Materials Figure S6). Thus, BSR1 overexpression enhanced oxidative bursts in leaf blades.

Figure 5. Rice leaf strips derived from BSR1-HPB:OX plants caused an enhanced burst of H2O2 when
exposed to conidia of the compatible blast fungus. Leaf strips were cultivated with 8 × 104 mL−1

autoclaved conidia (a) or 8× 103 mL−1 living conidia (b) in wells of a 12-well plate. H2O2 concentrations
in wells were measured before treatment and at 60, 180, and 300 min after treatment. Values are
presented as the means± standard deviations of three biological replicates. Asterisks indicate significant
differences between the untreated condition (0 min) values and the values at the indicated times in the
same line (Student’s t-test; * p < 0.05, ** p < 0.01, and *** p < 0.001). Experiments were conducted twice
with similar results. OX, overexpressing line; HPB, HA–PreScission–Biotin; OX#17, BSR1-HPB:OX#17;
GUS, GUS-HPB:OX.

To assess the importance of the enhanced H2O2 bursts in host–microbe interactions, we also
examined the oxidative bursts after a living conidia treatment. A treatment with 8 × 104 mL−1

conidia depressed H2O2 levels in BSR1-HPB:OX leaves and GUS-HPB:OX leaves (Supplementary
Materials Figure S7). This result corroborated a previous report that suspensions of conidia contain
H2O2-degrading enzymes [19]. In order to avoid that abnormally strong ROS-degrading activity
obscures the difference, we used lower concentration (8 × 103 mL−1) of conidia. Considering that
the H2O2-degrading activity increased with the conidial concentration, comparisons between H2O2

levels were performed only under the same co-cultivation conditions. When co-cultivated with
8 × 103 mL−1 conidia, no elevation in the H2O2 level was detected in GUS-HPB:OX leaves (Figure 5b;
Supplementary Materials Figure S5b). Thus, the addition of this concentration of conidia completely
suppressed MAMP-induced oxidative bursts in the control line. In contrast, when co-cultivated
with BSR1-HPB:OX leaves, the H2O2 level significantly increased, compared with before the conidial
inoculation (Figure 5b). These co-cultivation experiments revealed that rice plants overexpressing
BSR1 produced large amounts of H2O2 that overwhelmed the ROS degradation caused by pathogens.

3. Discussion

BSR1, a RLCK-VII member, has a protein kinase activity and is important for the initiation
of defense responses against chitin oligomers, known as a fungus-derived MAMP [39,40]. BSR1 is
implicated in resistance to bacteria, as well as fungi, in wild-type and overexpressing rice lines [36,38,40],
suggesting that BSR1 is also involved in responses triggered by bacterium-derived MAMPs. In this
study, our experiments on suspension-cultured rice cells showed a correlation between BSR1 and the
response to two bacterial elicitors, peptidoglycan and LPS. Knocking out BSR1 significantly suppressed
the elicitation of oxidative bursts and the transcript levels of defense-related genes caused by these
bacterial MAMPs (Figures 1 and 2). In some experiments, variations of the H2O2 concentration and
the transcript levels were observed among knockout lines (Figures 1 and 2). Since the variations
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among knockout lines were not reproducible, they were considered as the influence of the experimental
manipulation. The suppression of immune responses by BSR1 knockout is in accordance with the
significant contribution of BSR1 to chitin-induced responses [39]. Rice recognizes chitin through
receptor complexes containing OsCERK1 and CEBiP [6]. OsCERK1, but not CEBiP, possesses a protein
kinase activity to phosphorylate cytoplasmic signaling factors [42]. The perception of peptidoglycan
and LPS was mostly mediated by OsCERK1 complex [4,7,8]. Thus, in response to peptidoglycan and
LPS exposure, as well as chitin, OsCERK1 would transmit a signal directly or indirectly to BSR1 to
regulate its protein kinase activity (Figure 6).

 

Figure 6. Proposed model in which BSR1 regulates defense responses, such as oxidative bursts, after
the perception of MAMPs in wild-type (WT; left) and BSR1-overexpressing rice lines (BSR1-OX; right).
PGN, peptidoglycan; LPS, lipopolysaccharide; RLPs, receptor-like proteins; ROS, reactive oxygen
species; MTI, MAMP-triggered immunity.

Knocking out BSR1 did not make rice cells nonresponsive to MAMPs (Figures 1 and 2), indicating
the existence of functionally redundant factor(s) for BSR1. In A. thaliana, RLCK-VII members function
in MAMP-induced defense responses with a robust functional redundancy [43]. The participation of
other rice RLCK-VII members in PTI have been studied [27]. OsRLCK57, OsRLCK107, OsRLCK118,
OsRLCK176, and OsRLCK185 positively regulate chitin- and peptidoglycan-induced responses [7,32,42].
No rice RLCKs, except for BSR1, have been reported to mediate LPS-induced oxidative bursts. However,
known interactors of the LPS-(co)receptor OsCERK1, such as OsRLCK176 and OsRLCK185, may
mediate LPS-signaling. To take into consideration of functional redundancy for BSR1, these RLCK-VII
members could act downstream of LPS as well as peptidoglycan.

We compared BSR1-HPB:OX lines with GUS-HPB:OX control line to assess the effects of BSR1
overexpression on MAMP-triggered responses. In the absence of MAMPs, H2O2 levels in cell cultures
and leaf strips derived from BSR1-HPB:OX lines were slightly greater than those of the control
(Figures 3–5). Where this H2O2 originates from is unknown. Under peptidoglycan-, LPS-, and
chitin-treated conditions, BSR1-HPB:OX suspension-cultured cells produced a greater amount of H2O2

than control cells (Figures 3 and 4; Supplementary Materials Figures S2 and S3), while the overexpression
of BSR1 facilitated the transcriptional activation of PAL1 but not PBZ1 and KSL4 (Figures 3b and 4b).
There were variations in transcript levels of PBZ1 and KSL4 between two BSR1 overexpression lines,
BSR1-HPB:OX#17 and BSR1-HPB:OX#39. Since transcript levels of defense-marker gene PBZ1 in
MAMP-treated and untreated BSR1-HPB:OX#39 were even lower than those in the control line, the
line may have contained mutations which decrease the transcript levels of these defense-related
genes. Alternatively, the condition to culture BSR1-HPB:OX#39 line may have given stress to the cells,
resulting in slight increase in the expression of internal control RUBQ1, which encodes protein turnover

213



Int. J. Mol. Sci. 2019, 20, 5523

factor. That is because the environment surrounding the cells, such as cell concentration, cannot be
completely uniformized. In accordance with results using cell culture, BSR1-HPB:OX leaf blade tissues
displayed remarkably greater oxidative bursts against MAMPs extracted from autoclaved conidia
(Figure 5a). In rice and Arabidopsis, OsRLCK118 and A. thaliana BIK1, two RLCK-VII members, directly
and positively regulate RBOH proteins whose NADPH oxidase activities generate ROS and cause
oxidative bursts [30,31,33]. Highly expressed BIK1 leads to enhanced ROS production in response to
MAMP [44]. Excess BSR1 protein also could hyperactivate RBOHs, directly or indirectly, resulting
in the enhancement of oxidative bursts. Recent work showed that BIK1 overexpression does not
enhance fungal disease resistance, although deletions of negative regulators for PTI signaling result
in the accumulation of BIK1 and the strong disease resistance in A. thaliana [45]. Unlike BIK1, BSR1
overexpression confers the robust disease resistance in rice and A. thaliana [36], indicating that functions
of BSR1 would be quite different from those of BIK1.

A time course of the H2O2 levels under co-cultivation conditions revealed how the overexpression
of BSR1 acts during the early phase of host–microbe interactions. Under our co-cultivation conditions,
suspensions of living conidia of the blast fungus did not elicit host-derived H2O2 production in control
leaf strips (Figure 5b; Supplementary Materials Figure S5b). These results reconfirmed previous reports
that the supernatants of conidial suspensions contain ROS-degrading activities that mostly depend
on CPXB, a catalase-peroxidase secreted by the blast fungus [19]. Under the same co-cultivation
conditions, the overexpression of BSR1-HPB resulted in leaf blade tissues producing detectable
amounts of H2O2 (Figure 5), indicating that oxidative bursts in BSR1-overexpressing plants are intense
enough to overcome the inhibition caused by the infecting blast fungus. The enhanced responses
against peptidoglycan and LPS, as well as chitin resulting from the overexpression (Figures 3 and 4;
Supplementary Materials Figure S3) strongly suggested that pathogenic bacterial challenges would
elicit the same responses.

In host–microbe interactions, host-derived ROS is regarded as an antimicrobial substance and
a diffusible second messenger that contributes to immunity [11,16]. Indeed, host-derived ROS
detoxification should be required for pathogenicity. For example, ROS-degrading activities are
present in the supernatants of P. oryzae conidial suspensions and contribute to lesion formation when
exogenously added [20]. The deletion of P. oryzae DES1, which is required for extracellular peroxidase
activity, causes the accumulation of host-derived ROS and the induction of defense-related genes,
resulting in non-pathogenicity [23]. Pathogens could not completely abolish overproduced ROS
(Figure 5b), and therefore do not show full virulence in plants overexpressing BSR1 (Figure 6). Our
data support the model which host-derived ROS is critical for plant interactions with pathogens.

In conclusion, we propose that the broad-spectrum disease resistance could be achieved by the
enhancement of MAMP-triggered oxidative bursts and following transcriptional activation. To date,
many RLCKs have been characterized as signaling factors in PTI [27]. However, no RLCK, other
than BSR1, can enhance oxidative bursts and disease resistance when overexpressed in rice. It is
unclear what allows the functional enhancement. This report clearly showed that hyperactivated
MAMP-triggered immune responses could be used for broad-spectrum disease control.

4. Materials and Methods

4.1. Plant and Microbial Materials and Inoculation

Rice (Oryza sativa L. cv. Nipponbare) was used as the wild-type (WT) plant material. The
BSR1-knockout lines bsr1-1#13-1 (KO#1), bsr1-2#16-2 (KO#2), and bsr1-8#5-1 (KO#8) generated with
the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated 9 (Cas9)
system in our previous study [39,46] were used. Rice calli were prepared from dehusked seeds and
cultivated on N6D medium containing 0.4% gellan gum [47]. The Pyricularia oryzae isolate Kyu89-246
(MAFF101506, race 003.0), which is compatible with Nipponbare rice plants, was used to prepare the
elicitor and for inoculations. Xanthomonas oryzae pv. oryzae (isolate T7174) was used to prepare the
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elicitor fraction. The culturing methods and P. oryzae and X. oryzae pv. oryzae inoculation techniques
were as previously described [38].

4.2. Plasmid Construction and Transformation

A DNA fragment containing the maize Ubiquitin-1 promoter was excised from
pRiceFOX-GateA-SG1 [48] with HindIII and KpnI. pMDC32-HPB [49] was digested with HindIII and
KpnI, and the fragment containing the 2× 35S promoter was replaced with the HindIII–KpnI fragment
containing the maize Ubiquitin-1 promoter. The resulting plasmid was named pMDC32-Mubi-HPB. The
open reading frame sequences of BSR1 and GUS were amplified from the full-length cDNA (AK070024)
and pBI221 (AF502128), respectively. These DNA fragments were ligated into pENTR/D-TOPO
(Invitrogen, Carlsbad, CA, USA) to construct HPB-tagged BSR1 and GUS (BSR1-HPB and GUS-HPB,
respectively) in pMDC32-Mubi-HPB using the Gateway LR Clonase II Plus Enzyme (Invitrogen).
pMDC32-Mubi-HPB containing BSR1-HPB or GUS-HPB was introduced into Nipponbare using the
Rhizobium radiobacter-mediated transformation method [47]. BSR1-HPB:OX17 (OX#17), BSR1-HPB:OX39
(OX#39), and GUS-HPB:OX6 (GUS) transgenic lines were analyzed as two BSR1-overexpressing lines
and a control line, respectively.

4.3. Measurement of H2O2

Rice suspension-cultured cells were prepared using a previously published method [5,39].
Modified liquid N6 medium (30 g L−1 sucrose; 4.1 mg L−1 N6 salt (Wako, Osaka, Japan); 2 mg L−1

glycine; 0.5 mg L−1 nicotinic acid; 0.5 mg L−1 pyridoxine HCl; 1 mg L−1 thiamine HCl; 100 mg L−1

myo-inositol; 1 mg L−1 2,4-dichlorophenoxyacetic acid; 23.4 mg L−1 MnSO4·4H2O; pH 5.8) was used for
liquid cultivation. We treated 1 mL media containing 100 mg suspension-cultured cells with 10 μg mL−1

peptidoglycan from Bacillus subtilis (Sigma-Aldrich, St. Louis, MO, USA), 50 μg mL−1 LPS from
Pseudomonas aeruginosa 10 purified by phenol extraction (Sigma-Aldrich), 10 nM N-acetylchitohexaose
(chitin elicitor (CE)), or an autoclaved suspension of X. oryzae pv. oryzae (OD600 = 0.3).

To prepare leaf strips, the sixth leaves of GUS-HPB:OX and BSR1-HPB:OX17 plants at the 6–6.5-leaf
stage were used. Two fragments of the leaf blades (8-mm length and 6-mm width) that were slit using
bundled razor blades at approximately 0.5-mm intervals were placed in a well of a 12-well plate. Leaf
strips were floated on sterile water and incubated at 28 ◦C for 14–15 h with shaking at 90 rpm, followed
by a 1-h incubation in new water. Conidia of rice blast fungus were scraped from the gel surface with
sterile water and filtered through a Kimwipe. The conidial concentration in the filtrate was calculated
using a hemocytometer. A suspension of autoclaved or living conidia was poured into the wells to the
indicated final concentration and incubated at 28 ◦C. The H2O2 concentration was determined at the
indicated time using a previously described luminol-dependent chemiluminescence assay [5]. The
statistical analyses were carried out using Dunnett’s test for the experiments with cultured cells and
Student’s t-test for the experiments with leaf strips.

4.4. Quantitative Reverse Transcription (qRT)-PCR

Cultured rice cells were frozen in liquid nitrogen after a 3-h treatment with 10 μg mL−1

peptidoglycan, 50 μg mL−1 LPS, 10 nM N-acetylchitohexaose, an autoclaved suspension of X. oryzae
pv. oryzae (OD600 = 0.3), or sterile water. Total RNA extraction and the qRT-PCR were performed as
previously described [39]. Transcript levels were analyzed using the comparative CT (2−ΔΔCt) method
with rice Ubiquitin1 (RUBQ1; Os06g0681400) as an internal control [50,51]. The statistical analysis was
carried out with Tukey’s test. The primers presented in Supplementary Materials Table S1 were used
for the qRT-PCR analyses.

4.5. Western Blot Analysis

Protein was extracted from 50 mg leaf blades with 300 μL SDS–urea buffer (8 M urea, 5% SDS,
0.1 mM EDTA, 2% 2-mercaptoethanol, 1 mM phenylmethanesulfonylfluoride (PMSF), 2 × complete
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inhibitor mix, EDTA-free (Roche, Basel, Switzerland), 40 mM Tris-HCl: pH 6.8) according to a previously
described method [52]. An equal volume of each SDS–urea sample was used for the western analysis.
HPB-tagged protein was detected using anti-HA antibody (Anti-HA.11, Mouse-Mono 16B12; BAB).

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/20/22/5523/s1.

Author Contributions: Conceptualization, Y.K., Y.N., T.K., and M.M.; resources H.N.; formal analysis, Y.K.;
writing—original draft preparation, Y.K.; writing—review and editing, H.N., Y.N., and M.M.; supervision, Y.N.,
T.K., and M.M.; project administration, M.M.

Funding: This research received no external funding.

Acknowledgments: We thank Fumiaki Katagiri (University of Minnesota) for providing pMDC32-HPB. We thank
Shoji Sugano and Satoru Maeda (NIAS, Japan) for assistance in western analyses and fungal blast infection,
respectively. We thank Eiichi Minami (NIAS, Japan) for providing a luminometer, and Naoto Shibuya and
Yoshitake Desaki (Meiji University) for providing the bundled razor blades used in the H2O2 concentration
experiments. We also thank Lois Ishizaki and Yuka Yamazaki (NIAS, Japan) for their help during the rice
transformation experiments and for their overall technical assistance. We thank Lesley Benyon, from Edanz Group
(www.edanzediting.com/ac) for editing a draft of this manuscript.

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

References

1. Boller, T.; Felix, G. A renaissance of elicitors: Perception of microbe-associated molecular patterns and danger
signals by pattern-recognition receptors. Annu. Rev. Plant Biol. 2009, 60, 379–406. [CrossRef] [PubMed]

2. Monaghan, J.; Zipfel, C. Plant pattern recognition receptor complexes at the plasma membrane. Curr. Opin.
Plant Biol. 2012, 15, 349–357. [CrossRef] [PubMed]

3. Kaku, H.; Nishizawa, Y.; Ishii-Minami, N.; Akimoto-Tomiyama, C.; Dohmae, N.; Takio, K.; Minami, E.;
Shibuya, N. Plant cells recognize chitin fragments for defense signaling through a plasma membrane receptor.
Proc. Natl. Acad. Sci. USA 2006, 103, 11086–11091. [CrossRef]

4. Kouzai, Y.; Mochizuki, S.; Nakajima, K.; Desaki, Y.; Hayafune, M.; Miyazaki, H.; Yokotani, N.; Ozawa, K.;
Minami, E.; Kaku, H.; et al. Targeted gene disruption of OsCERK1 reveals its indispensable role in chitin
perception and involvement in the peptidoglycan response and immunity in rice. Mol. Plant Microbe Interact.
2014, 27, 975–982. [CrossRef]

5. Kouzai, Y.; Nakajima, K.; Hayafune, M.; Ozawa, K.; Kaku, H.; Shibuya, N.; Minami, E.; Nishizawa, Y. CEBiP
is the major chitin oligomer-binding protein in rice and plays a main role in the perception of chitin oligomers.
Plant Mol. Biol. 2014, 84, 519–528. [CrossRef] [PubMed]

6. Shimizu, T.; Nakano, T.; Takamizawa, D.; Desaki, Y.; Ishii-Minami, N.; Nishizawa, Y.; Minami, E.; Okada, K.;
Yamane, H.; Kaku, H.; et al. Two LysM receptor molecules, CEBiP and OsCERK1, cooperatively regulate
chitin elicitor signaling in rice. Plant J. 2010, 64, 204–214. [CrossRef] [PubMed]

7. Ao, Y.; Li, Z.; Feng, D.; Xiong, F.; Liu, J.; Li, J.F.; Wang, M.; Wang, J.; Liu, B.; Wang, H.B. OsCERK1 and
OsRLCK176 play important roles in peptidoglycan and chitin signaling in rice innate immunity. Plant J.
2014, 80, 1072–1084. [CrossRef]

8. Desaki, Y.; Kouzai, Y.; Ninomiya, Y.; Iwase, R.; Shimizu, Y.; Seko, K.; Molinaro, A.; Minami, E.; Shibuya, N.;
Kaku, H.; et al. OsCERK1 plays a crucial role in the lipopolysaccharide-induced immune response of rice.
New Phytol. 2018, 217, 1042–1049. [CrossRef]

9. Kawasaki, T.; Yamada, K.; Yoshimura, S.; Yamaguchi, K. Chitin receptor-mediated activation of MAP kinases
and ROS production in rice and Arabidopsis. Plant Signal. Behav. 2017, 12, e1361076. [CrossRef]

10. Macho, A.P.; Zipfel, C. Plant PRRs and the activation of innate immune signaling. Mol. Cell 2014, 54, 263–272.
[CrossRef]

11. Waszczak, C.; Carmody, M.; Kangasjärvi, J. Reactive Oxygen Species in Plant Signaling. Annu. Rev. Plant Biol.
2018, 69, 209–236. [CrossRef] [PubMed]

12. Bradley, D.J.; Kjellbom, P.; Lamb, C.J. Elicitor-and wound-induced oxidative cross-linking of a proline-rich
plant cell wall protein: A novel, rapid defense response. Cell 1992, 70, 21–30. [CrossRef]

13. Chen, S.X.; Schopfer, P. Hydroxyl-radical production in physiological reactions. A novel function of
peroxidase. Eur. J. Biochem. 1999, 260, 726–735. [CrossRef] [PubMed]

216



Int. J. Mol. Sci. 2019, 20, 5523

14. Lu, H.; Higgins, V. The effect of hydrogen peroxide on the viability of tomato cells and of the fungal pathogen
Cladosporium fulvum. Physiol. Mol. Plant Pathol. 1999, 54, 131–143. [CrossRef]

15. Peng, M.; Kuc, J. Peroxidase-Generated Hydrogen-Peroxide as a Source of Antifungal Activity in Vitro and
on Tobacco Leaf-Disks. Phytopathology 1992, 82, 696–699. [CrossRef]

16. Wrzaczek, M.; Brosché, M.; Kangasjärvi, J. ROS signaling loops—Production, perception, regulation.
Curr. Opin. Plant Biol. 2013, 16, 575–582. [CrossRef] [PubMed]

17. Jones, J.D.; Dangl, J.L. The plant immune system. Nature 2006, 444, 323–329. [CrossRef]
18. Molina, L.; Kahmann, R. An Ustilago maydis gene involved in H2O2 detoxification is required for virulence.

Plant Cell 2007, 19, 2293–2309. [CrossRef]
19. Tanabe, S.; Ishii-Minami, N.; Saitoh, K.; Otake, Y.; Kaku, H.; Shibuya, N.; Nishizawa, Y.; Minami, E. The

role of catalase-peroxidase secreted by Magnaporthe oryzae during early infection of rice cells. Mol. Plant
Microbe Interact. 2011, 24, 163–171. [CrossRef]

20. Tanabe, S.; Nishizawa, Y.; Minami, E. Effects of catalase on the accumulation of H2O2 in rice cells inoculated
with rice blast fungus, Magnaporthe oryzae. Physiol. Plant. 2009, 137, 148–154. [CrossRef]

21. Fernandez, J.; Wilson, R.A. Characterizing roles for the glutathione reductase, thioredoxin reductase and
thioredoxin peroxidase-encoding genes of Magnaporthe oryzae during rice blast disease. PLoS ONE 2014, 9,
e87300. [CrossRef] [PubMed]

22. Huang, K.; Czymmek, K.J.; Caplan, J.L.; Sweigard, J.A.; Donofrio, N.M. HYR1-mediated detoxification of
reactive oxygen species is required for full virulence in the rice blast fungus. PLoS Pathog. 2011, 7, e1001335.
[CrossRef] [PubMed]

23. Chi, M.H.; Park, S.Y.; Kim, S.; Lee, Y.H. A novel pathogenicity gene is required in the rice blast fungus to
suppress the basal defenses of the host. PLoS Pathog. 2009, 5, e1000401. [CrossRef]

24. Fernandez, J.; Marroquin-Guzman, M.; Nandakumar, R.; Shijo, S.; Cornwell, K.M.; Li, G.; Wilson, R.A.
Plant defence suppression is mediated by a fungal sirtuin during rice infection by Magnaporthe oryzae.
Mol. Microbiol. 2014, 94, 70–88. [CrossRef] [PubMed]

25. Shiu, S.H.; Karlowski, W.M.; Pan, R.; Tzeng, Y.H.; Mayer, K.F.; Li, W.H. Comparative analysis of the
receptor-like kinase family in Arabidopsis and rice. Plant Cell 2004, 16, 1220–1234. [CrossRef] [PubMed]

26. Vij, S.; Giri, J.; Dansana, P.K.; Kapoor, S.; Tyagi, A.K. The receptor-like cytoplasmic kinase (OsRLCK) gene
family in rice: Organization, phylogenetic relationship, and expression during development and stress.
Mol. Plant 2008, 1, 732–750. [CrossRef] [PubMed]

27. Liang, X.; Zhou, J.M. Receptor-Like Cytoplasmic Kinases: Central Players in Plant Receptor Kinase-Mediated
Signaling. Annu. Rev. Plant Biol. 2018, 69, 267–299. [CrossRef]

28. Lu, D.; Wu, S.; Gao, X.; Zhang, Y.; Shan, L.; He, P. A receptor-like cytoplasmic kinase, BIK1, associates with a
flagellin receptor complex to initiate plant innate immunity. Proc. Natl. Acad. Sci. USA 2010, 107, 496–501.
[CrossRef]

29. Zhang, J.; Li, W.; Xiang, T.; Liu, Z.; Laluk, K.; Ding, X.; Zou, Y.; Gao, M.; Zhang, X.; Chen, S.; et al.
Receptor-like cytoplasmic kinases integrate signaling from multiple plant immune receptors and are targeted
by a Pseudomonas syringae effector. Cell Host Microbe 2010, 7, 290–301. [CrossRef]

30. Kadota, Y.; Sklenar, J.; Derbyshire, P.; Stransfeld, L.; Asai, S.; Ntoukakis, V.; Jones, J.D.; Shirasu, K.; Menke, F.;
Jones, A.; et al. Direct regulation of the NADPH oxidase RBOHD by the PRR-associated kinase BIK1 during
plant immunity. Mol. Cell 2014, 54, 43–55. [CrossRef]

31. Li, L.; Li, M.; Yu, L.; Zhou, Z.; Liang, X.; Liu, Z.; Cai, G.; Gao, L.; Zhang, X.; Wang, Y.; et al. The FLS2-associated
kinase BIK1 directly phosphorylates the NADPH oxidase RbohD to control plant immunity. Cell Host Microbe
2014, 15, 329–338. [CrossRef] [PubMed]

32. Li, Z.; Ao, Y.; Feng, D.; Liu, J.; Wang, J.; Wang, H.B.; Liu, B. OsRLCK 57, OsRLCK107 and OsRLCK118
Positively Regulate Chitin- and PGN-Induced Immunity in Rice. Rice 2017, 10, 6. [CrossRef] [PubMed]

33. Fan, J.; Bai, P.; Ning, Y.; Wang, J.; Shi, X.; Xiong, Y.; Zhang, K.; He, F.; Zhang, C.; Wang, R.; et al. The
Monocot-Specific Receptor-like Kinase SDS2 Controls Cell Death and Immunity in Rice. Cell Host Microbe
2018, 23, 498–510. [CrossRef] [PubMed]

34. Wang, C.; Wang, G.; Zhang, C.; Zhu, P.; Dai, H.; Yu, N.; He, Z.; Xu, L.; Wang, E. OsCERK1-Mediated Chitin
Perception and Immune Signaling Requires Receptor-like Cytoplasmic Kinase 185 to Activate an MAPK
Cascade in Rice. Mol. Plant 2017, 10, 619–633. [CrossRef]

217



Int. J. Mol. Sci. 2019, 20, 5523

35. Yamada, K.; Yamaguchi, K.; Yoshimura, S.; Terauchi, A.; Kawasaki, T. Conservation of Chitin-Induced MAPK
Signaling Pathways in Rice and Arabidopsis. Plant Cell Physiol. 2017, 58, 993–1002. [CrossRef]

36. Dubouzet, J.G.; Maeda, S.; Sugano, S.; Ohtake, M.; Hayashi, N.; Ichikawa, T.; Kondou, Y.; Kuroda, H.;
Horii, Y.; Matsui, M.; et al. Screening for resistance against Pseudomonas syringae in rice-FOX Arabidopsis
lines identified a putative receptor-like cytoplasmic kinase gene that confers resistance to major bacterial and
fungal pathogens in Arabidopsis and rice. Plant Biotechnol. J. 2011, 9, 466–485. [CrossRef]

37. Kondou, Y.; Higuchi, M.; Takahashi, S.; Sakurai, T.; Ichikawa, T.; Kuroda, H.; Yoshizumi, T.; Tsumoto, Y.;
Horii, Y.; Kawashima, M.; et al. Systematic approaches to using the FOX hunting system to identify useful
rice genes. Plant J. 2009, 57, 883–894. [CrossRef]

38. Maeda, S.; Hayashi, N.; Sasaya, T.; Mori, M. Overexpression of BSR1 confers broad-spectrum resistance
against two bacterial diseases and two major fungal diseases in rice. Breed. Sci. 2016, 66, 396–406. [CrossRef]

39. Kanda, Y.; Yokotani, N.; Maeda, S.; Nishizawa, Y.; Kamakura, T.; Mori, M. The receptor-like cytoplasmic
kinase BSR1 mediates chitin-induced defense signaling in rice cells. Biosci. Biotechnol. Biochem. 2017, 81,
1497–1502. [CrossRef]

40. Sugano, S.; Maeda, S.; Hayashi, N.; Kajiwara, H.; Inoue, H.; Jiang, C.J.; Takatsuji, H.; Mori, M. Tyrosine
phosphorylation of a receptor-like cytoplasmic kinase, BSR1, plays a crucial role in resistance to multiple
pathogens in rice. Plant J. 2018, 96, 1137–1147. [CrossRef]

41. Yamamura, C.; Mizutani, E.; Okada, K.; Nakagawa, H.; Fukushima, S.; Tanaka, A.; Maeda, S.; Kamakura, T.;
Yamane, H.; Takatsuji, H.; et al. Diterpenoid phytoalexin factor, a bHLH transcription factor, plays a central
role in the biosynthesis of diterpenoid phytoalexins in rice. Plant J. 2015, 84, 1100–1113. [CrossRef] [PubMed]

42. Yamaguchi, K.; Yamada, K.; Ishikawa, K.; Yoshimura, S.; Hayashi, N.; Uchihashi, K.; Ishihama, N.;
Kishi-Kaboshi, M.; Takahashi, A.; Tsuge, S.; et al. A receptor-like cytoplasmic kinase targeted by a plant
pathogen effector is directly phosphorylated by the chitin receptor and mediates rice immunity. Cell Host
Microbe 2013, 13, 347–357. [CrossRef] [PubMed]

43. Rao, S.; Zhou, Z.; Miao, P.; Bi, G.; Hu, M.; Wu, Y.; Feng, F.; Zhang, X.; Zhou, J.M. Roles of Receptor-Like
Cytoplasmic Kinase VII Members in Pattern-Triggered Immune Signaling. Plant Physiol. 2018, 177, 1679–1690.
[CrossRef] [PubMed]

44. Monaghan, J.; Matschi, S.; Shorinola, O.; Rovenich, H.; Matei, A.; Segonzac, C.; Malinovsky, F.; Rathjen, J.;
MacLean, D.; Romeis, T.; et al. The Calcium-Dependent Protein Kinase CPK28 Buffers Plant Immunity and
Regulates BIK1 Turnover. Cell Host Microbe 2014, 16, 605–615. [CrossRef]

45. Wang, J.; Grubb, L.E.; Wang, J.; Liang, X.; Li, L.; Gao, C.; Ma, M.; Feng, F.; Li, M.; Li, L.; et al. A Regulatory
Module Controlling Homeostasis of a Plant Immune Kinase. Mol. Cell 2018, 69, 493–504. [CrossRef]

46. Mikami, M.; Toki, S.; Endo, M. Comparison of CRISPR/Cas9 expression constructs for efficient targeted
mutagenesis in rice. Plant Mol. Biol. 2015, 88, 561–572. [CrossRef]

47. Toki, S.; Hara, N.; Ono, K.; Onodera, H.; Tagiri, A.; Oka, S.; Tanaka, H. Early infection of scutellum tissue
with Agrobacterium allows high-speed transformation of rice. Plant J. 2006, 47, 969–976. [CrossRef]

48. Nakagawa, H.; Tanaka, A.; Tanabata, T.; Ohtake, M.; Fujioka, S.; Nakamura, H.; Ichikawa, H.; Mori, M. Short
grain1 decreases organ elongation and brassinosteroid response in rice. Plant Physiol. 2012, 158, 1208–1219.
[CrossRef]

49. Qi, Y.; Katagiri, F. Purification of low-abundance Arabidopsis plasma-membrane protein complexes and
identification of candidate components. Plant J. 2009, 57, 932–944. [CrossRef]

50. Jiang, C.J.; Shimono, M.; Sugano, S.; Kojima, M.; Yazawa, K.; Yoshida, R.; Inoue, H.; Hayashi, N.; Sakakibara, H.;
Takatsuji, H. Abscisic acid interacts antagonistically with salicylic acid signaling pathway in rice-Magnaporthe
grisea interaction. Mol. Plant Microbe Interact. 2010, 23, 791–798. [CrossRef]

51. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and
the 2−ΔΔCT Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

52. Matsushita, A.; Inoue, H.; Goto, S.; Nakayama, A.; Sugano, S.; Hayashi, N.; Takatsuji, H. Nuclear ubiquitin
proteasome degradation affects WRKY45 function in the rice defense program. Plant J. 2013, 73, 302–313.
[CrossRef] [PubMed]

© 2019 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 (http://creativecommons.org/licenses/by/4.0/).

218



 International Journal of 

Molecular Sciences

Article

Rice OsAAA-ATPase1 is Induced during Blast
Infection in a Salicylic Acid-Dependent Manner,
and Promotes Blast Fungus Resistance

Xinqiong Liu 1,*,†, Haruhiko Inoue 2,†, Xianying Tang 1, Yanping Tan 1, Xin Xu 1, Chuntai Wang 1

and Chang-Jie Jiang 2,*

1 College of Life Science, South-Central University for Nationalities, Wuhan 430074, China;
xytang@mail.scuec.edu.cn (X.T.); yanptan@mail.scuec.edu.cn (Y.T.); xinxu@mail.scuec.edu.cn (X.X.);
wangchuntai@mail.scuec.edu.cn (C.W.)

2 Institute of Agrobiological Sciences (NIAS), National Agriculture and Food Research Organization (NARO),
Tsukuba 305-8602, Japan; haruhiko@affrc.go.jp

* Correspondence: liuxinqiong@mail.scuec.edu.cn (X.L.); cjjiang@affrc.go.jp(C.-J.J.);
Tel.: +86-189-7122-9082 (X.L.); +81-298-838-8385(C.-J.J.)

† These authors contributed equally to this work.

Received: 29 January 2020; Accepted: 18 February 2020; Published: 20 February 2020

Abstract: Fatty acids (FAs) have been implicated in signaling roles in plant defense responses.
We previously reported that mutation or RNAi-knockdown (OsSSI2-kd) of the rice OsSSI2
gene, encoding ta stearoyl acyl carrier protein FA desaturase (SACPD), remarkably enhanced
resistance to blast fungus Magnaporthe oryzae and the leaf-blight bacterium Xanthomonas oryzae
pv. oryzae (Xoo). Transcriptomic analysis identified six AAA-ATPase family genes (hereafter
OsAAA-ATPase1–6) upregulated in the OsSSI2-kd plants, in addition to other well-known
defense-related genes. Here, we report the functional analysis of OsAAA-ATPase1 in rice’s defense
response to M. oryzae. Recombinant OsAAA-ATPase1 synthesized in Escherichia coli showed ATPase
activity. OsAAA-ATPase1 transcription was induced by exogenous treatment with a functional
analogue of salicylic acid (SA), benzothiadiazole (BTH), but not by other plant hormones tested.
The transcription of OsAAA-ATPase1 was also highly induced in response to M. oryzae infection in
an SA-dependent manner, as gene induction was significantly attenuated in a transgenic rice line
expressing a bacterial gene (nahG) encoding salicylate hydroxylase. Overexpression of OsAAA-ATPase1
significantly enhanced pathogenesis-related gene expression and the resistance to M. oryzae; conversely,
RNAi-mediated suppression of this gene compromised this resistance. These results suggest that
OsAAA-APTase1 plays an important role in SA-mediated defense responses against blast fungus
M. oryzae.

Keywords: AAA-ATPase; salicylic acid; fatty acid; rice; Magnaporthe oryzae; disease resistance

1. Introduction

Salicylic acid (SA) plays an important signaling role in plant defense activation against
pathogens. In response to pathogen attack, SA activates a battery of defense-related genes,
including pathogenesis-related (PR) genes, throughout the plant, resulting in both local and systemic
resistance to the pathogen [1]. In Arabidopsis, NPR1 (non-pathogenesis related 1) has been demonstrated
to play a master role in SA-mediated defense activation [2,3]. A loss of NPR1 function (npr1) results
in loss of PR gene induction, and hypersensitivity to diseases [4]. In rice, meanwhile, it has been
shown that SA signaling is mediated by two downstream factors, OsNPR1 and WRKY45, acting in
parallel [5,6].
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In Arabidopsis, genetic screening for mutations that can suppress npr1 phenotypes (based on
their ability to restore SA-induced PR expression to npr1-5 plants) resulted in isolation of several
npr1 suppressor mutants (ssi: suppressor of SA insensitivity), which exhibit constitutive defense
activation [7]. Map-based cloning of one of the ssi mutants (ssi2) revealed that the corresponding gene
(SSI2) encodes a stearoyl-ACP desaturase, which desaturates stearoyl (18:0)-ACP into oleoyl-ACP,
and finally, into oleic acid (18:1) [7]. Disruption of this gene in ssi2 results in a ten-fold increase in
18:0 fatty acid (FA) content, indicating involvement of FAs in plant defense reactions [7]. The ssi2
mutant plants accumulate high levels of SA and display constitutive PR gene expression and enhanced
resistance to Peronospora parasitica, Pseudomonas syringae [8], and Cucumber mosaic virus [7,9,10].

The orthologs of SSI2 have also been identified in soybean (GmSACPD-A/-B) [11], rice (OsSSI2) [12],
and wheat (TaSSI2) [13,14]. Similar to Arabidopsis ssi2, suppression of these ortholog genes enhanced
resistance to multiple pathogens: Pseudomonas syringae pv. glycinea and Phytophthora sojae in soybean [11];
blast fungus Magnaporthe oryzae and leaf-blight bacteria Xanthomonas oryzae pv. oryzae (Xoo) in rice [12];
and powdery mildew bacteria Blumeria graminis f. sp. tritici and Fusarium head blight fungus Fusarium
graminearum in wheat [13,14]. These results demonstrate a common function of SSI2 and its orthologs
in defense activation in diverse plant species.

The molecular mechanisms whereby the SSI2 family genes participate in defense reactions in
plants remain to be fully elucidated. In rice, a DNA microarray analysis revealed several hundred
genes differentially expressed between the wild-type and OsSSI2-suppressed transgenic (OsSSI2-kd)
plants [12]. Among them was a group of six genes for AAA-ATPase (AAA: ATPases associated with
diverse cellular activities) highly upregulated in OsSSI2-kd plants, in addition to the well-known
defense-related genes, such as WRKY45, PR1b, and PBZ1, and a thaumatin-like gene [12]. These results
suggest that the AAA-ATPase family genes may play important roles in defense activation in rice plants.

The AAA-ATPase family occurs in all life forms, including eukaryotes, prokaryotes,
and archaebacteria, and is implicated in a variety of cellular activities, including proteolysis,
protein folding, membrane trafficking, cytoskeletal regulation, organelle biogenesis, DNA replication,
and immune responses [15–17]. Structurally, these proteins contain one or several conserved motifs,
including the Walker A and Walker B motifs, which are, respectively, required for ATP binding and
hydrolysis; they also contain a highly conserved amino acid sequence, referred to as the second region
of homology (SRH) [16]. In plants, it has been reported that AAA-ATPase genes from Nicotiana tabacum
(NtAAA1) [18,19] and Arabidopsis (AtOM66) [20] are, respectively, negatively or positively involved
in the SA-signaling pathway and in the hypersensitive response (HR) upon pathogen infections.
Moreover, in rice, map-based cloning of the lesion mimic resembling (lmr) mutant/lesion resembling
disease (lrd6-6) mutant revealed that the corresponding gene (LMR/LRD6-6, Os06g0130000) encodes an
AAA-ATPase, and is negatively involved in HR and disease resistance [21,22].

In this study, we conducted a functional analysis of OsAAA-ATPase1, one of the six AAA-ATPase
genes upregulated in OsSSI2-kd rice plants [12]. We show that OsAAA-ATPase1 is transcriptionally
regulated by SA, and positively involved in resistance to blast fugus M. oryzae.

2. Results

In our previous study, a group of six AAA-ATPase family genes (hereafter OsAAA-ATPase1–6;
(Table 1; Figure 1) was found to be significantly upregulated in OsSSI2-kd rice plants [12], implicating
these genes in rice defense activation. From among them, we chose OsAAA-ATPase1 for more detailed
functional characterization in this study, because it showed SA-induced (Figure 2) and SA-dependent
blast-induced (Figure 3) transcription responses.
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Table 1. Genes and primer sequences used for qRT-PCR analysis.

Gene Name
(RAP+DB ID)

Primer Sequences (5’→3’) References

OsAAA-ATPase1
Os03g0802500

AGTGGTTGCTAGCTTCTCGT
ACAACATGTGGTCAAATTATTCCA [12]

OsAAA-ATPase2
Os01g0297200

CTAGGTTCTGCGATGGACAC
CTCCTTTGCAATTGTTCCAC [12]

OsAAA-ATPase3
Os06g0697600

GTTGTGATCGTGTCATGGTTGCG
CAGAAAGCCACACACCATTGC [12]

OsAAA-ATPase4
Os02g0697600

TTGCCTGAACGGCCAGGTGAT
CCCATGTAAGGGTAAGGATTGC [12]

OsAAA-ATPase5
Os02g0706500

GTTCCATCTCTTTGCCTGTAGC
CATGCGCATCTCAGTCTTACC [12]

OsAAA-ATPase6
Os07g0517600

TCAGTGGCCTCGTCGAGTTC
CTACTTGCCTGCTTCACACAT [12]

OsPR1b
Os01g0382000

ACGGGCGTACGTACTGGCTA
CTCGGTATGGACCGTGAAG [23]

PBZ1
Os12g0555000

GCGTTTGAGTCCGTGAGAGT
TCACCCATTGATGAAGCAAA [24]

Rubq1
Os06g0681400

GGAGCTGCTGCTGTTCTAGG
TTCAGACACCATCAAACCAGA [25]

M. oryzae
28S rDNA

ACGAGAGGAACCGCTCATTCAGATAATT
TCAGCAGATCGTAACGATAAAGCTACTC [26]

2.1. OsAAA-ATPase1 Encodes an AAA-ATPase Family Protein

OsAAA-ATPase1 was predicted to encode a protein of 520 amino acids with a predicted mass of 58.1
kDa. OsAAA-ATPase1 shared 50%, 37.8%, and 22.3% amino acid sequence identity with previously
reported defense-related AAA-ATPase proteins, namely, tobacco NtAAA1 [18], Arabidopsis AtOM66 [20],
and rice LMR/LRD6-6 [21,22], respectively. Structural analysis revealed that OsAAA-ATPase1 contains
consensus motifs that are typical of the AAA-ATPase family; these include the Walker A, Walker B,
and SRH motifs (pfam00004; E-value = 4.95 × 10−17) (Figure 1a).

To assess how OsAAA-ATPase1–6 are related within the AAA-ATPase gene family, we performed
a phylogenic comparison of the proteins predicted to be encoded by OsAAA-ATPase1–6 and several
known rice AAA-ATPase proteins, including LMR/LRD6-6 [21,22], OsCDC48 [27], RuvBL1a [28],
RLS3 [29], OsSKD1 [30], OsFtsH5 [31], and RFC5 [32], together with NtAAA1 [18,19] and AtOM66 [20].
OsAAA-ATPase1 was grouped within a subclade of proteins related to plant defense, including
OsAAA-ATPase2–6, NtAAA1, and AtOM66, but, unexpectedly, distally with LMR/LRD6-6 (Figure 1b).
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Figure 1. Amino acid sequence alignment of AAA-type ATPase proteins, and phylogenetic analysis.
(a) Alignment of typical consensus motifs of the AAA-ATPase protein family, including the Walker
A, Walker B, and SRH motifs. (b) Phylogeny of the AAA-ATPase proteins from rice (LMR/LRD6-6,
OsCDC48, RuvBL1a, RLS3, OsSKD1, OsFtsH5, and RFC5), tobacco (NtAAA1), and Arabidopsis
(AtOM66).
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Figure 2. Expression analysis of OsAAA-ATPase1–5 (a–e) in response to the plant hormones abscisic
acid (ABA), ethylene (ACC, an ethylene precursor), benzothiadiazole (BTH, a functional analogue of
SA), kinetin (CK, a synthetic cytokinin), auxin (IAA), jasmonic acid (JA), and gibberellic acid (GA),
in Nipponbare rice seedlings. Data are represented as means ± SDs.
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Figure 3. Expression analysis of OsAAA-ATPase1–5 (a–j) in response to blast inoculation in Nipponbare
(NB) and narG rice seedlings. Rice seedlings at the four-leaf stage (three true leaves) were subjected to
mock treatment (mock) or blast inoculation (blast-inoculated), and the fourth leaf blades were sampled
at indicated days post inoculation (dpi). Data are represented as means ± SDs.
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2.2. OsAAA-ATPase1 is Induced by SA Treatment

Plant hormones have been demonstrated to play important roles in interactions between plants
and pathogens. Hence, we examined the transcriptional responses of OsAAA-ATPase1–6 to the plant
hormones abscisic acid (ABA), ACC (an ethylene precursor), BTH (a functional analogue of SA),
kinetin (CK, a synthetic cytokinin), auxin (IAA), jasmonic acid (JA), and gibberellic acid (GA).

OsAAA-ATPase1 (Figure 2a) and OsAAA-ATPase3 (Figure 2c) were induced specifically by BTH
treatment, and OsAAA-ATPase2 (Figure 2b) was induced by JA treatment. Meanwhile, OsAAA-ATPase4
(Figure 2d) and OsAAA-ATPase5 (Figure 2e) were not specifically induced by any of the hormones,
and OsAAA-ATPase6 (Os07g0517600) had no detectable transcription.

2.3. OsAAA-ATPase1 is Induced in Response to Blast Infection in An SA-Dependent Manner

Rice seedlings of non-transformant Nipponbare rice (NB) and of NB expressing the nahG gene
(nahG-rice), at the four-leaf stage, were subjected to blast inoculation. At 2–6 days post inoculation
(dpi) of the blast, the fourth leaves were sampled to examine the expression of OsAAA-ATPase1–5.

All of the tested OsAAA-ATPase genes clearly showed transcriptional induction in response to
blast inoculation (Figure 3c,e,g,i); in particular, OsAAA-ATPase1 (Figure 3a) and OsAAA-ATPase2
(Figure 3c) showed a high-fold transcriptional increase from the very low basal levels in the mock
treatment. The induction of the genes became evident from 2 dpi and peaked at ca. 3–5 dpi.

In nahG-rice plants, in contrast, the induction of OsAAA-ATPase1 was mostly attenuated relative to
its induction in NB plants in response to blast inoculation (Figure 3b), demonstrating that the induction
of this gene depends on the SA-signaling pathway. No appreciable attenuation of gene induction was
observed for the other genes (Figure 3d,f,h,j).

2.4. OsAAA-ATPase1 is Positively Involved in Blast Resistance

To gain some insight into the role of OsAAA-ATPase1 in disease resistance, we generated transgenic
rice lines that either overexpressed the gene under maize ubiquitin promoter (OsAAA-ATPase1-ox;
Figure 4a) or RNAi-suppressed OsAAA-ATPase1 (OsAAA-ATPase1-kd; Figure 5a), and subjected
these lines to blast inoculation. In order to reveal the potentially compromised resistance in
OsAAA-ATPase1-kd plants, a half density of conidia (5 × 104/mL) was used, so as to cause blast
disease moderately in NB, but more severely in OsAAA-ATPase1 plants.
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Figure 4. Blast resistance of OsAAA-ATPase1-ox plants. (a) Expression of OsAAA-ATPase1, (b) blast
lesions on leaf blades, and (c) relative fungal growth (Magnaporthe oryzae rDNA). (d,e) Expression of
PR1b (d) and PBZ1 (e), in Nipponbare (NB) and OsAAA-ATPase1-ox lines (#27 and #29), respectively,
at 7 days post inoculation (dpi). Data are represented as means ± SDs in (a,c–e).
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Figure 5. Compromised blast resistance in OsAAA-ATPase1-kd plants (#25 and #32). (a) Expression
of OsAAA-ATPase1. (b) Relative fungal growth (M. oryzae rDNA) in Nipponbare (NB) and
OsAAA-ATPase1-kd lines (#25 and #32) respectively. Data are represented as means ± SDs.

Compared with the non-transgenic control plants (NB), OsAAA-ATPase1-ox plants (lines #27
and #29) exhibited significantly higher resistance to blast disease, as evidenced by the fact that few
susceptible blast lesions appeared on their leaf blades (Figure 4b), and that they had ca. 4-fold less
fungal growth (Figure 4c). The enhanced resistance of the OsAAA-ATPase1-ox plants is consistent with
the large increases in the expression levels of the PR genes, OsPR1 and PBZ1 (Figure 4d,e).

Conversely, blast resistance was significantly compromised in OsAAA-ATPase1-kd plants (lines #25
and #32): they had ca. 2-fold more fungal growth than the NB control plants (Figure 5b).

2.5. OsAAA-ATPase1 Has ATPase Activity and Is Localized in the Cytosol

To assess whether OsAAA-ATPase1 protein has ATPase activity, OsAAA-ATPase1 N-terminal
was fused to a His-tag and expressed in Escherichia coli, and purified using a high affinity Ni-resin.
OsAAA-ATPase1 protein showed an ATPase activity level that was comparable to that of the positive
control (potato ATPase) (Figure 6).

Figure 6. ATPase activity of recombinant OsAAA-ATPase1 protein. Elution buffer of Ni-resin (mock
treatment), and an ATPase protein from potatoes, were used negative and positive controls, respectively.
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To determine the subcellular localization of OsAAA-ATPase1 in rice cells, the EGFP-OsAAA-
ATPase1 fusion protein in the rice protoplast was examined under a confocal microscope. As shown in
Figure 7, EGFP-OsAAA-ATPase1 protein was co-localized with a cytosol marker, mCherry signals,
indicating that OsAAA-ATPase is predominantly distributed in the cytosol.

Figure 7. Subcellular localization of OsAAA-ATPase1 in rice protoplasts. (a) EGFP-OsAAA-ATPase1,
(b) blight field image, (c) mCherry (cytoplasmic localization), and (d) combined image of (a–c). N,
nucleus; bar, 20 μm.

3. Discussion

AAA-type ATPases constitute a large protein family in a diverse range of organisms, and thus
exhibit multiple and diverse cellular functions [15,33]. In plants, AAA-ATPase genes have been
implicated in proteolysis [33], male meiosis [34], vacuolar maintenance [35], peroxisome biogenesis [36],
morphogenesis [37], leaf senescence [29,38], and stress [28,39] and immune responses [18–22]. In this
study, we present a novel rice AAA-ATPase gene member, OsAAA-ATPase1. The deduced amino
acid sequence of OsAAA-ATPase1 contains consensus motifs that are typical of the AAA-ATPase
family; these include the Walker A, Walker B, and SRH motifs (Figure 1a) [15,17,33]. Consistent
with this, biochemical analysis confirmed that there was ATPase activity in the recombinant protein
of OsAAA-ATPase1 (Figure 6). Phylogenetically, OsAAA-ATPase1 was grouped within a subclade
of proteins related to plant defense activation (Figure 1b), which included OsAAA-ATPase2–6 [12],
tobacco NtAAA1 [18,19], and Arabidopsis AtOM66 [20]. These results suggest that OsAAA-ATPase1
belongs to the AAA-ATPase family. Functional analysis revealed that OsAAA-ATPase1 is
transcriptionally regulated by SA in response to blast infection (Figures 2 and 3). Overexpression or
RNAi-mediated suppression of OsAAA-ATPase1 resulted, respectively, in an increase (Figure 4) or
decrease (Figure 5) in blast resistance. Taken together, our results suggest that OsAAA-ATPase1 plays a
positive role in the SA-mediated disease resistance in rice plants.

In relation to plant immune responses, several studies have shown important roles for AAA-ATPase
genes. NtAAA1 was isolated as an HR-induced gene in Nicotiana tabacum [18]; was found to be under
the control of N-gene, ethylene, and jasmonate; and was localized in the cytoplasm. It was also
negatively involved in the SA-signaling pathway and pathogen resistance [18,19]. In contrast, AtOM66
(outer mitochondrial membrane protein of 66 kDa ) is a stress-induced gene; overexpression of this
gene increased SA content, accelerated cell death rates, and enhanced resistance to the biotrophic
pathogen Pseudomonas syringae [20]. Recently, rice LMR and LRD6-6 were map-based cloned from
lesion mimic mutants lmr and lrd6-6, respectively, and were found to be the same gene (Os06g0130000).
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LMR/LRD6-6 was shown to be localized in the multivesicular bodies (MVBs) and was negatively
involved in rice immunity and cell death [21,22]. Mutation in this gene (lmr and lrd6-6) resulted in
constitutive expression of PR1 and PBZ1, and enhanced resistance to rice blast and bacterial blight
diseases; however, no difference in SA content was determined [21,22]. By comparison, it seems that
OsAAA-ATPase1 plays a role distinct from those previously reported, with respect to its association
with SA-regulation and HR, its subcellular localization, and its promotion of disease resistance.
Thus, our findings provide novel insights into SA-regulated defense activation in rice. Meanwhile,
OsAAA-ATPase1 showed a close phylogenetic association with AtOM66 (Figure 1b); both proteins play
a positive role in the SA-signaling pathway, suggesting that they may share a common cellular function.

Plants produce a variety of FAs and their derivatives, some of which have been shown to
play important roles in defense activation [40,41]. In the Arabidopsis ssi2 mutant, disruption of
SSI2, which encodes an FA desaturase, results in an increase in the 18:0 FA content, which in turn
remarkably increases SA content, PR gene expression, and resistance against multiple pathogens [42].
Similar defense-related phenotypes were observed following suppression of SSI2-orthologs in soybean
(GmSACPD-A/-B) [11], rice (OsSSI2) [12], and wheat (TaSSI2) [13,14]. These results strongly suggest that
SSI2 and its orthologs serve as valuable susceptibility gene (S gene) resources for the development of crop
cultivars with resistance to multiple pathogens, by employing targeted mutation and genome editing
technologies [43–45]. In order to make such successful use of these genes in resistance breeding, it is
important to understand the molecular mechanisms underlying the defense activation. In Arabidopsis,
a mutation in the GTPase nitric oxide associated 1 (NOA1) gene partially restored the ssi2 phenotype,
whereas double mutations in NOA1 and either one of the two nitrate reductase isoforms (NIA1 and
NIA2) completely restored the ssi2 phenotypes; this indicates that nitric oxide (NO) is required for
constitutive defense in the ssi2 mutant [46,47]. Nevertheless, little has been reported regarding the
molecular basis of defense activation in OsSSI2-kd rice plants. We previously identified a group of six
AAA-ATPase genes (OsAAA-ATPase1–6) that were upregulated in OsSSI2-kd rice plants [12]. In this
study, all of these genes tested were induced in response to blast inoculation (Figure 3), suggesting that
they each play a role in resistance to blast fungus. In contrast, OsAAA-ATPase1–5 each exhibited a
distinct induction pattern in response to different plant hormone treatments (Figure 2); OsAAA-ATPase1
and OsAAA-ATPase3 were induced by SA, OsAAA-ATPase2 mainly by JA, and OsAAA-ATPase4
and OsAAA-ATPase5 slightly by the CK treatment. These results suggest that there is functional
differentiation among the OsAAA-ATPase1–6 genes downstream of OsSSI2 in disease resistance.
Moreover, although both OsAAA-ATPase1 and OsAAA-ATPase3 were induced by SA treatment,
only the induction of OsAAA-ATPase1 was attenuated following blast infection in nahG-rice plants
(Figure 3). One possible explanation for this is that OsAAA-ATPase3 may be more sensitive to SA,
allowing it to be induced even by a residual increase in the SA-signaling level in nahG-rice plants.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Japonica type rice cultivar Nipponbare (Oryza sativa L.) was grown in commercial nursery soil
(Bonsol Number 2; Sumitomo Chemical Corp., Tokyo, Japan) in a greenhouse at 28 ◦C (day)/23 ◦ C
(night) with ca. 50% relative humidity.

4.2. Plasmid DNA Construction and Rice Transformation

The cDNA clone for OsAAA-ATPase1 was provided by the Rice Genome Resource Center, Japan
(accession number: AK070731). To construct a plasmid for constitutive expression of OsAAA-ATPase1
under the maize ubiquitin promoter, a DNA fragment containing a 91 bp upstream sequence followed
by the full coding sequence of OsAAA-ATPase1 (nucleotides 2–1655) was amplified by PCR and cloned
into the pUCAP/Ubi-NT vector, as previously described [5]. To construct a plasmid for OsAAA-ATPase1
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RNAi (OsAAA-ATPase1-kd), part of the 3′-UTR (nucleotides 1543–1845) of OsAAA-ATPase1 cDNA was
amplified by PCR and cloned into the pANDA vector, as previously described [48,49].

Nipponbare rice plants were transformed by an Agrobacterium tumefaciens (strain EHA105)
mediated technique, as described earlier [50]. Transgenic rice lines expressing nahG from Pseudomonas
putida under the control of a double 35S promoter (nahG-rice) were generated using the plant expression
construct previously described in Yang et al. [51].

4.3. Chemical Treatments

All stock solutions were prepared at a concentration of 100 mmol/L. Indole-3-acetic acid (IAA;
Sigma, St. Louis, MO, USA), gibberellin A3 (GA3; Wako, Osaka, Japan), abscisic acid ((±)-cis-trans, ABA;
Sigma), and methyl jasmonate (ME-JA; Wako, Saitama, Japan) were dissolved in ethanol. Kinetin (Sigma)
and benzothiadiazole S-methyl ester (BTH; Wako) were dissolved in dimethyl sulfoxide (DMSO);
and 1-aminocyclopropane-1-carboxylic acid (ACC; Sigma) and sodium salicylate (SA; Nacalai Tesque,
Tokyo, Japan) were dissolved in H2O. The solvents did not exceed a final concentration of 0.1% in the
solutions used for plant treatments, and had no effect on the expression of the rice genes examined in
this study.

For plant treatments, rice seedlings at the four-leaf stage (three true leaves) were transferred to a
container containing each of the plant hormone solutions at 50 μM. The rice seedlings were further
grown for 1 day, and fourth leaf blades were stored in liquid nitrogen for RNA preparation.

4.4. Protein Expression, Purification, and ATPase Assay

The OsAAA-ATPase1 sequence was amplified by PCR and cloned into the sites between
BglI and HidIIIp of pET32a (Novagen) as a His-tag fusion protein; then, that was transfected
into the Escherichia coli Origami strain BL21(Lys). The set of primers used was as
follows: OsAAA1BglII 5′-GTAGATCTCTTGAGACAAATGGAGGCGACG-3′; OsAAA1HindIII
5′-GCTAAGCTTCTACTTATCCTTCCCGACCAC-3′. Expression of the protein was induced for
4 h at 25 ◦C with 0.5 mmol/L isopropyl β-d-1-thiogalactopyranoside. Escherichia coli cells were
pelleted by centrifugation, resuspended in lysis buffer (20 mmol/L Tris-HCl pH 7.4, 0.1 M NaCl,
10 mmol/L imidazole), and sonicated. After the cell debris was removed by centrifugation (12,000 ×
g, 10 min, 4 ◦C), the supernatant was loaded onto a High Affinity Ni-Charged Resin (GE Healthcare,
Buckinghamshire, UK), washed with washing buffer (20 mmol/L Tris-HCl pH 7.4, 0.1 M NaCl,
10 mmol/L imidazole), and eluted with elution buffer (20 mmol/L Tris-HCl pH 7.4, 0.1 M NaCl,
180 mmol/L imidazole). ATPase activity was measured by the malachite green-based colorimetric
method using the QuantiChromTM ATPase/GTPase activity assay kit (Sigma-Aldrich, St. Louis, MO,
USA). The elution buffer was used as the negative control, and an ATPase from potatoes (Sigma-Aldrich,
St. Louis, MO, USA) was used as the positive control. One unit is defined as the amount of enzyme
that catalyzes the production of 1 μM of free phosphate per minute under the assay conditions.

4.5. Subcellular Localization

For subcellular localization of OsAAA-ATPase1, the plasmid pSAT6-AFP-C1-OsAAA1 was
transformed into protoplasts prepared from etiolated seedlings as previously described [52]. As a
control for cytoplasmic localization, the pSAT-mCherry construct was co-transformed. Fluorescence
was examined under a confocal microscope (Leica Microsystems, Wetzlar, Germany) 16 h
after transformation.

4.6. Pathogen Culture and Inoculations

Culture and inoculation of the blast fungus M. oryzae (compatible race 007.0) was conducted
essentially as previously described [12], with slight modifications. Briefly, the fungus was grown
on an oatmeal agar medium (30 g/L oatmeal, 5 g/L sucrose, and 16 g/L agar) at 26 ◦C for 10–12 day.
After removing the aerial hyphae by washing with distilled water and a brush, conidia formation was
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induced by irradiation under continuous black blue light (FL15BLB; Toshiba, Osaka, Japan) at 24 ◦C for
3 day. The conidia were suspended in 0.02% Silwet L-77 (a non-ionic surfactant; Nihon Unica, Tokyo,
Japan) at a density of 105/mL, and were sprayed onto rice plants at the four-leaf stage. After incubation
in a dew chamber at 24 ◦C for 24 h, the rice plants were moved back to the greenhouse.

Disease development was evaluated by determining the M. oryzae genomic 28S rDNA [26] by
qRT-PCR [5,6], 6–7 dpi. At least 20 plants were used for each disease assay.

4.7. RNA Analyses

Total RNA was isolated from leaf blades of the 4th leaves of rice seedlings using the Trizol reagent
(Invitrogen, Carlsbad, CA, USA). Quantitative RT-PCR (qRT-PCR) was performed on a Thermal Cycler
Dice TP800 system (Takara Bio, Tokyo, Japan) using SYBR premix Ex Taq mixture (Takara Bio) as
previously described [5]. The primer sequences used for qRT-PCR are listed in Table 1.

4.8. Amino Acid Sequence Alignment and Phylogenetic Analysis

The protein sequences were retrieved from the rice annotation project database (rap-db) and
aligned using Clustal-X software, and the tree was constructed using iTOL software [53].

5. Conclusions

In this study, we present a novel AAA-ATPase member gene, OsAAA-ATPase1, one of the six
AAA-ATPase genes upregulated in OsSSI2-kd rice plants [12]. Functional analysis revealed that
OsAAA-ATPase1 is transcriptionally regulated by SA, and plays a positive role in the SA-mediated
disease resistance in rice plants. Our findings provide novel insights into SA-regulated defense
activation in rice, and the molecular basis of defense activation in OsSSI2-kd rice plants.
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Abstract: Basal or partial resistance has been considered race-non-specific and broad-spectrum.
Therefore, the identification of genes or quantitative trait loci (QTLs) conferring basal resistance and
germplasm containing them is of significance in breeding crops with durable resistance. In this study,
we performed a bulked segregant analysis coupled with whole-genome sequencing (BSA-seq) to
identify QTLs controlling basal resistance to blast disease in an F2 population derived from two
rice varieties, 02428 and LiXinGeng (LXG), which differ significantly in basal resistance to rice blast.
Four candidate QTLs, qBBR-4, qBBR-7, qBBR-8, and qBBR-11, were mapped on chromosomes 4, 7, 8,
and 11, respectively. Allelic and genotypic association analyses identified a novel haplotype of the
durable blast resistance gene pi21 carrying double deletions of 30 bp and 33 bp in 02428 (pi21-2428)
as a candidate gene of qBBR-4. We further assessed haplotypes of Pi21 in 325 rice accessions, and
identified 11 haplotypes among the accessions, of which eight were novel types. While the resistant
pi21 gene was found only in japonica before, three Chinese indica varieties, ShuHui881, Yong4,
and ZhengDa4Hao, were detected carrying the resistant pi21-2428 allele. The pi21-2428 allele and
pi21-2428-containing rice germplasm, thus, provide valuable resources for breeding rice varieties,
especially indica rice varieties, with durable resistance to blast disease. Our results also lay the
foundation for further identification and functional characterization of the other three QTLs to better
understand the molecular mechanisms underlying rice basal resistance to blast disease.

Keywords: rice; blast disease; partial resistance; pi21; haplotype

1. Introduction

Rice is one of the most important staple crops for more than half of the population in the world [1].
Rice blast, caused by the fungus Magnaporthe oryzae, is one of the most devastating diseases of rice,
causing yield losses of 10%–30% annually [2]. The development and use of resistant varieties appears
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to be the most economical and environmentally sustainable way to control rice blast [3]. Identification
of genes or genetic loci conferring resistance to blast disease could accelerate breeding programs for
resistant rice varieties.

Genetically, disease resistance in plants can be categorized into two types, qualitative and
quantitative [4,5]. Qualitative resistance is mainly mediated by a single resistance gene (R gene),
which confers complete but race-specific resistance through the recognition of pathogen effectors [6,7].
R gene-mediated resistance has been widely deployed in crop breeding programs. However, R
gene-mediated resistance is often not durable, as most pathogens are able to rapidly evolve new
virulent races lacking the corresponding avirulence effectors to evade recognition by the cognate R
protein. Quantitative resistance is mediated by multiple genes or quantitative trait loci (QTLs), providing
partial or basal resistance associated with delayed and reduced development of disease lesions [8,9].
Although quantitative resistance has only partial effects, it has been considered race-non-specific and
broad-spectrum, and is therefore of particular interest for breeding crops with durable resistance [4,10].

To date, more than 100 rice blast R genes have been identified and at least 28 R genes have
been cloned [11,12]. All the cloned major R genes encode nucleotide-binding site leucine-rich
repeat (NBS-LRR) proteins, with the exception of Pid2, encoding a B-lectin kinase [13], and Ptr,
encoding an Armadillo repeat protein [14]. Several hundred QTLs associated with blast resistance
have been identified [15]. However, only a limited number of QTLs for blast resistance have been
cloned [16–20]. The cloned QTLs encode proteins that are diverse in their structure and function: pi21
encodes a proline-rich protein with loss-of-function deletions [16]; Pb1 encodes an atypical coiled-coil
(CC)-NBS-LRR protein [17]; Pi35 and Pi63 encode NBS-LRR proteins [18,19]; whereas bsr1-d1 encodes
a C2H2-type transcription factor with a single nucleotide change in the promoter [20]. These findings
indicate that quantitative resistances are controlled by diverse molecular mechanisms.

With the rapid development of next-generation sequencing, approaches based on bulked segregant
analysis coupled with whole-genome sequencing (BSA-Seq) have been developed for the mapping
of agronomically important loci in rice [21–23], including major genes or QTLs responsible for blast
resistance [22,24,25]. In the present study, we apply BSA-seq to rapidly map four QTLs, qBBR-4, qBBR-7,
qBBR-8, and qBBR-11, responsible for basal resistance to blast disease, and identify a novel haplotype
of the durable blast resistance gene pi21 as a candidate gene of qBBR-4 on chromosome 4 in a japonica
variety 02428 (pi21-2428). While the resistant pi21 gene was found only in japonica before [16], we identify
three Chinese indica varieties carrying the resistant pi21-2428 allele in 325 accessions. Therefore, the novel
pi21-2428 allele and the pi21-2428-containing rice varieties identified in the present study provide valuable
resources for breeding rice varieties, especially indica rice, which are durably resistant to blast disease.
Our results also lay the foundation for further identification and functional characterization of the other
three QTLs for a better understanding of rice basal resistance to blast disease.

2. Results

2.1. Evaluation of 02428 and LXG in Basal Resistance to Rice Blast Disease

In our earlier evaluations, the rice variety 02428 was observed to possess high basal resistance
to the rice blast fungus M. oryzae under natural nursery conditions (data not shown). We further
performed artificial inoculations on 02428 seedlings using three virulent isolates of M. oryzae in this
study. The results showed that 02428 was moderately susceptible to isolates 501-3 and Guy11, and was
moderately resistant to isolate RB22 (Figure 1A). Most lesions on leaves of 02428 were limited in size.
In contrast, LiXinGeng (LXG) was highly susceptible to all three isolates. These results suggest that
02428 possesses high basal resistance, preventing blast disease development.

An F2 population of 02428 × LXG with 626 individuals was inoculated with RB22. The results
show that the frequency distribution of disease severity in the F2 population of 02428 × LXG
exhibited continuous variation (Figure 1B), indicating that the resistance to RB22 is likely controlled by
multiple genes.
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Figure 1. Resistance reaction of rice varieties 02428, LiXinGeng (LXG) and their F2 population to rice
blast disease. (A) Phenotypes of 02428 and LXG inoculated with M. oryzae isolates 501-3, Guy11, and
RB22. (B) The frequency distribution of disease severity in the F2 population of 02428 × LXG inoculated
with M. oryzae isolate RB22. Disease severity was assessed following a 0–5 scale (0–1: resistant, 2:
moderately resistant, 3: moderately susceptible, 4–5: severely susceptible).

2.2. SNP and Short InDel Polymorphism Profiling

Whole-genome sequencing of extremely resistant (ER) and extremely susceptible (ES) pools
derived from the F2 population of 02428 × LXG and the two parental lines 02428 and LXG generated
about 90.7 to 158.9 million reads for each sub-pool or parental line (Supplementary Table S1). After
filtering, a total of 469,512 bi-allelic single-nucleotide polymorphisms (SNPs), and a total of 65,766
bi-allelic short insertions and deletions (InDels) were identified (Table 1). The average densities of SNP
and short InDel markers were about 1.26 SNP/kb (average every 795 bp exists a SNP) and 0.18 InDel/kb
(average every 5,675 kb exists a short InDel) (Table 1), respectively. The polymorphic markers were
sufficiently distributed across the whole genome, except for one region of about 6.5 Mb on chromosome
3 containing relatively fewer markers (Supplementary Figure S1).

Table 1. Chromosome-wise distribution of the identified single-nucleotide polymorphisms (SNPs) and
short InDels.

Chr. Length
SNP Short InDel

Number Density (per kb) Number Density (per kb)

Chr1 43,270,923 48,669 1.12 7735 0.18
Chr2 35,937,250 67,302 1.87 9069 0.25
Chr3 36,413,819 20,399 0.56 3336 0.09
Chr4 35,502,694 42,156 1.19 5558 0.16
Chr5 29,958,434 67,386 2.25 9189 0.31
Chr6 31,248,787 34,848 1.12 5309 0.17
Chr7 29,697,621 25,681 0.86 4040 0.14
Chr8 28,443,022 56,474 1.99 7152 0.25
Chr9 23,012,720 23,331 1.01 2965 0.13
Chr10 23,207,287 36,435 1.57 4062 0.18
Chr11 29,021,106 31,309 1.08 4680 0.16
Chr12 27,531,856 15,522 0.56 2671 0.10
Total 373,245,519 469,512 1.26 65,766 0.18
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2.3. QTL Mapping and Heritability Estimation

Calculation results of the average allele frequency (AF) value for each marker showed that most
of the identified SNP and short InDel markers had an expected AF value of around 0.5 in the four
sub-pools ER-1, ER-2, ES-1, and ES-2 (Supplementary Figure S2), indicating no severe segregation
distortion of the markers as a whole. Allele frequency difference (AFD) value between ER (ER-1 +
ER-2) and ES (ES-1 + ES-2) pools was calculated, and four positive AFD peaks were detected in the
fitted curve and exceeded the threshold (0.165 at the overall significance level of p < 0.05) (Figure 2A).
Subsequently, unpaired t-tests were performed for the two replicated sub-pools for ER and ES. The
p-values of each marker were estimated, and the peaks of negative logarithmic p value (NLP) (Figure 2B)
were consistent with the peaks in AFD curve. These results suggest that there were four candidate
QTLs located in these regions. The confidence intervals of the four QTLs located on chromosome 4, 7,
8, and 11 were estimated (Figures 2A and 3, Table 2), and the four QTLs were named qBBR-4, qBBR-7,
qBBR-8, and qBBR-11, respectively.

Heritability estimation showed that the additive heritability and dominance heritability of each
QTL varied by 0.89%−2.09% and 0.01%−7.82%, respectively (Table 2). Among the four QTLs, qBBR-4
had the largest effect, with the biggest additive heritability at about 2.09% (Table 2), suggesting that
qBBR-4 is a major QTL involved in basal resistance to blast disease.

Figure 2. BSA-seq-based identification of four candidate quantitative trait loci (QTLs) conferring basal
resistance to rice blast disease. (A) Allele frequency difference (AFD) graph from BSA-seq analysis.
The horizontal orange dashed lines indicate the threshold (±0.165) at the overall significance level of
p < 0.05. QTL positions estimated are indicated by filled triangles. AFD was obtained by subtraction of
allele frequency (AF) of the extremely susceptible (ES) pool from that of the extremely resistant (ER)
pool. (B) T-test verification for the two replicated sub-pools for the ER pool and the ES pool. The
average negative logarithmic p-values of the markers were smoothed by sliding window (size = 3000 kb
and step = 10 kb) across each chromosome. The peaks of the p-value graph were consistent with those
in the AFD graph.
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Figure 3. Estimates of confidence intervals of the four QTLs, qBBR-4 (A), qBBR-7 (B), qBBR-8 (C),
and qBBR-11 (D). The horizontal orange dashed lines indicate the threshold (0.165) at the overall
significance level of p < 0.05. The light green areas indicate 95% confidence intervals of the QTLs.
Previously reported R genes or QTLs within or closely near the confidence intervals of qBBR-4, qBBR-8,
and qBBR-11 are indicated on the right. AFD: allele frequency difference.

Table 2. Estimates of position and heritability of the four identified QTLs.

QTL Chr. AFD Value a Pos. (Mb) b Interval (Mp) c Max. NLP d h2
A (%) e h2

D (%) f

qBBR-4 4 0.278 20.46 18.90–22.10 0.90 2.09 7.82
qBBR-7 7 0.172 0.86 0–2.91 0.65 0.89 0.26
qBBR-8 8 0.227 10.63 3.89–18.09 0.85 1.56 0.01
qBBR-11 11 0.226 0.02 0–6.21 0.73 1.54 3.50
a Maximum value of the peak of the AFD curve; b Chromosome position of the peak of the AFD curve; c Estimated
based on the 95% confidence; d The most significant p-value of the peak, which was converted to negative logarithmic
p (NLP) value; e Heritability attributed to additive effect of the QTL; f Heritability attributed to dominance effect of
the QTL.

2.4. Identification of a New Haplotype of pi21 as a Candidate Gene of qBBR-4

To further refine candidate genes involved in basal resistance to blast disease, we searched
previously reported R genes or QTLs within the confidence intervals of the four QTLs (Figure 3).
While no previously reported R genes or QTLs were identified within or near the confidence interval
of qBBR-7 (Figure 3B), a previously identified Pia [26] gene was located near the confidence interval
of qBBR-11 (Figure 3D), and there were several R genes or QTL, including Pi-11(t) [27], Pi-29(t) [28],
Pi33 [29], Pi-GD-1(t) [30], and qDSF8 [3], in the qBBR-8 region (Figure 3C). Interestingly, qBBR-4
was observed to be co-localized with a cloned recessive durable blast disease resistance QTL pi21
(Figure 3A). Pi21 has been found to have at least 12 variants (haplotypes A to L) based on InDel
polymorphisms in the proline-rich region. While haplotype L containing double deletions of 21 bp
and 48 bp (pi21(-21/-48)) resulting in deletions of the core motif “PxxPxxP” in the proline-rich region
(Figure 4A) was identified, conferring durable blast disease resistance due to loss of function of Pi21,
the other haplotypes carrying one of the two deletions or two smaller deletions did not confer high
basal resistance to blast disease [16].

Sequence analysis of the Pi21 alleles in LXG and 02428 showed that while the allele in LXG
(Pi21-LXG) had a 27 bp deletion, the pi21-2428 allele had double deletions of 30 bp and 33 bp, resulting
in deletions of 10 aa and 11 aa of the core “PxxPxxP” motif, the same as in the pi21(-21/-48) allele
(Figure 4A,B). Both Pi21-LXG and pi21-2428 were different from the 12 identified haplotypes. Genotypic
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analysis of 61 individual ER and 59 individual ES plants showed that all pi21-2428 homozygous
seedlings showed resistance to blast disease. In contrast, about 79% (41 out of 52) of the Pi21-LXG
homozygous, and 39% (18 out of 46) of Pi21-LXG/pi21-2428 heterozygous seedlings showed susceptible
to blast disease (Figure 4C). These results support pi21-2428 as a candidate gene of qBBR-4, and suggest
that while the 27 bp deletion did not affect Pi21-LXG function, double deletions of the 30 bp and 33 bp
sequences could cause a defect in pi21-2428 function, leading to high basal resistance to blast disease.

Figure 4. Identification of a novel haplotype of pi21 as a candidate gene of qBBR-4. (A) Schematic
diagram of the genomic coding region of the Pi21 alleles in Nipponbare (Pi21-NPB), LXG (Pi21-LXG),
and 02428 (pi21-2428), and the resistant allele of haplotype L containing double deletions of 21 bp
and 48 bp (pi21(-21/-48)) [16]. Open boxes represent exons, lines represent introns, and dotted lines
represent deletions. Numbers above the diagrams indicate positions of deletions corresponding to the
Pi21-NPB allele, and numbers below the diagrams represent the start and end nucleotide positions
of exons of each allele. (B) Alignment of the deduced amino acid sequences of Pi21-NPB, Pi21-LXG,
pi21-2428, and pi21(-21/-48). Putative proline-rich motifs (PxxPxxP) for protein–protein interaction
are underlined in red. (C) Genotype-phenotype correlation analysis of 61 ER individuals and 59 ES
individuals. All the homozygous pi21-2428 individuals belonged to the ER bulk.
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2.5. Assessment of the pi21-2428 Haplotype in 325 Rice Accessions

Multiple sequence alignment of the Pi21 alleles in 325 rice accessions revealed a total of 11
haplotypes among the tested accessions (Figure 5A, Supplementary Table S2). However, none
of the accessions carried the resistant pi21(-21/-48) allele. The haplotypes were named based on
insertion/deletion patterns. Among the 11 haplotypes, Pi21-NPB (the Pi21 allele in Nipponbare),
Pi21(-9), and Pi21(-24/-15) were identical to the previously identified haplotypes B, C, and H, respectively
(Figure 5A, Supplementary Table S2) [16], and the rest eight were novel types.

Figure 5. Assessment of haplotypes of Pi21 in 325 rice accessions and blast inoculation of the
pi21-2428-containing varieties. (A) A total of 11 haplotypes were identified among 325 rice accessions.
The haplotypes were named based on insertion/deletion patterns. Pi21-NPB, Pi21(-9), and Pi21(-24/-15)
were identical to the previously identified haplotypes B, C, and H, respectively [16]. Open boxes
represent exons, lines represent introns, and dotted lines represent deletions. Numbers above the
diagrams indicate positions of deletions corresponding to the Pi21-NPB allele, and numbers below the
diagrams represent the start and end nucleotide positions of exons of each allele. (B) Phenotypes of
the pi21-2428-containing varieties 02428, ShuHui881 (SH881), Yong4 (Y4), and ZhengDa4Hao (ZD4)
inoculated with M. oryzae isolates 2Y838-1, 501-3, CHNOS, IR16-1, KJ201, RB6, and RB22, respectively.
Rice varieties LXG and MengGuDao (MGD) were used as highly susceptible controls.
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Among the 325 rice accessions, in addition to 02428, three Chinese indica varieties
ShuHui881, Yong4, and ZhengDa4Hao were detected carrying the resistant pi21-2428 allele. The
pi21-2428-containing varieties were inoculated with seven M. oryzae isolates. As shown in Figure 5B,
the two susceptible varieties LXG and MengGuDao (MGD) were highly susceptible to most of the
M. oryzae isolates. The four pi21-2428-containing varieties showed complete resistance, moderate
resistance, or moderate susceptibility to the isolates. For example, the indica variety ZhengDa4Hao
was highly resistant to isolates KJ201 and RB22, and moderately resistant to isolates CHNOS and
IR16-1, suggesting that there might be some R genes conferring the high resistance in ZhengDa4Hao
against the four isolates. ZhengDa4Hao also showed susceptibility to isolates 2Y838-1, 501-3, and RB6,
but the lesions on leaves were limited in size and much less than those on leaves of LXG or MGD.
Overall, none of the pi21-2428-containing varieties showed highly susceptible to the seven M. oryzae
isolates, suggesting that the four varieties possessed high basal resistance with significantly delayed
and reduced development of disease lesions.

3. Discussion

When compared with R gene-mediated, race-specific resistance, basal resistance has been presumed
to be more durable [4,10]. Therefore, the identification of genes or QTLs conferring basal resistance
is of significance in breeding crops with long-lasting resistance to plant diseases. In the present
study, we employed BSA-Seq to identify four candidate QTLs qBBR-4, qBBR-7, qBBR-8, and qBBR-11,
conferring basal resistance to rice blast disease on rice chromosomes 4, 7, 8, and 11, respectively.
Building on advances in next-generation sequencing, the BSA-Seq method took advantage of pooled
sequencing, which does not require the laborious process of genotyping of each individual from a
large mapping population, allowing for rapid identification of candidate genes or QTLs controlling
important agronomic traits [24,31].

Among the four QTLs detected in this study, qBBR-4 had the largest additive effect (Table 2). The
qBBR-4 locus is located in a region of chromosome 4 with a known recessive blast disease resistant QTL
pi21, identified in rice variety Owarihatamochi [16]. Pi21 encodes a proline-rich protein, consisting of a
putative heavy metal-binding domain and protein-protein interaction motifs. While the dominant
Pi21 appears to slow the plant’s defense responses, loss-of-function of Pi21 (double deletions of 21
bp and 48 bp in the proline-rich region; haplotype L) confers durable resistance to blast disease in
rice [16]. Sequence analysis revealed that the pi21 allele in 02428, the parental line with high basal
resistance, had double deletions of 30 bp and 33 bp, resulting in deletions of 10 aa and 11 aa in the
proline-rich region, which house the core motif “PxxPxxP” (Figure 4A,B) for protein–protein interaction
in multicellular organisms [16,32,33]. We further performed genotype-phenotype correlation analysis
of 61 ER individuals and 59 ES individuals, and the results showed that all the homozygous pi21-2428
individuals belonged to the ER bulk (Figure 4C). Taken together, these results suggest that double
deletions of the 30 bp and 33 bp sequences of Pi21 led to high basal resistance to blast disease, and that
pi21-2428 was the candidate gene of qBBR-4.

Previously, sequence analysis of the Pi21 locus revealed 12 haplotypes (A to L) among 80 Asian
cultivated rice varieties. Eleven of the haplotypes (A to K) carried an insertion or smaller deletions
compared with the resistant pi21(-21/-48) allele, and did not confer resistance to blast disease [16]. In
the present study, we detected a total of 11 haplotypes of Pi21 among 325 rice accessions (Figure 5A,
Supplementary Table S2), of which three were identical to the previously identified haplotypes B, C,
and H [16], and eight were novel. Interestingly, the DNA variations of all the 20 detected haplotypes
identified by Fukuoka et al. [16] and in this study were found to result in amino acid insertion/deletions,
but not to cause premature termination of the predicted Pi21 product, implying that the Pi21 or pi21
alleles maintain certain functions important for rice [34]. Besides 02428, we identified three more
varieties, ShuHui881, Yong4, and ZhengDa4Hao, possessing the resistant pi21-2428 allele. Inoculation
testing with seven M. oryzae isolates indicated that, while the susceptible varieties LXG and MGD were
highly susceptible to most of the M. oryzae isolates, the four pi21-2428-containing varieties showed
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complete resistance moderate resistance or moderate susceptibility to the M. oryzae isolates (Figure 5B).
The results suggest that there should be some R genes other than pi21-2428 conferring the complete
or high resistance in the four pi21-2428-containing varieties. On the other hand, the moderately
susceptible reactions with limited lesion size and number, to virulent M. oryzae isolates indicated that
ShuHui881, Yong4, ZhengDa4Hao, as well as 02428, possessed high basal resistance to blast disease
(Figure 5B). It is worth noting that while the resistant pi21(-21/-48) allele was found only in japonica
rice [16], the three pi21-2428-containing varieties ShuHui881, Yong4, and ZhengDa4Hao were indica
rice (Supplementary Table S2). Therefore, the varieties identified in the present study provide valuable
resources for breeding rice varieties, especially indica varieties, with durable resistance to blast disease.

Transgressive segregation was observed in the F2 population of 02428 × LXG, where some F2

segregants showed more resistance than both parents (Figure 1B). This phenomenon implies that
favorable alleles from both resistant and susceptible parents could be combined in the progeny,
leading to a higher resistance than in the parents. In the present study, in addition to pi21-2428, we
detected three other QTLs, qBBR-7, qBBR-8, and qBBR-11, on chromosomes 7, 8, and 11, respectively.
Further identification and functional characterization of the three QTLs should be helpful to better
understand the mechanisms underlying rice basal resistance to blast disease. Furthermore, the finding
of transgressive segregation for blast resistance in the F2 population of 02428 × LXG indicates that
pyramiding more basal resistance genes or QTL alleles with pi21-2428 would be an effective approach
to enhance durable resistance to rice blast disease [10,35].

4. Materials and Methods

4.1. Plant Materials and Blast Isolates

Rice cvs. 02428 and LXG were used to construct an F2 population to evaluate the segregation of
blast disease reaction and for QTL mapping. Besides 02428 and LXG, a collection of 323 rice accessions
consisting mainly of Chinese rice varieties or breeding materials were used for haplotype assessment
in this study (Supplementary Table S2). The M. oryzae isolates CHNOS, Guy11, and KJ201 were kindly
provided by Dr. Guo-Liang Wang (Department of Plant Pathology, Ohio State University, Ohio, USA),
and isolates 2Y838-1, 501-3, IR16-1, RB6, and RB22 were collected from Fujian province, China.

4.2. Rice Blast Inoculations

Rice blast inoculations were carried out following a previously described spraying method [36].
Rice seedlings were grown in a greenhouse for about 12–14 days and were inoculated with M. oryzae
spores at a concentration of 5× 105 spores mL−1. After inoculation, the seedlings were grown at 25 ◦C
under high humidity for 4–5 days. Blast disease reactions were scored following a 0–5 scale (0–1:
resistant, 2: moderately resistant, 3: moderately susceptible, 4–5: severely susceptible) [37].

4.3. Bulking, DNA Extraction, and Whole-Genome Resequencing

To understand the genetic basis of basal resistance to rice blast disease in 02428, a total of 626 F2

plants derived from a cross between 02428 and LXG were inoculated by RB22, and were investigated
for the segregation of disease reaction. For bulked segregant analysis, about 10,000 individuals of
the F2 population of 02428 × LXG were inoculated with the M. oryzae isolate RB22. About 126 highly
resistant and 120 highly susceptible F2 individuals were screened to generate the ER and ES bulks,
respectively. Both the ER and ES bulks were divided into two replicates, ER-1 (56 individuals) and ER-2
(70 individuals) for the ER bulk, and ES-1 (60 individuals) and ES-2 (60 individuals) for the ES bulk.
The genomic DNAs of the four bulked samples were extracted and were mixed with equal amounts.
DNA samples of the two parents, 02428 and LXG, and the four pools were subjected to whole-genome
resequencing using the Illumina HiSeq X Ten platform, followed by standard paired-end 150 bp
sequencing library construction protocols.
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4.4. Analysis of Reads and Variants

The raw reads were cleaned and trimmed using BBDuk program of BBTools (http://jgi.doe.gov/
data-and-tools/bbtools/). The paired reads were mapped to the IRGSP-1.0 reference rice genome
(http://rapdb.dna.affrc.go.jp) by using Burrows-Wheeler Aligner based on the Maximal Exact Matches
algorithm (BWA MEM) and the alignments were processed by SAMTools [38–40]. Freebayes was used
to call SNPs and InDels, with default parameters [41]. To obtain reliable polymorphic markers, variant
filtering was performed by custom perl scripts: firstly, SNPs or short InDels exhibiting polymorphism
between the two parents were screened; secondly, to further avoid severe segregation distortion, SNPs or
short InDels with AF values from 0.3 to 0.7 were retained. These markers were annotated by snpEff [42].

4.5. QTL Analysis

The marker set was employed to map QTLs. The replicated sub-pools ER-1, ER-2, and ES-1, ES-2
were firstly incorporated into one ER pool and one ES pool, respectively. AFD value between the ER
and ES pools was calculated and then smoothed by block regression, following the Block Regression
Mapping methodology [43]. The block size used for the regression was set to be 20 kb. The AFD curve
threshold at the overall significance level of 0.05 was estimated under the assumption of theoretical
allele frequency (= 0.5) in the F2 population. For each significant AFD peak (candidate QTL), the 95%
confidence interval was estimated. In addition, unpaired t-tests based on the two biological replicates
of the ER and ES pools were performed to validate the candidate QTLs following the X-QTL-seq
method [44]. According to the peak AFD value, the heritability of each QTL was estimated using the
method of Pooled QTL Heritability Estimator (PQHE) [45].

4.6. Detection of Haplotypes of Pi21

Genomic DNAs of the rice accessions (Supplementary Table S2) were subjected to genotyping
for haplotypes of Pi21. PCR products were amplified with primers P21-F (5′-CAAGGCTAATCAG
CAGTGT-3′) and P21-R (5′-TTGGCGTTGTCCTCGGTGT-3′). DNA sequences of PCR products were
aligned using Clustal W [46].

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/6/2162/
s1.
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Abstract: Tainung82 (TNG82) is one of the most popular japonica varieties in Taiwan due to its
relatively high yield and grain quality, however, TNG82 is susceptible to bacterial blight (BB)
disease. The most economical and eco-friendly way to control BB disease in japonica is through the
utilization of varieties that are resistant to the disease. In order to improve TNG82’s resistance to
BB disease, five bacterial blight resistance genes (Xa4, xa5, Xa7, xa13 and Xa21) were derived from a
donor parent, IRBB66 and transferred into TNG82 via marker-assisted backcrossing breeding. Five
BB-resistant gene-linked markers were integrated into the backcross breeding program in order
to identify individuals possessing the five identified BB-resistant genes (Xa4, xa5, Xa7, xa13 and
Xa21). The polymorphic markers between the donor and recurrent parent were used for background
selection. Plants having maximum contribution from the recurrent parent genome were selected in
each generation and crossed with the recipient parent. Selected BC3F1 plants were selfed in order to
generate homozygous BC3F2 plants. Nine pyramided plants, possessing all five BB-resistant genes,
were obtained. These individuals displayed a high level of resistance against the BB strain, XF89-b.
Different BB gene pyramiding lines were also inoculated against the BB pathogen, resulting in more
than three gene pyramided lines that exhibited high levels of resistance. The five identified BB gene
pyramided lines exhibited yield levels and other desirable agronomic traits, including grain quality
and palatability, consistent with TNG82. Bacterial blight-resistant lines possessing the five identified
BB genes exhibited not only higher levels of resistance to the disease, but also greater yield levels and
grain quality. Pyramiding multiple genes with potential characteristics into a single genotype through
marker-assisted selection can improve the efficiency of generating new crop varieties exhibiting
disease resistance, as well as other desirable traits.

Keywords: rice; pyramiding; bacterial blight; marker-assisted selection; foreground selection;
background selection

1. Introduction

As a carbohydrate-rich staple of more than half the world’s diet, rice (Oryza sativa L.) is one of
the most important food crops on the planet. The Food and Agriculture Organization of the United
Nations (FAO) estimates that by 2050, overall global agricultural production may need to be increased
by up to 70% to meet the dietary requirements of the world’s projected population of nine billion [1].
In order to satisfy the demand corresponding to the FAO’s projected population in 2050, global rice
production would have to increase by nearly 42% over present-day levels [2]. Bacterial blight (BB)
caused by Xanthomonas oryzae pv. oryzae (Xoo) is a disease that poses one of the greatest threats to rice
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production worldwide. In Asia, BB has proven to be capable of reducing crop yields by as much as
50% [3] to 80% [4]. The disease, being systemic, affects the photosynthetic areas of plants, which results
in a drastically lower yield. Although BB can be managed through the use of fungicides, enhancing the
genetic resistance in rice is the most effective and ecological method of overcoming the threat posed by
the disease.

To date, 42 BB resistance genes have been identified from diverse sources, of which Xa4, xa5,
Xa7, xa13 and Xa21 are most frequently utilized in BB resistance breeding programs [5–7]. Although
the BB resistance genes xa5 and xa13 are recessive in nature, abundant molecular marker resources
allow for molecular marker-assisted breeding [8–11]. The xa5 gene encodes a mutated gamma subunit
of basal transcription factor IIA 5 (TFIIAγ5), and along with the dominant resistance gene Xa7, has
shown strong resistance to a virulent BB strain, Z-173, in China [11,12]. Another broad-spectrum
recessive gene, xa13, was correlated with a plasma membrane protein conferring recessive resistance to
PXO99 [13]. Xa21, which encodes a leucine-rich repeat (LRR) receptor kinase-type gene, was identified
from O. longistaminata; it is one of the most effective genes utilized in breeding programs designed to
enhance the BB resistance of rice cultivars [8,14].

Conventional backcross breeding embedded with marker-assisted selection (MAS) has
been successfully employed in developing crop varieties exhibiting agronomically important
traits. The utility of MAS in pyramiding several resistance genes to develop a variety
possessing broad-spectrum durable resistance has been successfully demonstrated against numerous
pathotypes [6,15,16]; Jalmagna, a high-yield, deep-water rice variety, was improved for BB resistance by
pyramiding three resistance genes, xa5 + xa13 + Xa21 [6]; a Korean elite japonica variety, Mangeumbyeo,
improved with the introgression of the Xa4 + xa5 + Xa21 genes, which were shown to possess a wide
range of resistance to BB [16]. Recently, xa5, xa13 and Xa21 genes were introgressed into the hybrid
rice maintainer lines CO2B, BO23B and CO24B through MAS, which can form the basis to develop
new, widely adaptable heterotic hybrids possessing resistance against the destructive diseases to
which rice is vulnerable [17]. In addition, there have been several examples of MAS being utilized to
successfully incorporate different genes which provide higher resistance to various biotic and abiotic
stresses (for example, the pyramiding of QTLs of submergence tolerance (Sub1A), leaf/neck blast (qBL1
and qBL11), brown planthopper (Bph3) and BB (xa5 and Xa21) in high-yielding and aromatic rice
variety ‘Pink3′ [18]).

According to the annual report of the Council of Agriculture, of the 271,000 hectares of rice
paddy fields in Taiwan, approximately 7% are affected by BB per year. Most Taiwanese japonica rice
cultivars lack BB resistance genes [10], resulting in significant yield loss in fields severely infected
by the disease. Pyramiding multiple R genes by MAS provides a rapid and precise way to develop
a variety with wide-spectrum and durable resistance [19]. A set of 17 near-isogenic lines (NILs) in
IR24 background, having single or two to four pyramided Xa genes, were included in the panel to
serve as controls of known disease reactions [20]. IRBB66, carrying Xa4, xa5, Xa7, xa13 and Xa21,
in an indica rice IR24 genetic background, conferred strong resistance to races of BB. In the present
study, five BB resistance genes were introgressed from IRBB66 into an elite japonica variety, ‘Tainung82′
(TNG82), using marker-assisted backcrossing (MAB) and marker-assisted background analysis of
selected backcross progenies using SSR markers. The aims of this study were to (i) develop five gene
pyramiding lines using MAB, (ii) evaluate the effects of BB-resistant lines carrying different R genes
after inoculation with BB strain, (iii) select individuals possessing agronomic traits and grain quality
performance from the resulting BB-resistant lines. The development of BB-resistant lines with more
than three genes pyramided has a promising future in molecular breeding of durable BB-resistant
rice cultivars.
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2. Results

2.1. Development of BC3F4 Pyramided Lines Using Marker-Assisted Breeding

Tainung82 is one of the most widely cultured elite japonica varieties in Taiwan, but it exhibits a high
susceptibility to bacterial blight disease. In order to develop a BB-resistant japonica cultivar, TNG82
was used as the recurrent parent to backcross with IRBB66 for three generations, and then self-crossed
to produce a BC3F4 population. The polymorphism was detected between donor parent IRBB66 and
recurrent parent TNG82 with the markers Xa4F/4R, RM604F/604R, Xa7F/7-1R/7-2R, Xa13F/13R and
Xa21F/21R for Xa4, xa5, Xa7, xa13 and Xa21, respectively. In addition, the parents were screened with
216 rice microsatellite markers, of which 143 were polymorphic and 117 were used for background
selection (Figure S1). The breeding scheme using molecular markers for the selection of the five
BB-resistant genes is shown in Figure 1. During the breeding procedure, functional marker selection
was practiced from the F1 generation until the BC3F2 generation. The plants possessing all five
resistance genes were selected in each stage, of which only two progenies were advanced to the next
generation. A total of two plants having all five BB resistance genes (Xa4, xa5, Xa7, xa13 and Xa21)
were screened from 960 F2 plants and confirmed by lined molecular markers [10]. The two F2 plants
were backcrossed to TNG82. A total of 53 of 147 BC1F1 plants containing different BB resistance genes
were selected by MAS. The percentages of recurrent parent genome (%RPG) of BC1F1 ranged from 60%
to 85%, with an average of 73.8% (Figure 2). Ten BC1F1 plants containing both the five BB resistance
genes, as well as a high %RPG (average of 81.7%), were used for further backcrossing with TNG82.

 
Figure 1. Schematic diagram for pyramiding bacterial blight resistance genes into Taiwanese japonica
rice cultivar, TNG82, using marker-assisted selection and number of plants selected in every generation.
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Figure 2. The frequency distribution of recurrent parent genome (RPG) recovered rate using
marker-assisted backcrossing in BC1F1, BC2F1 and BC2F2 populations derived from the backcross
of IRBB66/TNG82. The numbers inside the right side of frame indicate the mean values (SD) of
RPG recovered.

A total of 50 of 1228 BC2F1 plants containing different BB resistance genes possessed the recurrent
genome content of TNG82, ranging from 72% to 94%, with an average of 83% (Figure 2). The 20 selected
BC2F1 plants, heterozygous for all five BB resistance genes and possessing a high %RPG (average of
87.3%), were selfed to obtain the BC2F2 population. The plants homologous for all five target genes
were segregated with a Mendelian pattern (homozygous preference genotype = 1/4n). The four BC2F2

plants carrying five positive homozygous alleles of the donor genes, including Xa4, xa5, Xa7, xa13 and
Xa21, were screened from 5012 BC2F2 plants. Four BC2F2 plants showed recurrent genome content of
TNG82 with %RPG of 92.05% (29), 84.3% (18), 83.1% (5) and 79.4% (43), with an average of 84.71%
(Table S1). In the BC2F3 generation, 17 plants containing different BB resistance genes were used
to confirm resistance reaction by inoculation with Xoo isolate XF89-b and evaluated for agronomic
performance. Four BC2F3 plants with the five BB resistance genes were backcrossed to TNG82. In
the BC3F2 generation, 16 of 685 plants containing the five BB resistance genes were identified and
grown as BC3F3. These 16 five-gene-pyramided genotypes were selfed and evaluated for agronomic
performance. The nine BC3F4 lines containing five BB resistance genes, Xa4, xa5, Xa7, xa13 and Xa21
(Figure 3) were selected and evaluated for agronomic performance in the field, as well as analyzed for
grain quality.
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Figure 3. Multiplex PCR amplification of five bacterial blight resistance genes, Xa4, xa5, Xa7, xa13 and
Xa21. The five expected band sizes of 217, 106, 179, 381 and 595 bp, correlated with Xa4, xa5, Xa7, xa13
and Xa21, respectively, were amplified in IRBB66 and nine five-gene-pyramided lines using multiplex
PCR. P1:IRBB66, P2:TNG82. DNA products were separated by 6% polyacrylamide gel in 0.5 × TBE at
100 v for 60 min. M: DNA ladder marker.

2.2. Development of BC3F4 Pyramided Lines Using Marker-Assisted Breeding

The BC2F3 pyramided rice genotypes were evaluated for their resistance to BB in the field
conditions using the Taiwanese Xanthomonase oryzae strain isolate, XF89-b. The resistance donor
IRBB66, containing five BB resistance genes, showed shorter lesion lengths (mean lesion length of
0.43 cm), while the susceptible checks, TN1, TCS10, IR24 and TNG82, exhibited a range of longer lesion
lengths, between 6.75 and 12.56 cm (Table 1, Figure 4). The genotypes having either BB resistance genes
alone or more than two genes pyramided were shown to be moderately resistant, resistant, and highly
resistant to the BB disease (Figure 5). In addition, the five-gene-pyramided BC2F3 genotypes exhibited
a range of shorter lesion lengths, between 0.37 and 0.46 cm (Table 1). The five-gene-pyramided lines
displayed higher levels of disease resistance and a broader resistance spectrum compared to both the
parental rice variety, TNG82 and the genotypes possessing a single gene.

Table 1. The results of TNG82/IRBB66 BC2F3 lines after incubating the Xoo strains XF89-b in the field at
the first crop season in 2016.

No. Lines Genotypes Lesion Length † (cm) Resistance Scale ¥

1 TN1 12.56 ± 2.98 a S
2 TCS10 9.85 ± 2.07 b MS
3 IR24 11.75 ± 1.80 a S
4 TNG82 6.75 ± 2.54 c,d MS
5 IRBB66 Xa4 + xa5 + Xa7 + xa13 + Xa21 0.43 ± 0.70 i HR
6 CNYBB0R01 Without resistance gene 7.30 ± 1.50 d MS
7 CNYBB0R02 Without resistance gene 5.91 ± 2.04 c MR
8 CNYBB1R01 Xa4 2.67 ± 1.00 e,f R
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Table 1. Cont.

No. Lines Genotypes Lesion Length † (cm) Resistance Scale ¥

9 CNYBB1R02 xa5 2.27 ± 0.73 e,f,g R
10 CNYBB1R03 Xa7 2.77 ± 1.04 e,f R
11 CNYBB1R04 xa13 5.55 ± 2.28 d MR
12 CNYBB1R05 Xa21 1.48 ± 1.48 f,g,h,i R
13 CNYBB2R03 xa13 + Xa21 0.77 ± 0.45 h,i HR
14 CNYBB2R04 Xa4 + Xa21 0.68 ± 0.24 h,i HR
15 CNYBB2R05 Xa4 + xa5 1.24 ± 0.98 g,h,i R
16 CNYBB2R06 xa5 + xa13 1.82 ± 0.54 f,g,h R
17 CNYBB2R01 xa5 + Xa7 0.75 ± 0.33 h,i HR
18 CNYBB2R07 Xa7 + xa13 3.25 ± 0.73 e MR
19 CNYBB2R02 Xa7 + Xa21 0.76 ± 0.19 h,i HR
20 CNYBB3R03 Xa4 + xa13 + Xa21 0.45 ± 0.17 h,i HR
21 CNYBB3R04 Xa4 + xa5 + xa13 1.25 ± 0.74 g,h,i R
22 CNYBB3R05 Xa4 + xa5 + Xa21 0.46 ± 0.17 h,i HR
23 CNYBB3R01 Xa4 + Xa7 + Xa21 0.56 ± 0.16 h,i HR
24 CNYBB3R06 xa5 + xa13 + Xa21 0.44 ± 0.08 h,i HR
25 CNYBB3R07 xa5 + Xa7 + xa13 0.71 ± 0.45 h,i HR
26 CNYBB3R02 xa5 + Xa7 + Xa21 0.44 ± 0.12 h,i HR
27 CNYBB4R03 Xa4 + xa5 + xa13 + Xa21 0.43 ± 0.12 i HR
28 CNYBB4R01 Xa4 + xa5 + Xa7 + Xa21 0.48 ± 0.17 h,i HR
29 CNYBB4R02 Xa4 + Xa7 + xa13 + Xa21 0.68 ± 0.50 h,i HR
30 CNYBB5R01 Xa4 + xa5 + Xa7 + xa13 + Xa21 0.37 ± 0.13 i HR
31 CNYBB5R02 Xa4 + xa5 + Xa7 + xa13 + Xa21 0.38 ± 0.12 i HR
32 CNYBB5R03 Xa4 + xa5 + Xa7 + xa13 + Xa21 0.46 ± 0.14 h,i HR
33 CNYBB5R04 Xa4 + xa5 + Xa7 + xa13 + Xa21 0.38 ± 0.12 i HR

† Mean ± standard error. ¥ HR = highly resistant (lesion length < 1 cm); R = resistant (1 cm < lesion length < 3 cm);
MR = moderately resistant (3 cm < lesion length < 6 cm); MS = moderately susceptible (6 cm < lesion length <
10 cm); S = susceptible (10 cm < lesion length). Means with none or the same letter of a row are not significantly
different at 5% level by least significant difference (LSD) test.

Figure 4. The leaf lesion length of TNG82/IRBB66 BC2F3 genotypes after 21 days inoculum of bacterial
blight pathogen XF89-b in the field at the first crop season in 2016. Susceptible cultivar: TCS10, IR24,
and TN1; Parental: TNG82 and IRBB66.

254



Int. J. Mol. Sci. 2020, 21, 1281

 

Figure 5. The leaf lesion photo of TNG82/IRBB66 BC2F3 genotypes after 21 days inoculum of bacterial
blight pathogen XF89-b in the field at the first crop season in 2016. Susceptible cultivar check: TCS10,
IR24, and TN1; Parents: TNG82 and IRBB66.

2.3. Development of BC3F4 Pyramided Lines Using Marker-Assisted Breeding

Nine five-gene-pyramided lines at the BC3F4 generation, along with the recurrent and donor
parents, were evaluated in the first crop season of 2018 at Taiwan Agricultural Research Institute
(TARI), Taiwan. Significant variances were observed between the pyramided lines and parental rice
genotypes for plant height, days to 50% flowering, panicle length, panicles/plant, panicle weight,
number of grains/panicle, 1000-seed weight, and single plant yield (Table 2). The recurrent parent,
TNG82, recorded mean grain yield of 36.8 g/plant, while the donor parent, IRBB66, was 30.1 g/plant.
Six of the nine five-gene-pyramided lines, CNYBB5R4-275, -276, -278, -279, -285 and -287, produced
significantly higher grain yields per plant than the recurrent parent, which ranged from 37.1 to
44.5 g/plant, and displayed a similar phenotype to the donor parent TNG82 (Figure 6).

Table 2. Agro-morphologic traits of parental and five-gene-pyramided BC3F4 genotypes.

Pyramided
Lines

Plant Height
(cm) (n = 20)

Days to 50%
Flowering

(n = 20)

Panicle
Length (cm)

(n = 20)

Panicles/Plant
(n = 20)

Panicle
Weight (g)

(n = 20)

No. of
Grains/Panicle

(n = 20)

1000-Seed
Weight (g)

(n = 20)

Single Plant
Yield (g)
(n = 20)

TNG82 105.4 ± 1.1 90 20.3 ± 0.2 14 ± 0.7 3.3 ± 0.1 102 ± 2.5 30.8 ± 0.1 36.8 ± 0.1
IRBB66 90.2 ± 1.4 95 22.6 ± 0.1 17 ± 0.5 3.7 ± 0.1 108 ± 1.0 24.2 ± 0.1 30.1 ± 0.7

CNYBB5R4-272 120.4 ± 1.3 92 22.8 ± 1.8 16 ± 0.8 3.6 ± 0.4 122 ± 16.7 26.0 ± 0.1 36.3 ± 7.3
CNYBB5R4-274 115.9 ± 2.7 91 21.4 ± 1.6 15 ± 0.5 2.8 ± 0.1 95 ± 8.2 28.4 ± 0.4 32.6 ± 4.4
CNYBB5R4-275 116.3 ± 3.7 91 20.1 ± 0.6 16 ± 2.1 3.2 ± 0.3 113 ± 17.8 25.2 ± 0.4 41.2 ± 3.3
CNYBB5R4-276 116.3 ± 3.2 91 20.4 ± 0.7 16 ± 0.5 2.8 ± 0.2 100 ± 9.9 26.4 ± 0.4 43.7 ± 0.9
CNYBB5R4-278 115.8 ± 2.4 91 21.7 ± 0.2 12 ± 0.8 3.9 ± 0.3 135 ± 10.3 26.2 ± 0.1 44.5 ± 1.3
CNYBB5R4-279 112.7 ± 4.2 91 18.3 ± 0.1 15 ± 1.7 3.1 ± 0.1 120 ± 4.7 25.2 ± 0.2 39.2 ± 3.0
CNYBB5R4-285 121.8 ± 3.0 92 21.6 ± 0.1 14 ± 0.8 3.1 ± 0.1 106 ± 0.8 28.2 ± 0.2 38.0 ± 0.3
CNYBB5R4-286 113.7 ± 6.8 91 20.2 ± 1.0 15 ± 1.0 2.9 ± 0.2 100 ± 12.1 27.6 ± 0.1 35.9 ± 2.6
CNYBB5R4-287 115.3 ± 6.6 91 21.7 ± 0.6 14 ± 0.2 2.8 ± 0.4 103 ± 16.5 26.6 ± 1.6 37.1 ± 8.1
LSD (p = 0.05) 9.2 0.6 2.6 3.1 0.7 24.0 1.7 12.1

LSD, least significant difference at 5% probability level.
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Figure 6. Phenotype of the five-gene-pyramided BC3F4 genotypes compared with recurrent parental
variety TNG82.

A significant difference was noted between the parental rice varieties and pyramided genotypes in
grain quality traits (Table 3). The palatability among pyramided BC3F4 genotypes varied between 69.8
(CNYBB5R4-275) and 74.5 (CNYBB5R4-276). The protein content among pyramided BC3F4 genotypes
varied between 6.4 (CNYBB5R4-276 and CNYBB5R4-286) and 7.4 (CNYBB5R4-272). The brown
rice ratio for the five-gene-pyramided genotypes varied from 72.8% to 79.3%. The four genotypes,
CNYBB5R4-272, -275, -276 and -278, were found to have higher head rice ratios, however, the amount
of total milled rice was not significantly different from the recurrent parent, TNG82. The evaluation of
agronomic traits in BC3F3 and BC3F4 provided us with an important selection criteria, which can select
candidate lines with stable agronomic performances and resistance to disease.

Table 3. Grain quality of parental and five-gene-pyramided BC3F4 genotypes.

Pyramided Lines
Palatability

(n = 20)
Protein (n = 20)

Amylose
(n = 20)

Brown Rice
(%) (n = 20)

Head Rice
(%) (n = 20)

Total Milled Rice
(%) (n = 20)

TNG82 76.3 ± 3.2 6.0 ± 0.5 16.0 ± 0.1 77.6 ± 0.2 55.0 ± 0.1 61.5 ± 0.7
IRBB66 60.3 ± 1.1 8.7 ± 0.3 18.1 ± 0.1 72.3 ± 0.1 42.3 ± 0.1 45.7 ± 0.4

CNYBB5R4-272 69.0 ± 2.1 7.4 ± 0.4 14.5 ± 0.9 74.1 ± 0.5 50.5 ± 0.7 57.8 ± 0.8
CNYBB5R4-274 70.0 ± 3.5 7.3 ± 0.7 15.3 ± 0.2 72.8 ± 0.6 31.2 ± 1.8 48.6 ± 0.1
CNYBB5R4-275 69.8 ± 1.1 7.2 ± 0.2 16.0 ± 0.4 75.1 ± 2.3 53.8 ± 1.5 58.7 ± 1.3
CNYBB5R4-276 74.5 ± 2.8 6.4 ± 0.5 15.4 ± 0.1 77.2 ± 0.9 50.1 ± 2.4 59.0 ± 1.0
CNYBB5R4-278 72.3 ± 1.8 6.7 ± 0.3 15.6 ± 0.2 77.5 ± 0.7 55.8 ± 0.3 62.1 ± 0.1
CNYBB5R4-279 72.3 ± 0.4 6.8 ± 0.1 15.3 ± 0.2 77.2 ± 1.8 49.3 ± 2.6 58.1 ± 3.6
CNYBB5R4-285 72.0 ± 1.4 7.0 ± 0.7 15.2 ± 0.1 77.0 ± 1.4 37.0 ± 1.9 54.4 ± 2.2
CNYBB5R4-286 74.3 ± 1.4 6.4 ± 0.3 15.3 ± 0.2 79.3 ± 0.5 48.4 ± 2.4 61.2 ± 0.1
CNYBB5R4-287 74.3 ± 0.4 6.8 ± 0.1 15.4 ± 0.1 75.5 ± 0.5 42.0 ± 9.0 54.7 ± 0.6
LSD (p = 0.05) 4.6 0.9 1.0 3.5 9.8 4.5

LSD, least significant difference at 5% probability level.

3. Discussion

Conventional backcross breeding is the primary method used to develop highly BB-resistant rice
cultivars, but it cannot accurately transfer multiple genes into the cultivar by phenotypic screening
and the process requires a significant amount of time [21,22]. Modified backcross pyramid breeding,
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combined with molecular marker-assisted selection, has already been demonstrated to increase the
precision and efficiency of breeding [23–25]. Due to the relatively large amount of work involved with
the MAS process, the conventional backcross breeding approach has been widely adopted in breeding
programs designed to breed for BB resistance [10,26–28].

To date, many rice cultivars with broad-spectrum resistance against Xoo isolates have been
developed; Singh et al. (2001) pyramided three R genes, xa5, Xa13 and Xa21, in the indica rice cultivars
PR106 and Jalmagna using MAS to enhance the bacterial blight resistance [6,15]; the four genes Xa4, xa5,
Xa13 and Xa21 were introgressed into the recurrent parent lines Jyothi, IR50, Mahsuri, PRR78, KMR3
and Pusa 6B [26,29,30]; different BB-resistant genes, Xa7, Xa21, Xa22 and Xa23, were also transferred
to an elite hybrid rice restorer line, Huahui 1035, in order to improve BB resistance and enhance
rice yield [31].

In Taiwan, many japonica rice cultivars lack BB resistance, resulting in significant yield loss in
severely infected fields. One such variety is Tainung82, which was released in Taiwan for commercial
cultivation in 2006. TNG82 is described as a popular japonica rice variety, with high-yield potential
(6–7 t/ha), excellent grain quality, various culinary applications, and relatively low grain protein content
(4.5%–5.5%). As an extremely valuable yet BB-susceptible variety, TNG82 was selected as the focus of
this study to increase BB resistance through the introgression of five BB-resistant genes, Xa4, xa5, Xa7,
xa13 and Xa21.

The primary purpose of backcross breeding is to transfer one or multiple genes of interest, linked
to desirable traits, from donor parents into a base variety for improvement, a process which typically
requires six to eight backcrosses to recover the recurrent parent’s phenotype [32]. However, in the
MAS scheme, three to four generations of backcrossing is generally enough to achieve more than 99%
of the recurrent parent genome [33]. The theoretical %RPG of each generation, BC1, BC2, BC3 and
BC4, were 75%, 87.5%, 93.8% and 96.9%, respectively. Furthermore, the %RPG can be improved by
using MAS for background selection [16,34]. The 80% and 89% recovery rates following two and three
backcrosses were obtained from three-BB-gene-pyramided BC2 and BC3 genotypes, via MAS [35].
Balachiranjeevi et al. (2015) transferred the BB gene, Xa21 and rice blast-resistant gene, Pi54, to DRR17A
and were able to recover 73.4%, 84.8% and 93.4% RPG in the BC1, BC2 and BC3 generations, respectively.

In this study, the recurrent parent genome recovery rates in BC1F1, BC2F1 and BC2F2 were
73.8%, 83% and 84.7% (Figure 2), respectively. Compared with the theoretical %RPG, a relatively
low background recovery rate was obtained, however, the results were consistent with those found
in previous studies [36,37]. Marker-assisted backcrossing can accelerate the breeding process and
facilitate a speedy recovery for most of the recurrent genome within a few generations [38], however,
the population size of each backcross generation, linkage drag, number of background markers used
and genetic background between two parents are considered to be factors that reduce the efficiency of
MAB and %RPG [32].

Bacterial blight is one of the most destructive diseases affecting rice productivity in Asia. In Taiwan,
rice production is frequently affected by BB in the second crop season, resulting in substantial yield
loss. In recent years, BB has become a more prevalent threat, due to climate change [39]. XF89-b,
a strong and stable Taiwanese epidemic pathogen, has also been used for genetic analysis and the
mapping of BB-related resistance genes [40]. In our bioassays, artificial screening of BC2F3 progenies
revealed that all genotypes containing at least one BB-resistant gene displayed a degree of increased
resistance (Table 1, Figure 4). The BC2F3 progenies that pyramided more than three BB-resistant genes
exhibited a very high level of BB resistance against the XF89-b strain, compared to parental lines
(Figure 5). The lesion lengths were measured between 0.37 and 1.25 cm (Table 1). The data indicated
that multiple BB-resistant genes pyramided in rice can improve resistance to Xoo. The BB pyramiding
lines are expected to enhance the adaptability and durability necessary to provide resistance against
the dynamic nature of the pathogen. In addition, the results suggest that the gene combinations
containing the Xa21 gene were most resistant, as evidenced by shorter lesions lengths, followed by
Xa4 + Xa21, Xa7 + Xa21 and xa13 + Xa21, while lines with Xa4 + xa5, xa5 + xa13 and Xa7 + xa13 were
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less effective. These results are consistent with previous studies, which have shown the presence of
Xa21 to be correlated with high levels of persistent resistance against BB disease in rice [6,14,15,17,25].
Xa21 is the cell surface receptor, kinase, which is able to provide resistance to Xoo infections; Xa21 not
only suppresses Xoo growth, but also triggers broad perturbation in rice transcriptomes and mediated
signaling pathways, preventing Xoo infections [14].

The agronomic performance evaluation of BC3F4 derived in the genetic background of TNG82
revealed that all pyramided lines for most of the agro-morphological traits were, in general, similar to
the recipient parent, TNG82. However, six candidate lines, CNYBB5R4-275, -276, -278, -279, -285 and
-287, produced significantly higher grain yields per plant than the recurrent parent, which was further
confirmed by the multilocation evaluation. In addition, three candidate lines, CNYBB5R4-276, -278 and
-286, were not significantly different in palatability, protein, amylose, brown rice ratio, head rice ratio
or total milled rice ratio, indicating that the BC3F4 pyramiding lines had grain quality consistent with
TNG82. The data showed that there were no yield or grain quality reductions, but rather improvements,
due to the pyramiding of the five BB-resistant genes.

4. Materials and Methods

4.1. Plant Materials

The donor parent, IRBB66, contained five resistance genes, Xa4, xa5, Xa7, xa13 and Xa21, which were
introgressed from wild species in the background of IR24. IRBB66 was provided as a courtesy by the
Genetic Resources Center (GRC) of the International Rice Research Institute (IRRI). The recurrent parent
was TNG82, an elite japonica cultivar with low protein content and good grain quality, but susceptible
to bacterial blight disease. A cross was made between TNG82 and IRBB66, with F1 plants backcrossed
thrice with TNG82 to obtain BC3F1 plants, which were selfed to obtain the BC3F4 progeny. Selection
based on foreground, background and agronomic traits were practiced from BC1F1 to BC2F2 as a
means of identifying lines similar to the recurrent parent.

4.2. Evaluation of Bacterial Blight Resistance

The parental varieties (IRBB66 and TNG82), susceptible varieties (Taichung Native 1 (TN1),
Taichung sen 10 (TCS10)), BC2F2 and BC2F3 generation genotypes were pyramided with the five
BB-resistant genes, with IR24 as control. Different combinations were evaluated for BB resistance
under greenhouse and field conditions with the pathogen, X. oryzae pv. oryzae. Pathogen inoculation
was performed at the maximum tillering stage in the field through the modified leaf clipping method,
as previously described [41]. A strong Taiwanese epidemic pathogen isolate, XF89-b, was used in this
study. The isolate was grown in 523 medium [42] with agitation at room temperature for two days.
After adjusting the optical bacterial density to 109 CFU/mL with distilled water, the cultures were used
to screen the rice plants for BB resistance. Approximately six leaves from one plant were clipped from
the top 2–3 cm simultaneously. All inoculation was completed within 1 h following the preparation
of bacterial suspensions. Lesion length for BB was scored after inoculation when the lesion of the
susceptible variety, TN1, reached approximately 3/4 of overall leaf length (approximately 21–28 days).
The resistance reaction was classified as highly resistant (HR), resistant (R), moderately resistant (MR),
moderately susceptible (MS), and susceptible (S) when the values of lesion length were recorded as
0–1 cm, 1.1–3 cm, 3.1–6 cm, 6.1–10 cm, and more than 10 cm, respectively [43,44].

4.3. Evaluation of Agronomic Traits

During the second and first crop season of 2017 and 2018, respectively, the 30-day-old seedlings
of the BC3F3 and BC3F4 pyramided lines and both the parents were transplanted into three rows,
with 27 plants per row, per entry, at 15 × 25 cm spacing, under a randomized complete-block design,
with two replications at the Taiwan Agricultural Research Institute’s Chiayi Agricultural Experiment
Station Farm. Ten plants from each entry were recorded as one data replication. Single plant yield
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was recorded for the 16 BC3F3 genotypes as a basis for selection. In BC3F4, variables for agronomic
traits were recorded for nine pyramided lines, including: plant height (cm), days to 50% flowering,
panicle length (cm), panicles/plant, panicle weight (g), number of grains/panicle and 1000-seed weight
(g), while single plant yield (g) was recorded on a whole-plot basis. In addition, the grain quality,
including palatability, protein, amylose, brown rice ratio, head rice ratio and total milled rice ratio,
was investigated and analyzed. For palatability analyses, the rice grains were hulled and ground
into a fine flour. Approximately 33 g of rice flour was used for the palatability evaluation, which was
performed by using a palatability analyzer system (Toyo Taste Meter, Model MA-30), in accordance
with the manufacturer’s operation manual (TRCM Co., Toyo Rice Polishing Machine Factory, Japan),
as previously described [45]. Protein and amylose contents were measured with a near-infrared
spectrometer (AN820, Kett Electric Laboratory Co. Ltd., Tokyo, Japan) (Near Infrared Spectrometer,
Foss Japan Co. Ltd., Tokyo, Japan). Statistical analysis was performed with independent samples
using least significant difference (LSD).

4.4. DNA Isolation and PCR Amplification

A rice genomic DNA extraction, with modification, was adopted for minipreparation [45].
Approximately 0.05 g of fresh leaf tissue from 6- to 8-week-old seedlings was homogenized with 300 μL
extraction buffer (100 mM Tis-HCl, pH 9.0; 40 mM EDTA-2Na, pH 8.0; 1.67% SDS) at 30 1/s for 2 min
by use of TissueLyser (Qiagen Retsch GmbH, Haan, Germany). A total of 150 μL benzyl chloride was
added to the homogenized tissue and vortexed. After incubation in a 50 ◦C water bath for 15 min,
150 μL of 3 M sodium acetate (pH 5.2) was added. Supernatants were saved after centrifugation at
15,000 rpm for 15 min at 4 ◦C, and 300 μL of ice-cold isopropanol was added to precipitate DNA.
After centrifugation at 15,000 rpm for 10 min, DNA pellets were saved and washed with 70% ethanol,
air-dried and dissolved in 50 μL TE buffer.

A 10 μL PCR reaction containing 20 ng genomic DNA, 0.2 μM forward and reverse primers,
5 μL Multiplex PCR Master Mix (QIAGEN, Inc., Valencia, CA), and 1 μL Q-Solution (QIAGEN, Inc.,
Valencia, CA) was performed by use of a thermocycler (GeneAmp PCR System 9700, PerkinElmer
Corp., Norwalk, CT, USA) at 95 ◦C for 15 min for 1 cycle; 94 ◦C for 30 s, 57 ◦C for 2 min, 72 ◦C for
2 min for 30 cycles; and 60 ◦C for 30 min for 1 cycle. Following PCR, 2 μL of amplified DNA products
was separated by 6% polyacrylamide gel (PAGE) in 0.5 × TBE at 100 v (Dual Triple-Wide Mini-Vertical
System, C. B. S. Scientific, CA, USA) for 60 min.

4.5. Marker Analysis

Five gene-specific primers, Xa4F/4R, RM604F/604R, Xa7F/7-1R/7-2R, Xa13F/13R, and Xa21F/21R,
tightly linked to the resistance genes Xa4, xa5, Xa7, xa13 and Xa21, respectively, were used to confirm
the presence of the R genes in each generation. All markers in this study were published in the
previous report [10]. In addition, a total of 36 and 44 markers of known chromosomal positions were
used for genotyping in BC1F1 and BC2F1, respectively. In BC2F2, 117 markers, including 57 SSRs,
9 STS, and 51 InDel, distributed evenly on the 12 chromosomes with an average marker interval of
12.76 cM, were used in a genome-wide survey to identify the chromosome segment substitution
locations. These polymorphic markers were used for background selection in order to select plants
having maximum recovery of the recurrent parent genome. The genotypes from polymorphic bands
are recorded as A (IRBB66), B (TNG82) and H (IRBB66/TNG82). The Graphical Geno Types (GGT)
Version 2.0 [46] software program was used for the assessment of the recurrent parent genome (%RPG)
in the selected recombinants, based on marker data.

5. Conclusions

The use of marker-assisted selection in backcross breeding is an effective and reliable approach
for pyramiding BB-resistant genes in rice. In this study, the pyramiding lines that possess resistance
against BB strains, high potential yields, and high grain quality were both developed and improved.
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The BB-pyramided breeding lines containing all five genes, Xa4, xa5, Xa7, xa13 and Xa21, can serve
as donors to introgress the resistance genes into other elite rice cultivars in order to accelerate the
improvement of rice for disease resistance in Taiwan. These BB-pyramided lines are expected to have a
high impact on domestic rice production stability, and also reduce the need for pesticides.
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Abstract: Among all cereals, rice is highly sensitive to cold stress, especially at the germination
stage, which adversely impacts its germination ability, seed vigor, crop stand establishment, and,
ultimately, grain yield. The dissection of novel quantitative trait loci (QTLs) or genes conferring a
low-temperature germination (LTG) ability can significantly accelerate cold-tolerant rice breeding
to ensure the wide application of rice cultivation through the direct seeding method. In this study,
we identified 11 QTLs for LTG using 144 recombinant inbred lines (RILs) derived from a cross between
a cold-tolerant variety, Lijiangxintuanheigu (LTH), and a cold-sensitive variety, Shennong265 (SN265).
By resequencing two parents and RIL lines, a high-density bin map, including 2,828 bin markers, was
constructed using 123,859 single-nucleotide polymorphisms (SNPs) between two parents. The total
genetic distance corresponding to all 12 chromosome linkage maps was 2,840.12 cm. Adjacent
markers were marked by an average genetic distance of 1.01 cm, corresponding to a 128.80 kb physical
distance. Eight and three QTL alleles had positive effects inherited from LTH and SN265, respectively.
Moreover, a pleiotropic QTL was identified for a higher number of erected panicles and a higher grain
number on Chr-9 near the previously cloned DEP1 gene. Among the LTG QTLs, qLTG3 and qLTG7b
were also located at relatively small genetic intervals that define two known LTG genes, qLTG3-1
and OsSAP16. Sequencing comparisons between the two parents demonstrated that LTH possesses
qLTG3-1 and OsSAP16 genes, and SN-265 owns the DEP1 gene. These comparison results strengthen
the accuracy and mapping resolution power of the bin map and population. Later, fine mapping
was done for qLTG6 at 45.80 kb through four key homozygous recombinant lines derived from a
population with 1569 segregating plants. Finally, LOC_Os06g01320 was identified as the most possible
candidate gene for qLTG6, which contains a missense mutation and a 32-bp deletion/insertion at the
promoter between the two parents. LTH was observed to have lower expression levels in comparison
with SN265 and was commonly detected at low temperatures. In conclusion, these results strengthen
our understanding of the impacts of cold temperature stress on seed vigor and germination abilities
and help improve the mechanisms of rice breeding programs to breed cold-tolerant varieties.

Keywords: japonica rice; cold stress; germinability; high-density linkage map; QTLs
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1. Introduction

Rice (Oryza sativa L.), which is a staple food and nutritional source for many countries, fulfills
the nutritional requirements for over half of the world’s population and is cultivated across the globe,
except in a few areas where icy conditions prevail during most of the year [1]. Since rice originated in
tropical and sub-tropical climates, it is one of the most sensitive cereals to cold stress [2], which limits
its growth, development, and yield formation, especially when cold stress prevails at the germination
stage [3]. Cold stress impacts all growth stages of rice, including tillering, booting, flowering, and
grain-filling, but if stress dominates at the germination stage, it proves adverse for rice development
at later growth stages. Low-temperature stress during the germination stages of rice affects seedling
vigor and produces poor seedling emergence and an uneven stand establishment with a lower growth
rate, which delays panicle development and enhances spikelet sterility [4]. Across China’s mainland,
most of the rice cultivation areas are affected by frequent cold stresses. The Chinese agricultural sector
suffers from an average loss of rice of about 3–5 million tons of rice every year due to these frequent
cold stresses [5]. Two kinds of cold stresses occur in Chinese rice-growing regions. The (1) “cold spring”
and (2) “cold autumn wind” often cause severe yield losses in double-cropping rice regions across
the Yangtze River in China. In Northeast China (NEC), commonly considered a rice region at a high
latitude, and the Yunnan-Guizhou Plateau, considered a rice cultivation region at a low latitude, severe
cold summer damage was observed, with an average of three to four years of cold stress. These areas
are expected to encounter more severe damage in the near future due to low temperature stress [6].

Traditional genetic and molecular analyses on Arabidopsis, rice, and other model plants have
revealed that C-repeat binding factors (CBFs) are mainly involved in the cold signaling pathways.
Recent studies have further revealed that the protein kinases and transcription factors are also involved
in cold signaling in plants [7]. Additionally, genetic research on rice has detected numerous quantitative
trait loci that control cold tolerance on nearly all 12 chromosomes [8]. Among these loci, only a few
quantitative trait loci (QTLs) have been thoroughly researched and cloned, while the functional
mechanisms of most are still largely unknown. Among all the QTLs for low-temperature germination
in rice, only qLTG3-1 and OsSAP16 were cloned. qLTG3-1 encodes a protein with glycine-rich and
lipid trans-protein domain structures [9], and OsSAP16 encodes a zinc-finger protein that positively
regulates germination under low temperatures [10]. The QTLs qCTS7, LTG1, COLD1, qCTS9, bZIP73,
qPSR10, and HAN1 control the pathways for cold tolerance in rice. qCTS7 increases cold tolerance
at the seedling stage due to its overexpression [11]. LTG1 encodes a casein kinase that plays a role
in regulating the rice growth rate under cold stress [4]. A regulator of Ca2+ signaling in the plasma
membrane and endoplasmic reticulum is encoded by COLD1 [12], whereas a novel protein that
interacts with Brassinosteroid Insensitive-1 is encoded by qCTS9 [13]. There is a functional interaction
between bZIP73 and bZIP71 that makes rice seedlings tolerant to greater cold [14]. A single-nucleotide
polymorphism (SNP), SNP2G, at position 343 in qPSR10, is responsible for conferring cold tolerance
during the seedling stage [15]. HAN1 encodes an oxidase that provides functional contributions to the
Jasmonic acid mediated cold response in temperate japonica rice [16]. The other three QTLs, Ctb1, CTB4a,
and bZIP73, control cold tolerance at the booting stage. The first encodes an F-box protein [17], the
second encodes a leucine rich repeat kinase that enhances seed setting through increased ATP-synthase
activity under low temperature stress [3], and the third increases the cold tolerance rate by enhancing
the soluble sugar transport from anthers to pollens at the booting stage [18].

Advances in genome-wide sequencing technology have provided an effective method to detect
DNA sequencing differences among closely related rice materials and to ensure the presence of
sufficient markers for a genetic mapping analysis. A genotype calling method for RILs that utilizes
resequencing data was developed [19], which determined the construction of resequencing bin maps
and accelerated genetics-based studies for many crops, including cereals [19–27]. Based on the above
discussions, many important advances have been achieved in the study of rice cold stress, but we still
need to use high-throughput sequencing technology to mine further cold-tolerance genes from japonica
rice, especially cold tolerance genes at the germination stage for breeding practice.
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The current study was arranged with the following objectives: (1) constructing a high density bin
map by re-sequencing a set of 144 RILs with large differences in germination abilities under cold stress;
(2) identifying QTLs for LTG in RIL populations by using the built linkage map; and (3) creating an
accurate map of qLTG6, with a high low-temperature germinability (LOD) score and relatively small
genetic intervals.

2. Results

2.1. Phenotypic Variation among the Parent and RIL Populations

After incubating at 28 ◦C for three days, the germination rates of LTH and SN265 were 100%,
indicating that both parents share a similar germination rate at a normal temperature, as presented
in Figure 1A. However, when they were incubated at 15 ◦C for six days to determine their low
temperature germinability, LTH and SN265 showed broad differences in their germination rates, as
shown in Figure 1A,B. There was a delay of about two days in germination after incubating LTH under
low temperature conditions, and, thereafter, the germination rate reached up to 90% after five days of
incubation. Comparatively, for SN265, germination started after five days of incubation and, thereafter,
took five more days to reach 90% of the germination of LTH, which shows a clear difference in the time
taken for germination by LTH and SN265 (Figure 1B). A range of five to eight days was chosen for a proper
and dynamic comparison of the low-temperature germinability among the parents and RILs (Figure 1C–F).
At all four time points, the distributions of the germination percentages of the RIL populations were
continuous, indicating that low-temperature germinability is controlled by QTLs. Generally, it is already
known that the longer the germination time, the higher the germination percentage. Therefore, on the
basis of the larger differences in germination between the parents after six days (LTH and SN265 showed
86.5% and 15.4%, respectively), those data were used for the subsequent QTL mapping.

Figure 1. The seed germination of two parents and their recombinant inbred lines (RILs) at normal (28 ◦C)
and low (15 ◦C) temperatures. (A). The germination phenotype of the two parents, Lijiangxintuanheigu
(LTH) and Shennong265 (SN265), as well as the four RIL lines incubated for 3 days at 28 ◦C and for 6
days at 15 ◦C. R136 and R145 have 11 positive QTLs, whereas R77 and R144 have no positive QTLs. The
bars = 5 mm; (B). The germination behavior of LTH (black) and SN265 (red) under low temperatures
at 15 ◦C. The means are shown in triplicate; (C–F). The frequency distribution of low-temperature
germinability in the RILs incubated for 5 days (C), 6 days (D), 7 days (E), and 8 days (F). Arrowheads
indicate LTH or SN265.
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2.2. Bin Map Construction and Comparison of the Physical Map to the Genetic Map

For proper identification of the SNP between the two parents as molecular markers, deep
resequencing was done for LTH and SN265. The effective sequencing depths of LTH and SN265 were
about 19-fold and 17-fold, respectively. After resequencing, a total of 123,859 SNPs were produced
between the two parents. Construction of the genetic linkage map for the RILs was carried out by
re-sequencing the 144 RIL lines, which were already derived from LTH and SN265. In this way, these
144 RIL lines produced a range of reads between about 7,448,879 and 12,118,209, with a mean value of
9,660,250. The overall effective depth coverage of these RIL lines ranged from 5.98-fold to 9.73-fold,
with an average depth of 7.75-fold. About 58,738 recombination breakpoints were used to construct
the fine bin map. Each RIL line was comprised of breakpoints ranging from 236 to 1007 breakpoints,
with an average value of 405. The 144 RIL lines were merged into a high-density bin map comprising
2,818 recombination bins of the 12 rice chromosomes, including most recombination events (Figure 2A).
The average of the physical intervals for the adjacent bins was observed between 15.00 kb and 3.60 Mb,
with a mean value of 128.80 kb, where most of the bins with physical intervals less than 100.00 kb were
found to be around 68.60%. Overall, only 32 bins exceeded a physical interval of 1.00 Mb, most of which
were in centromeric regions. The average physical distance between the bin markers was 98.23 kb and
169.03 kb on chromosome 10 and chromosome 1, respectively. Then, we constructed 12 chromosomes
with a total genetic distance of 2,840.12 cm (Figure 2B). The average genetic distance observed between
the two markers was nearly 1.01 cm. Among all chromosomes under consideration, chromosome 1 was
the longest, with 254 bin markers, and its genetic distance was 338.65 cm. In contrast, chromosome
9 was seen to be the shortest one, with 188 bin markers encompassing a genetic distance of 111.32 cm,
as given in Table 1. Comparing the genetic distance between chromosome 9 and 11, the average values
were 0.59 cm and 1.74 cm, respectively.

 

Figure 2. High-resolution genotyping and comparison of the physical maps and genetic maps of RILs.
(A). Aligned recombination maps of 144 RILs from a cross between LTH and SN265. The two genotypes
are indicated by blue (SN265) and red (LTH); (B). Comparison of the physical maps and genetic maps.
Left: physical map. Right: genetic map.

2.3. The Quality and Accuracy of the Bin Map

QTL mapping for the typical panicle trait named Dense and Erect Panicle1 (DEP1) was performed
to estimate the accuracy and mapping resolution ability of the respective bin maps and the RILs.
Careful observations were taken for the panicle curvature of the 144 RILs lines 25 days after the start of
heading, whereas the erect-type panicle lines remained erect. One QTL was identified on chromosome
9, with a peak interval of 16.4 Mb, as shown in Figure 3C. The QTL peak was located on the previously
characterized and cloned DEP1/EP1 gene. Sequence comparisons of the DEP1 region between LTH and
SN265 illustrated the replacement of a 637-bp in the middle of exon-5 by a 12-bp sequence (Figure 3F),
which caused a frame shift mutation, as described previously [28].
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Table 1. Characteristics of the high-density genetic map derived from a cross between LTH and SN265.

Chr. a No. Markers b Genetic
Distance (cm)

Physical
Distance (Mb)

Avg Distance between
Markers (cm/kb)

<1 Mb
Gap

Min. Gap
(kb)

Max. Gap
(Mb)

1 254 338.65 42.93 1.33/169.03 246 15.27 3.16
2 254 227.11 31.61 0.89/124.46 252 15.47 3.45
3 313 284.80 36.14 0.91/115.45 310 15.06 1.57
4 281 300.18 34.29 1.07/122.03 275 15.63 1.91
5 239 269.15 29.68 1.13/124.19 235 15.32 1.08
6 247 181.10 28.63 0.73/115.92 244 15.53 3.63
7 187 217.94 29.23 1.17/156.34 184 17.18 1.46
8 238 193.86 28.12 0.82/118.15 237 15.02 0.99
9 188 111.32 22.30 0.59/118.61 185 15.89 1.92
10 234 199.84 22.99 0.85/98.23 230 15.77 1.27
11 186 323.32 28.49 1.74/153.18 183 15.01 3.48
12 207 192.85 26.70 0.93/130.43 202 15.63 2.33

a Chr., indicates chromosome; b No. markers, the number of markers on the chromosome.

Figure 3. (A). QTL scan using whole-genome sequencing and a sequence comparing the panicle
curvature and low-temperature germinability QTLs near the previously identified genes. Curves
indicate the chromosome locations (Mb) and the low-temperature germinability (LOD) values of the
detected QTLs. Arrowheads represent the relative genetic positions of the candidate genes. (A). Genomic
locations of the 11 QTLs with strong effects for low-temperature germinability (LOD > 3) identified
in the RIL population; (B). Plots of the additive effect and the allele effect of the 11 QTLs. (C). A plot
of the LOD values of the panicle curvature. (D). A plot of the LOD values of the low-temperature
germinability on chromosome 3. (E). A plot of the LOD values of low-temperature germinability on
chromosome 7. (F). Sequence comparisons of the DEP1 region between LTH and SN265. (G). Sequence
comparisons of the qLTG3-1 region between LTH and SN265. (H). Sequence comparisons of the
OsSAP16 region between LTH and SN265.
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2.4. QTL Analysis of Low-Temperature Germinability

After combining the bin-map and phenotyping data of each RIL line, scanning of the LTG QTL
was carried out. A total of 11 QTLs were identified on chromosome 1 (11.48–19.34 Mb), chromosome 3
(0.00–1.31 Mb), chromosome 4 (6.10–11.41 Mb), chromosome 6 (0.34–0.74 Mb), chromosome 7 (6.98–9.21
Mb; 18.93–21.76 Mb), chromosome 9 (5.91–6.83 Mb; 14.91–21.38 Mb), chromosome 10 (1.20–1.60 Mb),
and chromosome 12 (0.86–2.35 Mb; 21.05–25.16 Mb). The confidence intervals associated with these
QTLs spanned the genomic physical position from 0.07 to 7.86 Mb compared with the reference
genome of rice (Table 2, Figure 3A). Five QTLs showed relatively small confidence intervals of less
than 1.5 Mb, including qLTG-3 (1.31 Mb), qLTG6 (0.40 Mb), qLTG-9a (0.92 Mb), qLTG-10 (0.40 Mb), and
qLTG-12a (1.49 Mb). Among these QTLs, phenotypic variation ranged from 10.30% to 21.04% (Table 2,
Figure 3B). Overall, five QTLs depicted the explained phenotypic variation exceeding 15%, and two
major QTLs were detected: qLTG7b, found on chromosome 7, with 21.04% phenotypic variation and
7.39 of the LOD value; and qLTG10, located on chromosome 10 and comprised of 21.00% phenotypic
variation with a 7.38 LOD value. Furthermore, eight QTL alleles, qLTG1, qLTG3, qLTG6, qLTG7a, qLTG7b,
qLTG9a, qLTG10, and qLTG12a, had a positive effect inherited from LTH. The other three QTL alleles,
qLTG4, qLTG9b, and qLTG12b, had a positive effect inherited from SN265 (Figure 3B). Based on the
high-resolution bin map, two QTLs, qLTG3 and qLTG7b, were localized to the chromosome intervals
that subsumed the cloned LTG genes. The QTL named qLTG3 was located in the interval of the LTG
gene described as qLTG3-1, with a 4.71 LOD value and 14.02% phenotype variance [9]. The QTL named
qLTG7b had a 7.39 LOD value and 21.04% phenotypic variation and was located on OsSAP16, a rice
LTG gene that has already been identified by the association study method [10]. PCR amplification
and sequencing were conducted to screen out the causal polymorphisms of qLTG3-1 and OsSAP-16,
which determined that LTH has two cold-tolerant genes (Figure 3E,F). Additionally, these results also
indicate that the data used for scanning QTLs are entirely effective (Figure 3D,E,G,H).
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2.5. Fine Mapping and Candidate Gene Prediction for qLTG6

To identify the possible novel genes for low germination within the QTLs, qLTG6 was thoroughly
analyzed because it has a high LOD value and relatively small genetic intervals (Figure 4A, Table 2).
qLTG6 was first identified within a 400 kb interval. Then, further high-resolution mapping of qLTG6
was carried out using four key homozygous recombination lines from 1,569 segregating population
plants and newly developed markers, as shown in Table 3. Finally, qLTG6 was localized to a region of a
45.8 kb physical interval between markers M002 and M008 via the progeny testing of key homozygous
recombinant lines (Figure 4B). Overall, there was the prediction of about seven genes in the target
region (Table 4). A re-sequencing data analysis of the delimited region only detected differences in the
gene LOC_Os06g01320 (Figure 4C). To confirm and estimate these differences, PCR-based sequencing
was conducted to analyze the gene body and the 3 kb promoter of LOC_Os06g01320, which revealed
a 32 bp deletion and a T–C transition in the promoter. In the gene body, a C–A transition was also
detected in the 18th exon, causing a substitution of Thr to Asn in LTH (Figure 4D).

Figure 4. Identification of the candidate gene of the QTL, qLTG6. (A). Linkage analyses of the QTL, qLTG6;
(B). Graphical representation of recombinants in the RILs of germinability under low temperatures,
refining the location of qLTG6 in an interval defined by bin markers; (C). The identification of the
candidate gene, LOC_Os06g01320, which encodes a chromodomain, helicase/ATPase, and DNA-binding
domain (CHD)-related (CHR) proteins, CHR723; (D). Validation of the mutation of LOC_Os06g01320
by PCR sequencing.
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Table 3. The markers developed for the fine mapping of qLTG6 on chromosome 6.

Molecular Marker Primer Sequence (5′→′)

M001 CTTCGCACTCCAGTCGCTCTCC
GTTGAGGAGGTGTATGGGCTTGG

M002 AGCTCACCAGGGACAACATCAAGG
TTAACCAGCTCCGCCAGCATCC

M005 CGCCACTGATCGATCTCCTCTCC
CGAGCTGGCCTTCTTCCTTGG

M008 AATTGATGCAGGTTCAGCAAGC
GGAAATGTGGTTGAGAGTTGAGAGC

M010 TGTTGGATTGGAATCGGAAAGC
CTCTGCTGTGCTGTGCTGCTAGG

Table 4. Candidate genes in the 45.8 kb target region corresponding to qLTG6.

Name Location Protein

LOC_Os06g01250 163205–165539 Cytochrome P450
LOC_Os06g01260 167364–174331 Glutathione gamma-glutamylcysteinyltransferase 1
LOC_Os06g01270 178580–178343 Expressed protein
LOC_Os06g01280 180215–181423 Retrotransposon protein
LOC_Os06g01290 182104–184623 Expressed protein
LOC_Os06g01304 185692–191452 Spotted leaf 11

LOC_Os06g01320 195018–208583 Chromodomain, helicase/ATPase, and DNA-binding
domain (CHD) proteins

2.6. Expression Analysis of LOC_Os06g01320

Both an SNP and deletion were detected at the promoter of LOC_Os06g01320 in LTH, which
suggests that expression might vary between parents. For further investigations on these variants, qPCR
analyses were executed to evaluate the expression patterns of LOC_Os06g01320 in two parents. During
seed germination under optimal conditions at 28 ◦C, the expression levels of LOC_Os06g01320 decreased
in the LTH and SN265 from 0 h to 1 d (Figure 5), which indicates that LOC_Os06g01320 is necessarily
required to be repressed during seed germination. Under the conditions of low-temperature stress with
a temperature range around 15 ◦C, the expression levels of LOC_Os06g01320 in LTH were significantly
lower than SN265, both at 12 h and at 1 d. After conducting a further refinement, these results showed
that LTH has lower expression levels of LOC_Os06g01320 than SN265, which could reduce the negative
regulation of gene expression and promote seed germination under low-temperature stress.

Figure 5. The expression analysis of the candidate gene of qLTG6. Relative expression of
LOC_Os06g01320 at the germination stage under 15 ◦C and 28 ◦C in the LTH and SN265, respectively.
** p < 0.01, using Student’s t-test. Bar SEM, n = 3.
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3. Discussion

In recent years, direct-seeded rice has received much attention in Asia because of its time and
labor savings and low input demand as an alternative to conventional rice systems. However,
the long-term cultivation method of seedling-transplantation has led to a loss of expressions of
some low-temperature-tolerant genes, which are usually expressed at the germination stage. Poor
germinability remains one of the major problems [5,21,29,30]. Therefore, screening cultivars with high
germination abilities under low-temperature stress is necessary to sustain rice yield and ensure the
application of direct seeding cultivation in the NEC region. In the current study, the japonica landrace
variety, LTH, a locally well-adopted cultivar originating from the far Southwest province of China, was
selected since it shows a high germination rate under low-temperature conditions. The germination
of LTH began two days after the start of incubation at a temperature of 15 ◦C and took five more
days to reach a germination rate of almost 90%. Screening of the low-temperature germination ability
of 135 cultivars from the NEC was then done, which revealed that no cultivar was more tolerant to
low-temperature stress than LTH. Therefore, the identification of tolerant genes during germination
under low-temperature stress in LTH has important scientific value for improving the low-temperature
germination ability of rice in the NEC.

In this study, high-throughput genotyping was employed through whole-genome resequencing,
and bin map construction was carried out for QTL mapping. A total of 11 QTLs were identified
on Chr.1, Chr.3, Chr.4, Chr.6, Chr.7, Chr.9, Chr.10, and Chr.12. By comparing the positions of the
QTLs, 19 previously identified LTG QTLs were found to be near 10 QTLs, except for qLTG9a, as
presented in Table 5. The qLTG-1 was mapped near the qCTGERM1-5 region for LTG [31]. The QTL
location of qLTG-3 was very close to that of the cloned QTL qLTG3-1 [9]. The QTLs of qLTG4, qLTG6,
and qLTG10 were as also found by Teng et al. [32], Ji et al. [33] and Shakiba et al. [31] to enhance
low-temperature germinability. qLTG7a was mapped near qCTGERM7-1 [31], qLTG-7 [34], qGR-7, and
qGI-7 [35]. Furthermore, qLTG7b was found to be mapped near qCTGERM7-4 [31], qLTG-7 [36], and
OsSAP16 [10]. At the germination stage, there was a correlation between the cold tolerance of qLTG9b
and the qLTG-9 region [32,33]. qLTG12a was mapped near qLTG-12a [37] and qLTG-12 [38]. qLTG12b was
identified near the region of qCTGERM12-1 [31], qGR-12 [10], qLTG-12 [36], and qLTG-12 [39]. The above
comparison results reflect the accuracy of this study, as well as the complexity of cold tolerance during
germination. Moreover, this study also suggests that LTH’s strong low-temperature germination ability
was acquired by accumulating more cold-tolerant genes. These results not only strengthen the findings
of previous studies but also reflect the complexity of low-temperature germination in accelerating the
breeding programs for enhanced cold-tolerance among rice cultivars.

Among the 11 QTLs identified in this study, qLTG-6 was ultimately narrowed down to the 45.80 kb
region (Figure 4B). Currently, seven genes have been observed in the target region (Table 5) where
LOC_Os06g01250 is found to encode the protein named cytochrome P450. LOC_Os06g01260 has
functional activities in encoding Glutathione gamma-glutamyl cysteinyl transferase-1. Moreover,
LOC_Os06g01280 encodes a retrotransposon protein. LOC_Os06g01270 and LOC_Os06g01290 encode
a protein that has yet to be discovered. LOC_Os06g01304 encodes Spotted Leaf 11, whereas
LOC_Os06g01320 encodes chromodomain, helicase/ATPase, and DNA-binding domain proteins.
Considering the organ specificity in gene expression and molecular function information, it is difficult
to ensure that a gene is a target gene. According to the sequencing data, this study identified only the
C–A transition in the 18th exon of LOC_Os06g01320, which is predicted to result in the substitution
of Thr to Asn in LTH. We also found a 32 bp deletion and a T–C transition in the promoter region.
In addition, the expression level of LOC_Os06g01320 in LTH was found to be lower than that of SN265
under lower temperatures. This lower expression level could be associated with seed germination
at low-temperature stress. The sequence and gene expression data suggest that LOC_Os06g01320
might be the most plausible prospect for qLTG-6, but the current evidence remains insufficient and will
require us to carry out genetic modification complementation or gene editing verification.
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Table 5. Comparison of QTL positions on the rice genome.

QTL Chr. a
QTL interval Prior near QTLs Location

Reference
Physical (Mb) Physical (Mb)

qLTG1 1 11.48–19.34 qCTGERM1-5 (12.71) [31]

qLTG3 3 0.00–1.31 qLTG3-1 (0.22) [9]

qLTG4 4 6.10–11.41 qLTG-4 (6.58–13.64) [32]

qLTG6 6 0.34–0.74 qLTG-6 (0.65–2.69) [33]

qLTG7a 7 6.98–9.21 qCTGERM7-1 (10.46–10.65) [31]

qLTG7b 7 18.93–21.76

qLTG7 (20.16–22.55) [34]
qGR-7 and qGI-7(20.35–21.59) [35]
qCTGERM7-4 (19.59–20.26) [31]

qLTG-7 (16.88–22.52) [36]
OsSAP16 (22.93) [10]

qLTG9a 9 5.91–6.83

qLTG9b 9 14.91–21.38
qLTG-9 (12.29–18.90) [32]
qLTG-9 (11.81–15.32) [33]

qLTG10 10 1.20–1.60 qCTGERM10-1 (1.40–1.53) [31]

qLTG12a 12 0.86–2.35
qLTG12a (0.75) [37]

qLTG-12 (2.43–3.19) [38]

qLTG12b 12 21.05–25.16

qCTGERM12-1 (24.89–24.90) [31]
qGR-12(22.78–25.15) [10]
qLTG12 (24.52–25.08) [36]
qLTG-12 (24.52–25.08) [39]

a Chr., chromosome.

4. Materials and Methods

4.1. Plant Materials

The 144 japonica rice RIL population was built via the single-seed descent method from a cross
between Shennong265 (SN265) and Lijiangxintuanheigu (LTH). The SN265 is a locally well-adopted and
super high yielding cultivar in Liaoning province, NEC, whereas LTH is a landrace from the Yunnan
Province, in the far Southwest of China. These RILs were planted at the agricultural farm of institute
of Crop Cultivation and Tillage, Heilongjiang Academy of Agricultural Sciences. The DNA of F11 RIL
generations was isolated for genotyping with the specified protocols. One residual heterozygous plant
was selected in the F6 population for the fine mapping of qLTG6. It had already been observed through
the genotyping of 114 DNA markers that the qLTG6 region of this selected plant is heterozygous,
and other chromosome regions are homozygous [40]. A total of 1,569 segregating individuals were
developed from the selected heterozygous plant.

4.2. Preparation of Seeds for the Germination Test

The RILs and their parents were grown in the experimental fields in 2017, where the nursery
sowing date was 15th April, and transplanting was done on 16th May, with one seedling per hill. Sixty
plants of each line were planted in 4 rows, with a plant to plant distance of 13.3 × 30 cm. The planting of
the segregated qLTG6 population was performed during the rice-growing seasons of 2018. The sowing
and transplanting dates were 18th April and 21st May, respectively. The transplanting standards were
kept consistent with those of the RILs. Field management practices were done according to the most
followed agricultural practices of local farmers. The nitrogen (N), phosphorus (P), and potassium (K)
fertilizers, in the form of Urea, single superphosphate, and Murate of Potash, were applied at rates of
120, 60, and 60 kg/ha, respectively. Rice harvesting was done on 30 September, and the plants were
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retained to dry them for three months. Immature and unfilled grains were removed to obtain high
quality grain, which was stored at 5 ◦C to maintain the relative humidity around 10%.

4.3. Evaluation of Germinability under Cold Stress

The evaluation of the germination ratio under cold stress was performed following standard
protocol. The seeds broke out of dormancy at 50 ◦C after 48 h. Further matured and fully-filled grains
were sterilized with 0.1% mercury chloride solution for about 10 min, rinsed with tap water 3 to 4
times, and deionization was performed with deionized water 3 to 4 times. One hundred grains per
line were placed on a filter paper in a petri dish, and 10 mL of distilled water was added. The petri
dishes were then put in an incubator at the recommended temperature of 15 ◦C. To avoid any kind of
reactions and contaminations, the tap water was changed every two days. The germination of the
seeds was noted carefully every day. The germination rate on the 6th day was used for QTL mapping
because of the large differences observed between the two parents. The germination was noted three
times for each line.

4.4. DNA Extraction, Re-Sequencing, and SNP Calling

The extraction of the genomic DNA of the two parents and each RIL was performed using a
modified CTAB method [41]. Biomarker Technologies were used for the re-sequencing of the parents
and RILs. The procedure was performed according to Jiang et al. [41]. The short read alignment
was done as described by Li and Durbin [42]. Straining of the low-quality data was performed
to produce better-quality mapping. The clean data were then aligned to the Nipponbare reference
genome (Os-Nipponbare-Reference-IRGSP-1.0) [43] using the BWA software [42]. The calculations
of the sequencing coverage and depth were performed through Samtools [44]. Then, the Genome
Analysis Toolkit (GATK) was used to detect the SNPs with default parameters [45]. The accession
number raw sequence data obtained in our study have been deposited in the NCBI Short Read Archive,
with accession number PRJNA587802.

4.5. Genotyping and Construction Bin Map

The estimation of genotype calling parameters, determination of the recombination breakpoint,
and construction of the bin map were carried out with minor modifications via the method of Sliding
Window, as described by Huang et al. [19]. The genotype of each window was determined by the
SNP ratio between the two parents; if the SNP ratio of SN265 to LTH was 15:5 or higher, the genotype
was considered to be a homozygous SN265 genotype, if the ratio was lower, then it was designated
as a homozygous LTH genotype. Moreover, if the SNP ratio between the two parents was between
5:15 and 15:5, the genotype was recognized as heterozygous. The genotype calling parameters were
performed according to the methods described by Song et al. [22]. Adjacent 15 kb segments with the
same genotypes were merged as one bin marker [46]. The linkage map was built using the est.map
function with the R/qtl software [47].

4.6. QTL Mapping for Low-Temperature Germinability

In this study, we used the composite interval method (CIM) in the R/qtl package [47] to detect the
QTLs for LTG. The threshold level of CIM was ensured by 1000 permutations, and the QTL confidence
interval was estimated by using a 1.5 LOD-drop from the peak LOD. The germination rate (%) after 6
days under controlled temperature conditions of 15 ◦C was used for the QTL analysis.

4.7. qRT-PCR and Expression Analysis

The extraction of the total RNA was carried out with a TRIzol reagent. The first-strand of
cDNA was reverse transcribed by using a TransScript II First-Strand cDNA Synthesis SuperMix kit
(Transgen). The qRT–PCR analysis was executed by using the kit named SYBR FAST qPCR (KAPA). The
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qPCR primer pairs sequences for LOC_Os06g01320 were 5′-CAAAAAAAAAGACAATAAGGTGGA-3′
(forward) and 5′-CAGACATTGCTTACCCTTATTTATTTT-3′ (reverse). EF-1 alpha was used as an
internal control, and the sequencing was 5′-GCACGCTCTTCTTGCTTTCACTCT-3′ (forward) and
5′-AAAGGTCACCACCATACCAGGCTT-3′ (reverse).
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Abstract: Timing of germination determines whether a new plant life cycle can be initiated; therefore,
appropriate dormancy and rapid germination under diverse environmental conditions are the most
important features for a seed. However, the genetic architecture of seed dormancy and germination
behavior remains largely elusive. In the present study, a linkage analysis for seed dormancy and
germination behavior was conducted using a set of 146 chromosome segment substitution lines
(CSSLs), of which each carries a single or a few chromosomal segments of Nipponbare (NIP) in the
background of Zhenshan 97 (ZS97). A total of 36 quantitative trait loci (QTLs) for six germination
parameters were identified. Among them, qDOM3.1 was validated as a major QTL for seed dormancy
in a segregation population derived from the qDOM3.1 near-isogenic line, and further delimited into
a genomic region of 90 kb on chromosome 3. Based on genetic analysis and gene expression profiles,
the candidate genes were restricted to eight genes, of which four were responsive to the addition of
abscisic acid (ABA). Among them, LOC_Os03g01540 was involved in the ABA signaling pathway to
regulate seed dormancy. The results will facilitate cloning the major QTLs and understanding the
genetic architecture for seed dormancy and germination in rice and other crops.

Keywords: seed dormancy; quantitative trait locus; ABA; seed germination; chromosome segment
substitution lines; linkage mapping

1. Introduction

Seed dormancy is an important evolutionary trait. It can optimize the distribution and timing
of germination over time in nature [1]. Seed dormancy also plays an important role in agricultural
production. Extremely strong dormancy leads to a low germination rate in the field, the irregular
emergence of seedlings and an impact on sowing time, and can even affect the final yield. On the
contrary, too weak dormancy leads to pre-harvest sprouting (PHS), especially in the high temperature
and rainy environment during seed maturity. The economic loss caused by pre-harvest sprouting has
become an important factor restricting the yield of cereal crops (such as rice, wheat, maize, etc.) [2],
and seriously affects the sowing quality and processing quality of crops, and even causes the change of
storage quality [3]. Therefore, crop seeds require a well-balanced level of dormancy to ensure a high
rate of germination and to control pre-harvest sprouting in the field.

Seed dormancy is a highly complex trait and largely influenced by genetic and environmental
factors [4]. Recent progress in plant genomics and various genetic populations has facilitated the
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identification of quantitative trait loci (QTLs) for seed dormancy in many species, for example, in
Arabidopsis [5], Lepidium sativum [6], oilseed rape [7], sorghum [8], barley [9], and wheat [10–12].

By using different genetic populations constructed from cultivated rice, wild rice, and weedy rice,
more than 160 QTLs have been identified that affect the germination or dormancy of rice (available
online: https://archive.gramene.org/qtl/). For example, five seed dormancy QTLs were detected by BC1
and F2 populations constructed from rice variety N22 with strong dormancy and two weak dormant
varieties [13]. Three seed dormancy QTLs were mapped using the chromosomal segment substitution
line (CSSL) population and their derived F2 populations constructed by the strong dormant variety
Nona Bokra and the weak dormant variety Koshihikari [14]. By using a population of recombinant
inbred lines (RILs), nine seed dormancy QTLs were identified in three developmental stages [15]. In
addition, besides biparental genetic populations, genome-wide association analysis across natural
accession also revealed genetic variation of seed dormancy among rice natural populations, and the
analysis can be used to identify new candidate genes related to seed dormancy [16,17].

In 2010, Japanese scientists isolated the first rice seed dormancy gene Seed dormancy 4 (Sdr4) by
map-based cloning [18]. Sdr4 can be positively regulated by the seed maturation-related gene OsVP1
and two Arabidopsis dormancy gene Delay of Germination 1 (DOG1) [19] homologous genes, thereby
enhancing seed dormancy. After that, several rice seed dormancy genes were identified and proved to be
involved in the hormonal regulation of seed dormancy. By rice mutant screening, PHS8 was isolated to
be a starch debranching enzyme named isoamylase1, and it determined seed dormancy and germination
by affecting abscisic acid (ABA) signaling [20]. The rice GERMINATION DEFECTIVE 1 regulated
seed germination by integrating gibberellin acid (GA) and carbohydrate metabolism [21]. A weedy
red rice dormancy QTL (SD7-1/Rc) was identified as a basic helix-loop-helix transcription factor that
controls ABA synthesis, influencing red pericarp color and seed dormancy [22]. By map-based cloning,
a gibberellin synthesis gene OsGA20ox2 was identified within QTL Seed Dormancy1-2 (qSD1-2) [23].
OsGA20ox2 (the green revolutionary gene SD1) is involved in the biosynthesis of GA, regulating the
development of endosperm-imposed dormancy in rice.

Hormonal regulation may be a highly conserved mechanism of seed dormancy among many
species. The balance of ABA and GA or other hormones plays crucial roles in the regulation of
seed dormancy and germination [24,25]. ABA is an essential positive regulator of both dormancy
induction during seed maturation and maintenance of the dormant state after imbibition [26–28].
In Arabidopsis, DOG1 was the first cloned dormancy QTL, and encoded a protein with unknown
functional domain [19] and had conserved function throughout many species. In recent years, DOG1
was reported to play a regulatory role in ABA signaling. It encodes for a plant-specific protein that
enhances ABA signaling through its binding to protein phosphatase 2C (PP2C) ABA HYPERSENSITIVE
GERMINATION1 (AHG1) and AHG3 [29,30]. In addition, DOG1 may mediate a conserved seed coat
dormancy mechanism in the temperature- and GA-dependent pathways [31]. Besides DOG1, the
previously mentioned seed dormancy genes, such as PHS8 and SD7-1/Rc, were involved in either ABA
metabolism or signaling pathway. Thus, it is worthwhile to investigate whether there are more genes
involved in the hormonal regulation of seed dormancy.

Here, we presented the identification of QTLs for seed dormancy in a set of genome-wide single
nucleotide polymorphism (SNP) genotyped chromosomal segment substitution lines (CSSLs) by
backcrossing and marker-assisted selection, in which japonica Nipponbare (NIP) was the donor parent
and the recurrent parent was indica Zhenshan 97 (ZS97). The CSSL population, which comprised 146
lines, was developed and genotyped in a previous study [32,33] and has not been used for a seed
dormancy study.

Therefore, the objectives of the present study were to dissect the genetic base of seed dormancy
and germination performances in the CSSL population, and to fine map the major QTLs using the
CSSL-derived population. Moreover, we investigated how the candidate gene was involved in the
ABA regulation of seed dormancy.
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2. Results

2.1. Seed Dormancy Variation in Parents

The germination assay for the freshly harvested seed of the parental lines, which were indica
variety Zhenshan97 (ZS97) and japonica variety Nipponbare (NIP), was performed. The number of
germinated seeds was counted daily for seven consecutive days and the germination percentage was
calculated each day to construct cumulative germination curves. ZS97 and NIP exhibited significant
difference in seed dormancy, in which ZS97 had significantly higher germination percentage (100%)
than NIP (37%) at seven days (168 h of germination) (Figure 1A). Dry seeds were treated at 43 ◦C
for three days to break seed dormancy (which was called after-ripened seeds) and then underwent
a seed germination experiment. After seed dormancy was broken, the germination percentage of
seven days (168 h) of the parental lines was almost the same (around 90%) (Figure 1B). However, the
germination rate of NIP was still lower as compared to ZS97. At two days of germination (48 h), the
radicle protrusion of ZS97 was 86%, whereas no radicle protrusion occurred for NIP (Figure 1B).

 

Figure 1. (A) Germination behavior of freshly harvested japonica variety Nipponbare (NIP) and indica
variety Zhenshan97 (ZS97) seeds; (B) germination behavior of after-ripened NIP and ZS97 seeds.

2.2. Seed Dormancy Variation in the CSSL Population

The CSSL population, which comprised 146 lines, was developed and genotyped in a previous
study [32,33] and the lines were used to dissect the genetic architecture of seed dormancy underlying
this population.

Seed germination was analyzed using the six germination parameters from the Germinator
package [34], which were Gmax (maximum germination percentage at seven days); G3d (germination
percentage atthree3 days), T50 (germination speed: time to reach 50% germination of the total number
of germinated seeds), U8416 (germination uniformity: time interval between 16% and 84% of viable
seed to germinate), AUC (area under the curve), and GI (germination index). The mean performance
of the CSSL population is presented in Table 1. The frequency distribution for the six germination
parameters of the CSSL population showed large variation (Figure S1, Supplementary Materials).
These results indicated that there might be seed dormancy QTLs in this CSSL population.
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Table 1. Germination parameters of the two parents and the chromosomal segment substitution line
(CSSL) population.

Index
Parents CSSLs

NIP ZS97 Mean ± SD CV% Min to Max

Gmax (%) 37.7 ± 3.2** 100.0 ± 0.0 96.7 ± 7.03 7.26 36.4 to 100.0
G3d (%) 0** 91.01 ± 6.7 92.3 ± 14.90 16.15 12.0 to 100.0

T50 - 36.8 ± 2.5 41.6 ± 9.66 23.22 24.4 to 91.0
U8416 47.9 ± 6.3** 11.2 ± 2.3 15.9 ± 11.21 70.57 4.14 to 75.4
AUC 19.2 ± 0.03** 130.3 ± 2.4 121.2 ± 15.24 12.57 45.1 to 141.9

GI 8.4 ± 0.5** 76.6 ± 2.9 23.5 ± 3.97 16.92 8.27 to 35.9

Gmax, maximum germination percentage of seven days of germination; G3d, germination percentage at three days;
T50, time to reach 50% germination of the total number of germinated seeds; U84-16, germination uniformity, which is
time interval between 84% and 16% of viable seed to germinate; AUC; area under the germination curve until 168 h;
GI, germination index. SD, standard deviation; CV, coefficient variation; Min to Max, the minimum and maximum
value in the CSSL population. Asterisks **, indicate significant difference between the parents at the level of 0.01.

2.3. Seed Dormancy QTL Detection in CSSL Population

To determine the genetic regions controlling seed dormancy, the CSSL population was genotyped
by the RICE6K SNP array. A total of 518 bins (defined as Bin1 to Bin518) across the whole genome
were obtained [33]. QTL mapping was carried out by using ridge regression analysis with the 518 bins,
and it identified 9, 19, 25, 23, 17, and 21 QTLs for Gmax, G3d, T50, U8416, AUC, and GI, respectively
(Figure 2). Detailed information about the p-value, phenotypic variation explained, and the effect of
the identified QTLs are shown in Table 2.

 

Figure 2. Circos plot illustrating the quantitative trait loci (QTLs) of six germination parameters. Chr:
Size of the 12 chromosomes of Oryza sativa; Gmax, maximum germination percentage of seven days
germination; G3d, germination percentage at three days; T50, time to reach 50% germination of the
total number of germinated seeds; U8416, germination uniformity, which is time interval between
84% and 16% of viable seed to germinate; AUC; area under the germination curve until 168 h; GI,
germination index. Blue indicates significant QTLs identified by all six germination parameters. Orange
indicates significant QTLs identified in the corresponding germination parameter. Gray indicates
non-significant QTLs.
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In total, 36 QTLs were detected for seed dormancy using the six parameters in the CSSL population
(Table 2). Among the six parameters, U8416 explained the highest phenotypic variance (77.9%) with 23
QTLs detected, while T50 explained 71.5% of phenotypic variance with the largest number of QTLs
detected (25 QTLs). G3d, AUC, and GI explained 77%, 66.3%, and 52.7% of phenotypic variance with 19,
17, and 21 QTLs detected, respectively. Gmax only detected 9 QTLs and explained 50.5% of phenotypic
variance. The 36 QTLs were distributed on each of the chromosome in which both chromosome 6 and
10 had the highest -log10(p) value (15.7) for U8416, and the phenotypic variance were 6.5% and 10.4%,
respectively. Among all 36 QTLs, 10 QTLs were identified or cloned previously for seed dormancy,
suggesting the consistency of our QTL analysis with others. The other remaining 26 QTLs may be
new ones for seed dormancy, as they do not contain any QTLs for dormancy in rice that have been
described before (https://archive.gramene.org/qtl/).

Five out of thirty-six QTLs were common QTLs detected in all six parameters and distributed
on chromosomes 3, 6, and 10. One common QTL (qDOM3.3) on chromosome 3 was identified as
a seed dormancy QTL in the “Asominori×IR24” CSSL population [35], and qDOM10.3, which was
detected in all six parameters, contained a gene, namely OsFbx352 [36], that plays a regulatory role
in the regulation of glucose-induced suppression of seed germination by targeting ABA metabolism.
The other three common QTLs (qDOM3.1, qDOM6.2, and qDOM10.2) have not been reported before.
qDOM3.1 was detected in almost the same region on the upper end of chromosome 3 by the six
germination parameters, suggesting the robustness of this QTL in the present CSSL population. U8416
of qDOM3.1 had the highest -log10(P) value (9.2) among the six parameters and explained 8.3% of
phenotypic variance.

2.4. Verification of qDOM3.1 for Seed Dormancy

To validate and fine map qDOM3.1, one line, namely NQ96, in the CSSL population was selected
(Figure S2, Supplementary Materials). It carries a NIP substitution segment encompassing qDOM3.1
on top of chromosome 3 in the ZS97 genetic background, with another NIP substitution segment on
chromosome 9. The germination behavior of NQ96 was significantly lower and slower than ZS97
(Table 3). This indicated that the introduced NIP segment contained the QTL of seed dormancy.
To confirm the genetic effect of the qDOM3.1 on seed dormancy, we generated an F2 segregating
population comprising 338 individuals by crossing NQ96 with ZS97. The F2 population was genotyped
using ten polymorphic markers in the qDOM3.1 region and one polymorphic marker on the other
introgressed segment on chromosome 9. There was no significant difference on seed dormancy for
NIP and ZS97 allele on chromosome 9 with marker RM410, denoting that the introgressed segment on
chromosome 9 had no effect on seed dormancy. Thus, NQ96 only contained qDOM3.1, which had a
genetic effect on seed dormancy.

Table 3. Confirmation of qDOM3.1 loci by NQ96.

Gmax% G3d% T50 (h) U8416 (h) AUC GI

ZS97 100 ± 0 91.01 ± 6.7 36.76 ± 2.48 11.22 ± 2.26 130.29 ± 2.37 76.63 ± 2.97
NQ96 57 ± 7.07** 30 ± 8.49** 97.03 ± 9.79** 32.11 ± 11.82* 63.97 ± 10.13* 35.48 ± 6.36**
NIP 37.71 ± 3.24 0 - 47.9 ± 6.25 19.22 ± 0.03 8.42 ± 0.46

Germination behaviors that are significantly different from that of ZS97 are indicated by asterisks (* p < 0.05,
** p < 0.01). - no data available.

To determine the genetic effect of qDOM3.1, we performed a genetic segregation analysis of seed
dormancy using the qDOM3.1-derived F2 population. Frequency distribution of Gmax in the population
indicated that qDOM3.1 from ZS97 was dominant (Figure 3).
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Figure 3. Frequency distribution of Gmax in F2 segregation population.

Afterward, based on the genotyping results of ten polymorphic markers distributed within
the target region RM14238-RM14317 for the F2 individuals, qDOM3.1 was detected in the interval
RM14238-MP030012 (approximately 252 kb) with a logarithm of the odds (LOD) score peaked around
MP03008 (Figure 4), which explained 69.9%, 75.4%, 73.2%, 71.4%, 38.3%, and 46.5% of the phenotypic
variance in Gmax, G3d, AUC, GI, U8416, and T50, respectively.

Figure 4. Verification of the QTL effect in the F2 primary segregation population. QTL scans along
chromosome 3 for the six indexes in the CSSL-derived F2 population from the cross of NQ96 and
ZS97. Logarithm of odds profile of QTL region on chromosome 3 in the F2 population, showing a QTL
(qDOM3.1) for Gmax, G3d, T50, U8416, AUC, and GI.

2.5. Fine-Mapping of qDOM3.1 for Seed Dormancy

To further fine map qDOM3.1, we selected the heterozygous lines in the CSSL-derived F2

population flanked by the markers RM14238 and MP030012, and self-pollinated these heterozygous
lines to generate a larger segregating population (n = 2500). Through genotyping with 14 additional
markers, seven informative recombinants with qDOM3.1 were identified. A progeny test of the
informative recombination plants delimited qDOM3.1 for seed dormancy to a 90 kb region (Figure 5
and Figure S3, Supplementary Materials). This region encompassed 19 open reading frames (ORFs)
according to the RGAP database (available online: http://rice.plantbiology.msu.edu/, Release 7).
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Figure 5. Fine mapping of qDOM3.1. The QTLs narrowed down to the region flanked by MP97-8-1 and
MMP4-1 on the upper end of chromosome 3. Some important recombinant plants derived from a large
F2 group generated by selfing a single individual heterozygous at the qDOM3.1 region and divided into
7 groups based on their genotypes. Gmax (mean ± SD) (%) is given on the right for each genotype. The
phenotypes of each recombinant individual were evaluated by germination experiments. ** Indicates
significant difference at p < 0.01 by Dunnett’s test against the control.

The 19 genes included 11 expressed proteins, 1 transposon protein, 2 retrotransposon proteins,
1 hypothetical protein, and 4 genes with functional annotation. The chromosomal synteny analysis
between NIP and ZS97 showed there were 7 genes missing in the ZS97 (available online: http:
//rice.hzau.edu.cn/cgi-bin/gb2/gbrowse_syn/3rice_syn/) (Figure 6). As the candidate gene should be
dominant in ZS97 (Figure 3), those 7 genes were ruled out from the candidate genes. Thus, only 12 genes
remained, including 10 expressed proteins, 1 gene annotated as tubulin/FtsZ domain-containing protein
(LOC_Os03g01530), and another annotated as DNA-binding protein (LOC_Os03g01540). According
to the expression profile in the database (http://rice.plantbiology.msu.edu/expression.shtml), 4 genes
(LOC_Os03g01430, LOC_Os03g01450, LOC_Os03g01460, and LOC_Os03g01520) had no expression or
very low expression among all the tissues. Therefore, those 4 genes were unlikely to be our candidate
genes, leaving 8 genes as candidate genes. The expression profiles were obtained from the RiceXPro
website (available online: http://ricexpro.dna.affrc.go.jp/) (Figure S4, Supplementary Materials). None
of the 8 genes were seed-specific expressed, except LOC_Os03g01360 that had a relatively higher
expression in embryo from 7 days after flowering until 42 days after flowering. Based on the sequence
comparison between NIP and ZS97, only LOC_Os03g01530 had no amino acid change in the coding
region; all the other 7 genes contained at least one missense variant.
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Figure 6. Chromosomal synteny analysis of ZS97 and NIP of candidate region on chromosome 3. The
genes in which ZS97 was not contained are indicated with the final three numbers of the gene ID (e.g.,
LOC_Os03g01365 is displayed as 365). In NIP panel, green gene symbol means gene direction from left
to the right and orange gene symbol means gene direction from right to the left.

2.6. qDOM3.1 Increased Seed Endogenous ABA Content and ABA Sensitivity

ABA plays an essential role in the regulation of seed dormancy [4,24,37]. The endogenous ABA
level was measured in the near-isogenic line (NIL) of qDOM3.1 (NIL-NIP) and the corresponding
background line (NIL-ZS97). NIL-NIP had an ABA level almost five times higher than that of the
NIL-ZS97 (Figure 7).

 

Figure 7. Endogenous ABA concentration in near-isogenic line (NIL)-ZS97 and NIL-NIP.

Subsequently, the ABA sensitivity was investigated in the near-isogenic lines (NIL-NIP and
NIL-ZS97) for freshly harvested seeds (Figure 8A) and after-ripened seeds (Figure 8B). The germination
percentage and germination speed were significantly lower and slower in NIL-NIP compared with
NIL-ZS97 (Figure 8A). Freshly harvested seeds were treated in 43 ◦C for three days to break seed
dormancy, and the germination behavior was almost the same for after-ripened NIL-NIP and NIL-ZS97
(Figure 8B). Then, the pair of near-isogenic lines (after-ripened) were treated in a series of ABA
solution to investigate ABA sensitivity. Up to 10μM ABA had no significant effect on seed germination,
whereas 20–100μM ABA significantly decreased seed germination of NIL-NIP compared with NIL-ZS97
(Figure 8C). Thus, qDOM3.1 was sensitive to ABA treatment. Therefore, we hypothesized that the
target region may contain an ABA responsive gene.
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Figure 8. (A) Germination behavior of freshly harvested NIL-ZS97 and NIL-NIP seeds; (B) germination
behavior of after-ripened NIL-ZS97 and NIL-NIP seeds; (C) ABA sensitivity of NIL-ZS97 and NIL-NIP.

2.7. Candidate Gene Expression Changes Upon ABA Treatment

For that reason, the gene expression of eight candidates was measured upon ABA treatment (20
μM), using after-ripened NIL-NIP and NIL-ZS97. In total, four out of eight candidate genes were
ABA responsive genes (Figure 9). LOC_Os03g01442’s expression level had no significant difference in
non-treated NIL-NIP and NIL-ZS97 (CK); however, upon ABA treatment, the expression level was
significantly higher in NIL-NIP than NIL-ZS97. LOC_Os03g01540 had the opposite effect, which was
lower in non-treated NIL-NIP than in NIL-ZS97 and, upon ABA treatment, the expression level had no
difference in NIL-NIP and NIL-ZS97. LOC_Os03g01530’s expression level was significantly increased
upon ABA treatment. LOC_Os03g01470’s expression level was significantly higher in non-treated
NIL-NIP than NIL-ZS97, and, after ABA treatment, the expression level was significantly lower in
NIL-NIP compared with NIL-ZS97. The other four candidate genes had the same trend before and
after the ABA treatment.

 

Figure 9. Relative mRNA abundance level of eight candidate genes under qDOM3.1 using after-ripened
NIL-ZS97 and NIL-NIP before (CK) and after 20 μM of abscisic acid (ABA) treatment (ABA). * and **
indicate significant differences at p < 0.05 and p < 0.01 using the Student’s t-test of NIL-NIP against
NIL-ZS97, respectively. CK of NIL-ZS97 in each figure was determined as 1.
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Therefore, if the expression of the candidate gene was changed by the addition of ABA, they
were unlikely to be our candidate genes. Therefore, there were four candidate genes under qDOM3.1,
including two expressed proteins (LOC_Os03g01442 and LOC_Os03g01470), one tubulin/FtsZ
domain-containing protein (LOC_Os03g01530), and one DNA-binding protein (LOC_Os03g01540).
However, we cannot rule out the posttranslational modifications of the candidate gene, such as
phosphorylation/dephosphorylation. More experimental evidence is needed.

3. Discussion

3.1. Seed Dormancy QTL Analysis

Seed dormancy in rice is generally a complex trait and is controlled by multiple genes. In our
study, the genetic architecture of seed dormancy was examined in the NIP/ZS97 CSSL population
with each line carrying one or a few different introgressed segments from NIP and otherwise sharing
the uniform genetic background of ZS97. Each introgression segment was defined by high-density
SNP markers. The CSSL population has several advantages over other mapping populations such as
F2, BC1, and RIL [38–40]. First, the detection power of QTLs in CSSLs was higher than that of other
mapping populations reported. In total, 36 QTLs for seed dormancy were identified in this CSSL
population using six germination parameters (Table 2) and the six germination parameters explained
from 50.5% to 77.9% of phenotypic variance. However, only four seed dormancy QTLs were detected
in a double haploid (DH) population [41]. Four [42] and nine [15] seed dormancy QTLs were identified
by two different RIL populations, respectively. Second, it is easier to develop a secondary F2 population
derived from a cross between a CSSL line containing the target QTL and the recurrent parent for fine
mapping [38,43]. In our study, by developing an F2 segregation population, one of the novel seed
dormancy QTLs, namely qDOM3.1, was delimited to 90 kb (Figure 5).

Among all 36 QTLs, 10 were detected or cloned previously for seed dormancy (Table 2). The
results implied that our NIP/ZS97 population and QTL analysis method turned out to be efficient to
detect seed dormancy QTLs across the whole genome. The first cloned seed dormancy gene in rice
Sdr4 was only detected in T50 (qDOM7.5), implying that our population had mild seed dormancy level.
qDOM7.4 covered the gene SD7-1/Rc and was detected in all six parameters except Gmax. SD7-1/Rc was
a pleiotropic gene that most likely controlled the dormancy and pigment traits by regulating ABA and
flavonoid biosynthetic pathways, respectively [22]. OsFbx352, which was located under qDOM10.3,
was detected in all six parameters. It was involved in the regulation of glucose-induced suppression of
seed germination by targeting ABA metabolism [36]. Besides the QTLs co-located with the previous
study, there were 26 new QTLs identified in the present study; therefore, both the plant material and
abundant QTL information will facilitate the use of the dormancy alleles in other breeding programs
or other research studies.

3.2. Candidate Gene Analysis

In the present study, three new QTLs were detected in all six germination parameters, namely
qDOM3.1, qDOM6.2, and qDOM10.2. Through a CSSL-derived F2 population, the major effect of
qDOM3.1 on seed dormancy was validated for the first time using the six seed dormancy-related
parameters and delimited to a 90 kb region (Figures 4 and 5 and Figure S3), which included 19 candidate
genes. As the heterozygous line had the same phenotype as ZS97 (Figure 3), the candidate gene in
ZS97 should be dominant. Based on the chromosomal synteny analysis and the gene expression profile
in different tissues, we deducted that eight genes left as candidate genes. For the eight candidate
genes, LOC_Os03g01540 was annotated as DNA-binding protein, LOC_Os03g01530 was annotated
as tubulin/FtsZ domain-containing protein, and the other six candidate genes were annotated as
expressed protein (based on the RGAP database: http://rice.plantbiology.msu.edu/, Release 7).

Hormonal regulation may be a highly conserved mechanism of seed dormancy among many
species. ABA plays an essential role in the regulation of seed dormancy [4,24,37]. In the present study,
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we investigated the ABA content in freshly harvested NIL-NIP and NIL-ZS97, and found out the
ABA content was almost five times higher in NIL-NIP than in NIL-ZS97 (Figure 7). Subsequently, the
ABA sensitivity assay demonstrated that NIL-NIP was indeed more sensitive to high ABA solutions
than NIL-ZS97 (Figure 8C). Based on those results, we assumed that our candidate gene could be
responsive to ABA treatment, and the two alleles in NIP and ZS97 should respond differently. Thus,
four candidate genes were selected (Figure 9), which were two expressed proteins (LOC_Os03g01442
and LOC_Os03g01470), one tubulin/FtsZ domain-containing protein (LOC_Os03g01530), and one
DNA-binding protein (LOC_Os03g01540).

The DNA-binding protein (LOC_Os03g01540) had 60% of protein sequence similarity with
AT-hook motif DNA-binding family protein in Arabidopsis and 56.35% of similarity with AT-hook
protein 1 in Oryza sativa. A recent study showed that the DNA-binding protein AT-Hook-Like 10
(AHL10) could be dephosphorylated by a protein phosphatase Highly ABA-Induced1 (HAI1), which
was involved in abiotic stress and abscisic acid signaling. AHL10 phosphorylation was crucial
for hormone-related genes during drought stress [44]. Therefore, we thought our candidate gene
LOC_Os03g01540 was somehow involved in the ABA signaling pathway to regulate seed dormancy.
However, further research will be needed to prove our hypothesis.

LOC_Os03g01530 is one of the isotype genes controlling β-tubulin, which is a basic component
of microtubules. Proteomic analysis of rice embryo showed that LOC_Os03g01530 was upregulated
during seed germination, suggesting its possible role in seed germination [45]. LOC_Os03g01490 was
annotated as expressed protein. A research study showed that it is a functional new chimerical gene
for Oryza sativa ssp. japonica by comparing Oryza sativa ssp. japonica and its five wild progenitors [46],
although its function was not revealed. Another research paper identified LOC_Os03g01490 and
LOC_Os03g01470 as phosphopeptides [47]. The other four candidate genes were annotated as
expressed protein, and very limited information was available based on a literature search.

4. Materials and Methods

4.1. Plant Materials

4.1.1. Experimental Design

The plant materials were planted at the experimental field of Huazhong Agricultural University
at Wuhan (29.58◦N, 113.41◦E). The temperature during the late stage of maturity ranged from 25 ◦C to
30 ◦C, which was normal for rice growth and seed maturation. The first flowering date of each plant
was recorded by the emergence of the first panicle from the leaf sheath [13].

Seeds were harvested from the individual plants at 35 days after flowering, which was defined as
freshly harvested seeds and then equilibrated about 5–6 days at 15% relative humidity (called freshly
harvested seeds), and then stored at −20 ◦C for subsequent analyses. A three-day heat treatment at 43
◦C for dry seeds was used to break seed dormancy, and the seeds were called after-ripened seeds. All
the analyses were performed with three biological replicates.

4.1.2. CSSL Population

The CSSL population was developed and genotyped in a previous study [32,33]. The details
are as follows. A set of chromosomal segment substitution lines (CSSLs) comprising 146 lines was
developed in a previous study [32], in which the donor parent was japonica variety Nipponbare (NIP)
and the recurrent parent indica was variety Zhenshan97 (ZS97). The CSSL population was genotyped
previously, of which 518 bins were defined with a median size of 400 kb [33].

4.1.3. CSSL Line-Derived Population

One of the CSSLs (NQ96), which contains the target QTL, was selected to backcross with ZS97
to generate an F2 population (called CSSL-derived population) for QTL validation. A total of 338
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F2 plants and the F2:3 families of several recombinants were screened with polymorphic markers to
identify the respective genotype.

4.1.4. Plant Materials for ABA Content Measurement, ABA Sensitivity, and qRT-PCR Analysis

A pair of near-isogenic lines (NILs) containing the NIP alleles (NIL-NIP) and ZS97 alleles
(NIL-ZS97), respectively, at the target QTL (qDOM3.1) in a common background of ZS97 were
developed based on polymorphic markers. NIL-NIP and NIL-ZS97 were used for ABA content
measurement, ABA sensitivity, and qRT-PCR analysis.

4.2. Seed Trait Measurement

In all, 50 seeds of each sample were spread on moistened filter paper in Petri dishes in a 25 ◦C
growth chamber for germination experiments. The number of germinated seeds was counted daily for
seven consecutive days to construct cumulative germination curves. Germination was defined as the
length of the protruded radicle by 3–5 mm. Germination tests for the after-ripened seeds were also
conducted as described in the above method.

Germination was scored using the Germinator package [34]. We calculated the six relevant
parameters from the germination curve. The parameters included maximum germination percentage
of seven days germination (Gmax); germination percentage at three days (G3d); germination speed,
which is the time to reach 50% germination of the total number of germinated seeds (T50); germination
uniformity, which is the time interval between 84% and 16% of viable seed to germinate (U8416) (16%
and 84% stands for −1SD and +1SD, respectively); and area under the germination curve (AUC).
Germination index (GI) was calculated by the method of Cao et al. [48]: (GI = Σ(Gt/Tt), where Gt is the
number of the germinated seeds on Day t, and Tt is the time corresponding to Gt in days.

4.3. DNA Extraction and Marker Analysis

DNA was isolated from 2 cm long leaves using the cetyl trimethylammonium bromide (CTAB)
method [49]. According to the sequence variation between NIP and ZS97 (available online: http:
//ricevarmap.ncpgr.cn/v2/), single nucleotide polymorphism (SNP) markers and insertion/deletion
(Indel) markers in the target region were developed (Table S1, Supplementary Materials). The primers
used for nucleotide variation analysis were designed according to the Nipponbare reference genome
by Primer 3 (available online: http://redb.ncpgr.cn/modules/redbtools/primer3.php). Polymerase chain
reaction (PCR) amplification and gel electrophoresis for marker genotype analysis were conducted
following the methods described previously [50]. PCR products were sequenced by Sangon Biotech
(Shanghai, China) and the sequences were analyzed using Sequencher 5.0 (Gene Codes Corporation,
Ann Arbor, MI, USA).

4.4. QTL Analysis and Linkage Mapping

Germination percentage (x) such as Gmax and G3d was transformed by arcsine(x)0.5 to make the
trait mean independent from the variance.

Based on the SNP genotypes, a bin was defined by a unique overlapping substitution segment from
the CSSLs and used as a marker for QTL analysis. A linear ridge regression in the R package “ridge”
(available online: http://www.r-project.org/) was applied for QTL analysis in the CSSL population [33].
In addition, p < 0.01 was set as the significance level for the presence of a putative QTL. The most
significant bin was selected if several adjacent bins showed significant p-values. The phenotypic
variance explained by each QTL (bin) was calculated using lmg in the R package named “relaimpo”.

A linkage map was constructed for the CSSL-derived F2 population with an additional 10 markers
on the target region. Linkage analysis and QTL validation for seed dormancy were performed using
the ICIMAPPING software (version 4.1, Chinese Academy of Agriculture Sciences, Beijing, China).
The presence of a QTL was declared when an LOD score was larger than 3. The additive effect and the
phenotypic variation explained by each QTL were estimated by ICIMAPPING.
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4.5. Quantification of Endogenous ABA

About 100 mg of embryo from fresh seeds were extracted with 750 μL of methanol/water/acetic
acid (80:19:1) and 10 ng/ml of d6-ABA as internal standard, shaking for 16 h at 300 rpm in 4 ◦C. After
centrifuging for 10 min at 13,000 rpm, the supernatant was transported to a new tube. The precipitate
was re-extracted with 450 μL methanol/water/acetic acid (80:19:1) shaking for 4 h at 300 rpm in 4 ◦C.
After centrifuging for 10 min at 13,000 rpm, the supernatant was combined with the previous one. The
extracts were filtered with 22 μm filter membrane (Bizcomr, Nylon Syringe Filter, Guangzhou, China)
and dried with N2. The residue was dissolved in 200μL of methanol and centrifuged for 15 min at
13,000 rpm under 4 ◦C. About 150 μL of supernatant were used for ultra-fast liquid chromatography
(UFLC)/electrospray ionization/tandem mass spectrometry system (ESI/MS/MS) (Agilent 6520 QTOF,
Hong Kong, China).

4.6. Exogenous ABA Treatment

A seed germination assay was performed as described above. For the ABA sensitivity assay,
after-ripened seeds of NIL-NIP and NIL-ZS97 were treated with a series of ABA solutions (0, 1, 5, 10,
20, 50, and 100 μM). Dimethyl sulfoxide (DMSO) was used to dissolve ABA.

Subsequently, a 20 μM portion of ABA was chosen to treat after-ripened NIL-NIP and NIL-ZS97 to
further measure the candidate gene expression. DMSO was used as control (CK). Embryos germinated
for three days were used for RNA isolation.

4.7. RNA Isolation and qRT–PCR Analysis

RNA isolation: RNAPrep Pure Plant Plus Kit (TIANGEN, catalog number DP441, Beijing, China)
was used to extract total RNA from embryos of germinated seeds, according to the manufacturer’s
instructions. IScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA) was used for cDNA synthesis
for quantitative real-time PCR (qRT-PCR), according to the manufacturer’s instructions. qRT-PCR was
performed using a QuantStudio (TM) 6 Flex Real-Time PCR instrument (Applied Biosystems, Waltham,
MA, USA) with iQ SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). Three biological replicates
were used for each sample. The data were normalized to the amplification of a rice ACTIN gene
(LOC_Os03g50885). The mean value was then plotted with its standard error. Primers for real-time
PCR are included in Table S2, Supplementary Materials.

5. Conclusions

Rice seed dormancy is an important agronomic trait that is crucial to the quality of rice. Currently,
rice breeding programs have been focused on cultivars with a balance between pre-harvest sprouting
and deep dormancy [2]. Cultivars with moderate dormancy levels have multiple advantages, including
decreasing pre-harvest sprouting, improving the survival rate of direct seedling rice, increasing seedling
growth uniformity, and further improving the storage quality of rice. The QTL qDOM3.1 controlling
seed dormancy identified in the present study will accelerate the breeding of new rice varieties with
suitable seed dormancy. Besides qDOM3.1, many of the QTLs identified in the present study may also
be useful in an agricultural context, providing new genes that can be used to improve crop performance
under fluctuating environments.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/4/1344/
s1.
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Abstract: This study was conducted in order to determine the effect of priming with γ-aminobutyric
acid (GABA) at 0.5 mM on rice (Oryza sativa L.) seed germination under osmotic stress (OS) induced
by polyethylene glycol (30 g/L PEG 6000); and salinity stress (S, 150 mM NaCl) and their combination
(OS+S). Priming with GABA significantly alleviated the detrimental effects of OS, S and OS+S on seed
germination and seedling growth. The photosynthetic system and water relation parameters were
improved by GABA under stress. Priming treatment significantly increased the GABA content, sugars,
protein, starch and glutathione reductase. GABA priming significantly reduced Na+ concentrations,
proline, free radical and malonaldehyde and also significantly increased K+ concentration under the
stress condition. Additionally, the activities of antioxidant enzymes, phenolic metabolism-related
enzymes, detoxification-related enzymes and their transcription levels were improved by GABA
priming under stress. In the GABA primed-plants, salinity stress alone resulted in an obvious increase
in the expression level of Calcineurin B-like Protein-interacting protein Kinases (CIPKs) genes such
as OsCIPK01, OsCIPK03, OsCIPK08 and OsCIPK15, and osmotic stress alone resulted in obvious
increase in the expression of OsCIPK02, OsCIPK07 and OsCIPK09; and OS+S resulted in a significant
up-regulation of OsCIPK12 and OsCIPK17. The results showed that salinity, osmotic stresses and
their combination induced changes in cell ultra-morphology and cell cycle progression resulting in
prolonged cell cycle development duration and inhibitory effects on rice seedlings growth. Hence,
our findings suggested that the high tolerance to OS+S is closely associated with the capability of
GABA priming to control the reactive oxygen species (ROS) level by inducing antioxidant enzymes,
secondary metabolism and their transcription level. This knowledge provides new evidence for better
understanding molecular mechanisms of GABA-regulating salinity and osmotic-combined stress
tolerance during rice seed germination and development.
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1. Introduction

Rice is one of the most important cereal crops that serves as the staple food for almost half of the
world’s population. Rice is not a salt-tolerant crop, but is suited for cultivation in affected saline soils
due to its highly consumption of fresh water for most of the growing season, which could dilute the
salts and increase the availability of essential nutrients such as Fe, Mn, N, and P, which contribute to
improving rice growth and yield. The mechanism by which rice can tolerate salinity stress is mainly
related to the maintenance of ion homeostasis, predominantly low Na+/K+ or high K+/Na+ ratios,
through exclusion, compartmentation, and partitioning of Na+ [1]. In addition, rice plants can tolerate
salt by ion exclusion which mainly involves Na+ and Cl− transport processes in roots and prevention
of the excess accumulation of Na+ and Cl− in leaves [2], as well as osmotic stress tolerance which
maintains leaf expansion and stomatal conductance [3]. However, rice productivity is affected by
salinity stress, which originates from the accumulation of underground salt and is exacerbated by
salt mining, deforestation and irrigation [4]. The tolerance limit of rice to saline conditions may vary
among the different growth and developmental stages. In this regards, Zhu et al. [5] reported that rice
is more tolerance to salinity during the germination and tillering stages, whereas it seems to be more
sensitive during early vegetative and reproductive stages.

Salinity, being an important environmental factor, severely causes a significant reduction in the
seed germination, seedling growth and development of rice. It has been reported that more than 800
million hectares of the global cultivated area are severely affected by salt stress [2]. A previous study has
showed that rice plants experience osmotic stress in saline soil as a result of reduced osmotic potential
of the soil solution, and ultimately reduced water uptake by plants [6]. Under the salinity stress
condition, the photosynthetic rate decreased due to stomatal closure and resulted in limited availability
of CO2 and thus altered carbohydrate content of the leaf [7]. Plants can adapt to these conditions by
accumulation of compatible solutes such as proline and starch, which function as osmoprotectants and
have a vital role in plant adaptation to osmotic stress through stabilization of the tertiary structure of
proteins [2]. Salinity reduces the ability of plants to take up water, which leads to increasing of osmotic
substances, and causes inhibition of plant growth rate accompanied by metabolic changes similar to
those induced by osmotic stress [8]. This action of salinity can induce osmotic stress, oxidative damage,
stomatal closure, inhibition of photosynthesis, and damage of cellular structures, and decreased gas
exchange rates [9]. Osmotic stress can cause a significant crop yield loss worldwide. It can reduce
the plant productivity and seedling growth [10] by affecting the stomatal closure and photosynthesis
process [9]. In the present study, PEG (6000) was used to induce osmotic stress in rice plants, being
frequently used to induce osmotic stress in several plant species [11,12]. Moreover, the osmotic stress
induced by PEG can reduce the photosynthetic rate and chlorophyll content by inhibiting the electron
transport system.

The feedback regulation of plants to the combination of salinity and osmotic stresses is unique
and cannot be directly extrapolated from the response of plants to each of the two stresses applied
individually [13]. The physiological response of barley was investigated under combinations of two
different abiotic stresses [8]; however, the molecular mechanism of plant adaptation to a combination
of two different stresses remains a matter of debate [14]; this adaptation might require conflicting
or antagonistic responses [14,15]. As such, plants can be adapted to heat stress by increasing the
transpiration rate through opening stomata to recover from the high temperature of their leaves.
Nevertheless, when plants are exposed to the combination of heat and osmotic stresses, plants have to
close their stomata to reduce water loss under the osmotic stress condition [14].

GABA accumulates rapidly in response to biotic and abiotic stresses [16]. Despite the rapid
accumulation of GABA during stresses, the specificity of the response and the specific role of GABA
under these conditions are still elusive [17]. The accumulation of GABA in different plant cells under
the osmotic stress condition requires a specific response which can act as a signaling molecule by
modulating the activity of H+-ATPase and regulating stomatal movement [17,18]. This action of GABA
accumulation has been observed in plants under different environmental stresses such as osmotic
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stress, oxygen deficiency, mechanical stimulation, low temperature and pathogen attack [16,19]. As a
physiological response under abiotic stress, GABA plays vital roles in plants for maintaining the
C/N balance, regulating cytosolic pH and scavenging reactive oxygen species (ROS) [20]. Under
salinity stress, exogenous GABA application acts as a signaling molecule and functions in phenolic
compound enrichment [21], scavenging of ROS [22] and modulating antioxidant enzyme activities in
nitrogen metabolic pathways [23]. Recent studies reported that GABA has been implicated in signaling
processes affecting the nitrate-uptake system [24] and guidance of the pollen tube [25].

Salinity and osmotic stresses have a significant devastating effect limiting worldwide crop
production. Taking into consideration the expected increasing world population and food demand,
finding ways to improve crop tolerance to abiotic stress constraints is an urgent issue for further
improving agricultural production and enhancing global food security. GABA metabolism could
be involved in regulation of plant development under abiotic stress through regulation of C and N
metabolism [26]. Therefore, the present study hypothesized that GABA could be involved in rice
tolerance to salinity and osmotic stresses and their combination. Moreover, the CIPKs genes were
frequently expressed and participated in plant growth and development during abiotic stresses such
as heat, drought, salinity, and chilling stresses [27]. For this reason, we have investigated the effects of
GABA on rice CIPK genes in responses to the combination of salinity and osmotic stresses to evaluate
the potential usefulness of the stress-responsive CIPK genes in genetic improvement of stress tolerance.
In addition, the present study hypothesized that high accumulation of secondary metabolites during
salinity and osmotic stress could facilitate osmotic adjustment and ultimately increase rice tolerance to
the combined stresses. This study was undertaken to elucidate the mechanism by which exogenously
supplied GABA is involved in the stresses tolerance, in the context of regulation of Na+ and K+

balance, the photosynthetic system, antioxidant system, cell cycle development, cellular regulation,
and controlling stomatal conductance which ultimately might result in improving rice growth under
the stress conditions. The current study could significantly contribute to further understanding the
tolerance mechanism induced by priming rice seeds with GABA under salinity and osmotic stresses.

2. Results

2.1. Effects of GABA Priming on the Morpho-Physiological Parameters under Salinity, Osmotic Stress
and OS+S

The effects of the salinity, osmotic stress and their combination on the physiological parameters of
rice seedlings with or without GABA priming are presented in Table 1. Salinity, osmotic stresses, and
their combination caused a significant reduction in the germination percentage, germination energy,
root length, shoot length, seedling fresh and dry weight, and seedling vigor index as compared with
unstressed seedlings. Both the salinity and OS+S stresses induced a greater reduction than the osmotic
stress alone (Table 1). However, priming with 0.5 mM GABA improved the physiological parameters
under the salinity, osmotic stress and their combination as compared with unprimed plants. Regardless
of the effect of salinity and osmotic stress, priming with 0.5 mM GABA improved the germination
percentage, germination energy and vigor index by 1.12%, 5.47% and 8.88%, respectively as compared
with the control condition (Table 1). Under the osmotic stress, salinity, and OS+S conditions, priming
with 0.5 mM of GABA improved the germination percentage by 4.15%, 4.56% and 6.75%; germination
energy by 2.85%, 23.79%, and 25.35%; and vigor index by 14.51%, 16.60% and 33.79%, respectively.
Irrespective of the priming treatment, the effects of different stresses were different. The combination
of salinity and osmotic stress was the most damaging for rice growth followed by individual salinity
and osmotic stress (Table 1).

299



Int. J. Mol. Sci. 2019, 20, 5709

2.2. Effects of GABA Priming on the Photosynthetic and Water Relation Parameters under Salinity, Osmotic
Stress and OS+S

Salinity and osmotic stresses and their combination resulted in a significant reduction in the
net photosynthetic (Pn), transpiration rate (Tr), stomatal conductance (Gs), intracellular CO2 (Ci),
chlorophyll content (SPAD), water potential (Ψw), osmotic potential (Ψs) and relative water content
(RWC) as compared with unstressed seedlings (Table 2). Priming with 0.5 mM GABA resulted in the
highest Pn, Tr, Gs, SPAD, Ψw, Ψs, RWC and WUE as compared with unprimed seedlings; however, the
unprimed seedlings resulted in highest Ci (Table 2). As compared with salinity and osmotic stress, the
OS+S resulted in the lowest values of Pn, Tr, Gs, Ψw and RWC (Table 2). Interestingly, osmotic stress
alone resulted in the lowest SPAD, while the salinity alone resulted in the lowest Ψs. As compared to
the unprimed seeds, priming with 0.5 mM GABA improved the Pn, Tr, Gs, SPAD, Ψw, Ψs, RWC and
WUE by 39.90%, 43.06%, 59.40%, 28.52%, 32.20%, 42.85%, 48.05% and 76.72%, respectively (Table 2).
Under osmotic stress, salinity and OS+S conditions, priming with 0.5 mM GABA improved Pn by
38.21%, 23.86% and 32.85%; Tr by 44.62%, 54.94% and 50.56%; Gs by 16.57%, 38.96% and 49.56%; Ci by
9.39%, 34.53% and 11.44; SPAD by 27.24%, 16.87% and 16.32%; Ψw by 44.76%, 74.65% and 63.35%; Ψs
by 17.64%, 36.48% and 3.84%; RWC by 55.29%, 44.90% and 57.50%; and WUE by 33.85%, 43.26% and
38.35%, respectively, as compared with unprimed seeds (Table 2). The present study suggested that
application of 0.5 mM GABA to stressed plants with salinity, osmotic stress and their combination
affected photosynthetic mechanisms, such as CO2 diffusion through stomatal control. Moreover, it also
affected the leaf water balance by controlling water and osmotic potential of the leaf to maintain water
uptake for plant growth with relatively little water loss by the plant.

2.3. Effects of GABA Priming on the Sugar, Protein, Starch and GABA Contents under Salinity, Osmotic Stress
and OS+S

The mean data concerning effects of salinity and osmotic stress and their combination on the
sugars, protein, and starch contents are presented in Table 3. The results reported that osmotic stress,
salinity and their combination decreased the sugar content by 49.60%, 60.32%, 66.64%; protein content
by 54.85%, 57.16% and 64.51; and starch content by 49.90%, 59.12%, and 56.54%, respectively, as
compared with the unstressed condition. However, priming with GABA improved the sugar content
under osmotic stress, salinity and OS+S by 36.36%, 44.88% and 59.07%; protein content by 32.28%,
52.26% and 49.56% and starch content by 47.96%, 44.42% and 26.93%, respectively, as compared with
unprimed seeds. The osmotic stress, salinity and OS+S resulted in a significant increase in the GABA
content as compared with the unstressed condition (Table 3). Priming seeds with GABA significantly
improved the GABA content under salinity and osmotic stress and their combination, and the highest
GABA content was recorded under osmotic stress as compared with either salinity alone or OS+S
stress. The current study emphasized that application of 0.5 mM GABA resulted in the accumulation
of sugars, starch and protein (Table 3), which may serve as osmolytes to provide energy and carbon at
times when photosynthesis may be inhibited under salinity and osmotic stresses.
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2.4. Effects of GABA Priming on ROS, MDA, Proline and GR under Salinity, Osmotic Stress and OS+S

The results revealed that osmotic stress, salinity and OS+S improved ROS, i.e., hydrogen peroxide
(H2O2), superoxide radical (O2

−) and hydroxyl ion (OH−) accumulation in the leaf tissues as compared
with the control condition (Table 3). Priming treatment significantly reduced the accumulation of the
H2O2 under osmotic stress, salinity and OS+S by 43.75%, 38.01% and 28.91%; O2

− by 0.37%, 30.88%,
and 26.93%; and OH− by 17.64%, 22.38% and 25.64%, respectively, as compared with unprimed seeds
(Table 3), and these findings were confirmed by the confocal microscopic investigation as depicted
in Figure 1. Plants exposed to osmotic stress, salinity and OS+S experienced a significant increase in
proline, malonaldehyde (MDA), and glutathione reductase (GR) concentrations as compared with
the unstressed condition (Table 3). Proline, MDA and GR contents were not significantly affected by
0.5 mM GABA priming irrespective of the stress effects. However, the primed seedlings exposed to
osmotic stress, salinity and OS+S had the lowest contents of MDA and proline, specifically under
osmotic stress. Priming with 0.5 mM GABA resulted in a significant decrease of proline under osmotic
stress, salinity, and OS+S, by 28.81%, 43.05% and 35.66%, respectively, relative to unprimed seeds
(Table 3). By contrast, priming with 0.5 mM GABA resulted in a significant increase in the GR activity
under the stress condition. It could be concluded that priming with 0.5 mM GABA improved GR
activity under osmotic stress, salinity and OS+S stresses by 43.41%, 27.8% and 37.46%, respectively,
relative to unprimed seeds. It could be stated that 0.5 mM GABA inhibited the release of free radicals
by reducing the ROS and MDA levels and thus reducing the cell membrane damage under salinity,
osmotic stress and their combination.

Figure 1. Effects of priming treatment on H2O2 accumulation in the root cells of rice seedlings exposed
to salinity, osmotic stress, and their combined stress (OS+S). P (Priming) OS (Osmotic stress); S (Salinity).
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2.5. Effects of GABA Priming on Ion Accumulation under Salinity, Osmotic Stress and OS+S

The obtained results showed that salinity and OS+S stresses significantly increased the Na+

concentration in the leaf and root tissues as compared to the control condition, and a higher concentration
of Na+ was observed in the root as compared to the leaf (Figure 2). Interestingly, the Na+ concentration
was not significantly reduced by GABA priming in the leaf and root under the unstressed condition.
However, under the salinity and OS+S stresses, the GABA priming resulted in a significant reduction
of the Na+ concentrations in the leaf and root as compared with unprimed seeds. Priming decreased
Na+ concentrations under osmotic stress, salinity and OS+S stresses by 2.20%, 23.72% and 48.87% in
the leaf, and in the root by 0.64%, 36.39% and 31.00%, respectively. Irrespective of the salinity, osmotic
stress and their combination, priming with 0.5 mM GABA significantly improved the K+ concentration
in the leaf and root tissues (Figure 2). It could be concluded that priming seeds with GABA significantly
improved the K+ concentration in the leaf by 23.84%, 43.89%, and 30.65%, and in the root by 25.96%,
31.68%, and 37.50% under the osmotic stress, salinity and OS+S stresses, respectively (Figure 2).
The present study suggested that priming with 0.5 mM GABA has the potential to maintain the balance
between the accumulation of Na+ in the plant cell and the loss of K+ under salinity, osmotic stress and
their combination.
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Figure 2. Effects of GABA treatment on the concentration of Na+ in the leaf (A), Na+ in the root (B), K+

in the leaf (C), K+ in the root (D), Na+/K+ ratio in the leaf (E) and Na+/K+ ratio in the roots (F) of rice
seedlings exposed to salinity, osmotic stress, and their combined stress (OS+S). OS (Osmotic stress);
S (Salinity).

2.6. Effects of GABA Priming on Enzyme Activities under Salinity, Osmotic Stress and OS+S

As shown in Figure 3A–C, the activities of antioxidant enzymes such as superoxide dismutase
(SOD), catalase (CAT) and ascorbic peroxidase (APX) increased in the seedlings exposed to osmotic
stress, salinity and OS+S stresses as compared with their respective controls. Priming seeds with
0.5 mM GABA significantly improved the activities of these enzymes under the salinity, osmotic stress
and their combination, but the impact was more obvious under the salinity stress as compared with
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osmotic stress and the combined stress (Figure 3A–C). Compared to the unprimed seeds, SOD activity
was improved in the GABA-primed seeds under osmotic stress, salinity and OS+S stresses by 36.46%,
40.64% and 28.29%; CAT activity by 36.92%, 49.06% and 30.17%, and APX activity by 39.64%, 32.89%
and 27.65%, respectively (Figure 3A–C). It seems that the application of 0.5 mM GABA can regulate the
antioxidant enzymes activity which played a crucial role in scavenging H2O2 helping to minimize
excessive ROS in the stressed plants under salinity, osmotic stress and their combination.

Figure 3. Effects of GABA treatment on SOD (A), CAT (B), APX (C) activities; SOD1 (D); CATa (E);
APXa (F); PAL (G); PPO (H); SKDH (I); PAL1 (J); PPO (K) and SKDH (L) of rice seedlings exposed to
salinity, osmotic stress, and their combined stress (OS+S). OS (Osmotic stress); S (Salinity).

2.7. Effects of GABA Priming on Phenolic Metabolism under Salinity, Osmotic Stress and OS+S

The results presented in Figure 3G–I showed that phenylalanine ammonia-lyase (PAL) activity
significantly increased when the seedlings were exposed to the osmotic stress, salinity and OS+S
relative to their controls. Priming with 0.5mM GABA resulted in a significant increase in PAL activity
as compared to unprimed seeds. The priming treatment resulted in an increase of the PAL activity
under osmotic stress, salinity and OS+S stress by 47.3%, 46.07% and 57.42%, respectively, relative to
the unprimed seeds (Figure 3G). Similarly, polyphenol oxidase (PPO) activity was increased in the
primed seedlings under osmotic stress, salinity and OS+S by 67.72%, 73.73% and 54.16%, respectively
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(Figure 3H). Interestingly, the PPO activity in the unprimed seedlings under osmotic stress was lower
than that in the control seedlings. The results revealed that priming with 0.5 mM GABA resulted in a
significant increase in Shikimate dehydrogenase (SKDH) activity under salinity and OS+S, but there
was no significant difference under the osmotic stress in primed and unprimed seedlings (Figure 3I).
Cinnamyl alcohol dehydrogenase (CAD) activity significantly increased in the primed seedlings
exposed to osmotic stress, salinity and OS+S, while there was no significant increase in the CAD
activity in the unprimed seeds under osmotic stress (Figure 4A). GABA priming increased the CAD
activity under osmotic stress, salinity and OS+S by 31.88%, 30.83% and 28.52%, respectively, relative to
unprimed seeds. Hence, in the present study, priming with 0.5 mM GABA resulted in up-regulation
of secondary metabolism, such as PAL, PPO and SKDH, which can generate a defense mechanism
against oxidative stress induced by salinity, osmotic stress and their combination.

Figure 4. Effects of GABA treatment on the activities of CAD (A), GST (B) and Chitinase (C) and, their
transcript levels (D–F) in rice seedlings exposed to salinity, osmotic stress, and their combined stress
(OS+S). OS (Osmotic stress); S (Salinity).

2.8. Effects of GABA Priming on Detoxification-related Enzymes under Salinity, Osmotic Stress and OS+S

The activities of the detoxification-related enzyme such as Glutathione-s-transferase (GST) and
chitinase are shown in Figure 4B,C. Without stress, the GST activity in the primed seedlings was
significantly lower than that in the control seedlings (Figure 4B). The GST activity was significantly
increased by priming with 0.5 mM GABA under osmotic stress, salinity and OS+S as compared with
unprimed seeds. Priming with GABA resulted in an increase in the GST activity under the osmotic
stress, salinity and OS+S by 31.66%, 44.62% and 39.25%, respectively, relative to the controls (Figure 4B).
Similarly, the chitinase activity was also increased under the osmotic stress, salinity and OS+S as
compared to the unstressed condition (Figure 4C). There was no significant difference in the chitinase
activity in the primed and unprimed seedlings under the unstressed condition. However, priming
with 0.5 mM GABA increased the chitinase activity under the osmotic stress, salinity and OS+S, by
15.54%, 28.34% and 42.09%, respectively, relative to the controls (Figure 4C).
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2.9. Effects of GABA Priming on Gene Expression under Salinity, Osmotic Stress and OS+S

In order to further understand the molecular mechanism by which GABA priming could alleviate
the detrimental effects of osmotic stress, salinity and their combination, we investigated the transcript
levels of APXa, CATa, SOD1 (Figure 3D–F), PAL1, PPO, SKDH (Figure 3J–L), IbCAD1, SbGST, Chi2
(Figure 4D–F), OsCIPK01, OsCIPK02, OsCIPK03, OsCIPK07, OsCIPK08, OsCIPK09, OsCIPK12, OsCIPK15,
OsCIPK17 genes (Figure 5A–I). As shown in Figure 3D–F, SOD1, CATa and APXa were significantly
up-regulated in the GABA-primed seedlings under osmotic stress, salinity and OS+S stress relative to
their controls. In the primed seedlings, SOD1 was significantly up-regulated under osmotic stress as
compared with salinity and the combined stress, while CATa was highly significantly up-regulated
under the combined stress, whereas the APXa was highly significantly up-regulated under the salinity
stress. The transcript levels of these genes under different treatments are somewhat consistent with
the activity of their corresponding enzymes activity (Figure 3A–C). Under the unstressed conditions,
priming with 0.5 mM GABA up-regulated SOD1, CATa and APXa by 62.26, 17.00 and 19.17-fold,
respectively as compared with the control condition. The transcription level of SOD1 was up-regulated
in the GABA-primed seeds under the osmotic stress, salinity and OS+S by 22.24, 24.82 and 32.33-fold,
CATa by 70.04, 69.64, and 64.74-fold; and APXa by 32.13, 63.37 and 45.67-fold, respectively (Figure 3D–F).
Similarly, priming seeds with 0.5 mM GABA resulted in up-regulation of the PAL1, PPO and SKDH genes
under osmotic stress, salinity and OS+S stress relative to their controls (Figure 3J–L). The transcription
level of PAL1 and SKDH greatly increased under salinity and combined stress without significant
differences between them. In contrast, PPO expression was greatly increased under the combined
stress. In the absence of stress conditions, priming with 0.5 mM GABA resulted in up-regulation
of the PAL1, PPO and SKDH genes by 3.06, 2.85 and 8.00-fold, respectively, as compared with the
control condition. The relative expression level of PAL1, PPO and SKDH genes was up-regulated in
the primed seedlings under the osmotic stress, by 50.07, 50.57 and 47.72-fold; salinity by 32.39, 38.15
and 32.81-fold, and OS+S by 28.38, 32.53 and 27.58-fold, respectively, as compared with their controls
(Figure 3J–L). The transcription levels of ibCAD1 (Figure 4D) and Chi2 (Figure 4F) in the GABA-primed
plants were highly significantly up-regulated when the seedlings were exposed to salinity stress as
compared to osmotic stress and the combined stress, while the transcription level of SbGST was highly
significantly up-regulated in the GABA-primed plants when exposed to osmotic stress as compared
with salinity and combined stress (Figure 4E). Osmotic stress, salinity, and OS+S, priming with 0.5 mM
GABA up-regulated ibCAD1 by 36.55, 41.66 and 29.77-fold; SbGST by 64.19, 25.14, and 36.91-fold;
and Chi2 by 48.70, 64.02 and 60.46-fold, respectively, as compared with the controls (Figure 4D–F).
The results reported that the OsCIPK genes in the GABA-primed seedlings were up-regulated under
the osmotic, salinity and OS+S conditions as compared to the controls (Figure 5). Salinity stress
resulted in significant increases in the expression level of the OsCIPK01, OsCIPK03, OsCIPK08 and
OsCIPK15 genes as compared to osmotic stress and the combined stress (Figure 5A,C,E,H). Osmotic
stress resulted in a greater increase in the expression levels of OsCIPK02, OsCIPK07 and OsCIPK09
genes as compared with salinity and the combined stress (Figure 5B,D,F), whereas the combined stress
(OS+S) resulted in a significant up-regulation of OsCIPK12 and OsCIPK17 genes as compared with
salinity and osmotic stress (Figure 5G,I).
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Figure 5. Effects of GABA treatment on the transcription levels of OsCIPK01 (A), OsCIPK02 (B),
OsCIPK03 (C), OsCIPK07 (D), OsCIPK08 (E), OsCIPK09 (F), OsCIPK012 (G), OsCIPK015 (H) and
OsCIPK017 (I) genes in rice seedlings exposed to salinity, osmotic stress, and their combined stress
(OS+S). OS (Osmotic stress); S (Salinity).

2.10. Effects of GABA Priming on the Nuclear DNA Content and Ultramorphology of the Cell under Salinity,
Osmotic Stress and OS+S

In order to investigate whether the osmotic stress, salinity and their combination could inhibit
cell cycle progression, the nuclear DNA content was analyzed using the flow cytometry technique.
The results showed that seedlings without GABA priming under osmotic stress and salinity and their
combination underwent changes in cell cycle progression (Figure 6A–D). Under the osmotic stress
condition (Figure 6B), the cells were blocked in at the G2/M phase, but the cells showed pronounced
nuclear accumulation at the G0/G1 phase. However, with GABA priming and under the osmotic stress
(Figure 6F), the nuclear accumulation was more obvious in both phases of the cell cycle. The salinity
and the OS+S stresses induced a pronounced cell accumulation in G2/M and a sharp inhibition in the
cell progression through the G0/G1 phase irrespective of the priming treatment (Figure 6C,D,G,H).
The flow cytometry analysis indicated that the G0/G1 phases were more sensitive under the salinity
alone or the combined stress as compared to the osmotic stress. These findings suggested that the
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osmotic stress, salinity and their combination result in a longer time for cells to progress through the cell
cycle. However, each treatment affects cell cycle progression in a different way. The cell ultrastructure
was affected due to the priming, salinity and the osmotic stress treatments (Figure 7). Under the
control condition (Figure 7A) and priming treatment (Figure 7B), the transmission electron microcopy
(TEM) analysis showed clear cell walls and developed chloroplasts (Chl) with uniform thylakoids
(Thy). Under the salinity and the combined stress (OS+S), in the unprimed plants (Figure 7C,E), an
unclear cell wall, a lot of vacuoles and raptured chloroplasts were observed. However, under the
salinity and the combined stress (Figure 7D,F), the priming treatment somewhat improved the cell
structure, which was represented by a clear cell wall, developed starch grain and the absence of the
vacuoles. These results suggested that the priming with 0.5 mM GABA led to changes in the cell cycle
progression and cell ultramorphology as a kind of cell signaling under salinity, osmotic stress and
their combination.

Figure 6. Flow cytometric analysis of GABA-unprimed rice (A–D) showing the nuclear DNA content
of the root cell under control (A); osmotic stress (B); salinity (C) and their combined stress (D) and
GABA-primed rice (E–H) under control (E); osmotic stress (F); salinity (G) and their combined stress (H).
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Figure 7. Transmission electron microscopic images of the leaf mesophyll of rice seedlings primed with
0.5 mM of GABA and grown under the control, salinity and the combination stress (OS+S) conditions.
Control condition (A); primed with 0.5 mM GABA (B); salinity stress (C); salinity stress and primed
with 0.5 mM GABA (D); combined stress (OS+S) (E); Combined stress (OS+S) and primed with 0.5 mM
of GABA (F).

3. Discussion

Enhancing plant tolerance to abiotic stresses by inducing a stress-responsive gene pathway in
transgenic plants is a promising approach [28]. Combined stress is a new kind of abiotic stress in
plants that requires integration defense or cross-talk response, and the plants should be tested for their
tolerance to a combination of different stresses prior to cultivation under field conditions. The present
study reported that priming with 0.5 mM GABA improved the physiological parameters under salinity
and osmotic stress and their combination as compared with unprimed plants (Table 1). During seed
germination and the stress condition, GABA could improve starch catabolism and mobilization of sugar
and amino acids which are necessary for seedling growth [29]. GABA can also improve the antioxidant
system for mitigation of oxidative damage, and increase Na+/K+ transportation for osmotic regulation
under salt stress [29]. Furthermore, GABA could maintain the hormones and mineral nutrients and
reduce lipid peroxidation under different environmental stresses [30]. During the early stage of seed
imbibition, the up-regulation of some germination-related genes contributed to the metabolic process
prior to seed germination which could improve the germination and seedling growth under the stress
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condition [31]. The reduction in rice growth from seed germination to the maturity stage under salinity
stress may be due to the increase in osmotic pressure of the root medium and ion effects [32]. Several
studies have reported that osmotic stress significantly decreased fresh and dry weights of shoots [33]
and roots [34]. It has been found that exogenous GABA could significantly improve the shoot length,
root length, and fresh weight of maize seedlings [35] and white clover [29] under abiotic stresses. In
the present study, GABA induced starch catabolism, which is of primary importance for providing
available carbohydrates for seed germination and growth under osmotic stress, salinity and the
combined stress. These findings are consistent with previous studies, which found that environmental
stresses such as osmotic stress, salt and heat stress decreased seed germination due to the inhibition of
starch catabolism under these conditions [29,36,37]. It has been found that the metabolite mobilization
of starch and soluble sugars is critical for the maintenance of cell turgor and energy sources when seeds
are subjected to salinity and osmotic stress [36]. Additionally, GABA could increase starch catabolism
and provide available carbohydrates for seed germination and growth of white clover under salt
stress [29]. Moreover, starch catabolism could be accelerated by activating α- and β-amylase activities
in GABA-pretreated seeds [29]. It is well-known that both organic and inorganic osmolytes such as
sugars and starch are important osmotic regulators for plant adaption to environmental stresses [38–40].
These osmolytes were decreased in the present study under salinity, osmotic stress and OS+S, and
were enhanced by priming with 0.5 mM GABA (Table 3). It has been found that the accumulation
of osmolytes such as free starch, soluble sugars and protein regulated the osmotic pressure of the
plants under abiotic stress including salinity and osmotic stress [41]. Furthermore, plants under stress
conditions may accumulate small molecular weight proteins that could be used as a source of storage
nitrogen and could be rapidly mobilized when required for the alleviation of stress [42]. These proteins
could also have a role in osmotic adjustment [43]. Additionally, proline can also accumulate in plants
to act as a solute for adaptation of plants in response to different environmental stresses [44].

The photosynthetic response to abiotic stress, especially salinity and osmotic stress, is highly
complex. It involves the interaction of stress signaling with different plant cells which can promote
plant growth and development. In the present study, rice plants grown under salinity, osmotic stress
and OS+S treatments showed a marked reduction in Pn, gs and Tr (Table 2). The remarkable reduction
in gs may be a consequence of stomatal closure caused by the higher osmotic pressure in guard cells
under OS+S [45]. Another study observed a decrease of the chlorophyll content in rice under water
stress, which may be related to the inhibition of the photosynthetic system of the plant under the water
stress [46], or might be due to increases in ROS and lipid peroxidation levels leading to chlorophyll
damage and a change in the leaf color from green to yellow [47]. In the present study, RWC was
decreased by the salinity and osmotic stress and OS+S, and enhanced by GABA priming as compared
with the control condition (Table 2). A decrease in the RWC under PEG-induced osmotic stress was
also reported in rice leaves [46] and in tomato [48]; this might be due to the decreased water potential
under salinity and osmotic stresses [49]. Similarly, the cellular accumulation of GABA could achieve a
balance in the reduction of water potential that occurs during cellular dehydration under the stress
condition [50].

Rice controls the transport of salts initially by selective uptake by root cells and ions entering
into the root along with water through symplastic and apoplastic routes [51]. The ratio of Na+/K+

can be used as a physiological index for salt response in several crop plants such as tomato (Solanum
lycopersicum) [52], chickpea (Cicer arietinum) [53], barley (Hordeum vulgare) [54] and white clover
(Trifolium repens) [29]. Moreover, the concentration of Na+ is key for the salinity tolerance mechanism,
interacting with K+ homeostasis, and especially given its involvement in numerous metabolic processes,
maintaining a balanced cytosolic Na+/K+ ratio [55]. In the present study, priming with 0.5 mM GABA
under salinity, osmotic stress and OS+S caused a significant reduction in the Na+ concentration in
the leaf and root as compared with unprimed seeds (Figure 2). Under the salinity stress, plant cell
loses the balance in the Na+/K+ ratio due to a continuously increasing Na+ ion concentration and
decrease in K+ ion uptake [56]. In the current study, a higher concentration of Na+ was recorded in
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roots as compared to the leaf under the salinity and osmotic stress and their combination (Figure 2).
The high accumulation of Na+ especially in the leaf resulted in a reduction in the photosynthesis
due to stomatal and non-stomatal limitation [57]. Therefore, plants have to reduce the concentration
of Na+ in the plant leaves by either minimizing the entry from the root symplast to reduce loading,
maximizing Na+ retrieval from the xylem [58], or exporting Na+ from the leaf to the phloem [59].
As such, the down-regulation of genes encoding Na+ influx transporters (OsCNGC1) in rice root
significantly contributed to the salinity tolerance, as it could avert toxic Na+ influx [60].

In the present study, antioxidant enzymes were measured to investigate the capability of priming
with 0.5 mM GABA to induce such enzymes for mitigating the oxidative stress by scavenging ROS in
the cell and thus increase the rice tolerance under the salinity, osmotic stress and their combination. In
the current work, salt and osmotic stress and their combination (OS+S) significantly decreased the
activity of CAT, SOD and APX (Figure 3), which was consistent with that of barely exposed to salinity
stress [21]. However, the decrease in these enzymes was inhibited when the seeds were primed with
0.5 mM of GABA under the stress conditions (Figure 3). Similar findings were observed in different
plant species primed with GABA such as rice seedlings [61], black pepper seedlings [62], perennial
ryegrass [63] and white clover [29]. The accumulation of ROS and oxidative stress signal are the main
common mechanisms for the plant tolerance could be observed under the salinity and osmotic stresses.
The intensive accumulation of ROS in the different plant cells resulted in significant pigment loss, a
reduction in the photosynthetic system efficiency and decreased protein assimilation [64]. However,
induction of the antioxidant defense system could protect plants from oxidative damage induced by
ROS accumulation under stress conditions [65]. In the present study, salinity and osmotic stress and
OS+S improved the ROS, i.e., H2O2, O2

− and OH− accumulation in the leaf tissue as compared with the
control condition (Table 2). The present study reported that GABA-activated antioxidant enzymes could
play vital roles in scavenging free radicals induced by H2O2 and O2

− and reduced lipid peroxidation
by up-regulating the genes (APXa, CATa and SOD1) involved in antioxidant enzymes during rice seed
germination and seedling growth under salinity and osmotic stress and their combination (Figure 3).

The accumulation of phenolic compounds under environmental stresses can protect plants from
damage caused by ROS-induced oxidative stress [66] by scavenging free radicals, breaking radical
chain reactions, and decomposing peroxides [67]. In the present study, the enzymes involved in the
phenolic metabolism such as PAL, PPO, SKDH and CAD were improved by priming with 0.5 mM
GABA under the osmotic, salinity and OS+S stresses (Figure 3G–I and Figure 4A). This phenolic
metabolism may provide an effective defense tool for plant tolerance under environmental stresses [68].
Recently, SKDH activity was increased in plants exposed to salinity stress for 3 days [69]. Moreover,
the activity and the expression level of the PAL protein were increased in barley exposed to 200 μM of
Al for 24 h [70]. The increased PAL and PPO levels might help plants to cope with oxidative stress
by scavenging ROS [45,71]. In the present study, the accumulation of PPO in the leaf under salinity
and osmotic stresses (Figure 3H), might be due to the induction of PPO genes in the leaf tissues under
osmotic stress [72]. However, the PPO and CAD activities were not affected in Matricaria chamomilla
plants exposed to salinity stress, but a higher activity of SKDH was observed in the root [68]. In the
present study, the induction of the defense genes involved in secondary metabolites such as PAL1, PPO,
SKDH and IbCAD1 in the primed plants may increase the tolerance of plants to salinity, osmotic stress
and OS+S (Figure 3J–L and Figure 4B), which is consistent with the finding of Ahammed et al. [71],
who also found that plant growth regulators help in alleviating the oxidative stress in plant leaves
through the induction of phenolic metabolism defense under the stress condition. The mechanism by
which GABA treatment increases the tolerance to salt stress might be due to the ability of GABA to
induce endogenous GABA, proline and the total phenolic content, thus enhancing the antioxidant
capacity [67]. The present study revealed that the GST and chitinase activities and their transcript levels
were increased by priming with 0.5 mM of GABA under salinity, osmotic stresses and their combination
(Figure 4). Similarly, a previous study reported that the Chi2 gene was up-regulated in pepper leaves
under salinity and osmotic stresses which could protect plant tissues against osmotic stress via an
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ABA-independent signal transduction pathway [73]. Another study reported that chitinase is involved
in heavy metal stress tolerance and chilling tolerance [74]. Moreover, GST activity and expression level
increased in salinity and osmotic -stressed barley plants [45].

In the present study, up-regulation of OsCIPK genes was observed in the GABA-primed seedlings
under salinity and osmotic stress and OS+S as compared to their controls (Figure 5). The OsCIPK
genes induced by different stresses may provide new signaling pathway to reveal the molecular
mechanism of rice response to different stresses alone or in combination considering the nature of
CIPKs as putative signaling components [75]. The signaling pathway of OsCIPK genes may be involved
in the substantial common regulatory systems or cross talks triggered by different stresses [75]. Our
findings indicated that expression patterns of OsCIPK genes were induced under the salinity, osmotic
stress and OS+S, which is consistent with cross talk between salinity and osmotic stress as previously
reported by Seki et al. [76]. The interaction between co-activated pathways is likely to be mediated at
different levels under the combined stresses [13]. This pathway could include the interaction between
different transcription factors and mitogen-activated protein kinase (MAPK) cascades [77], different
stress hormones such as ethylene, jasmonic acid and abscisic acid [78], between calcium and/or ROS
signaling [79] and between different receptors and signaling complexes [80].

The present study revealed that nuclear accumulation was inhibited under the stress condition
especially under salinity and the combined stress in the G0/G1 as compared with the control or osmotic
stress (Figure 6). A recent study showed that root growth was inhibited under the abiotic stress
conditions, and the cell division and cell cycle regulation might be involved in this inhibition [80],
or might be associated with the reduction of cell production [81]. The reduced cell production
under the salinity and osmotic stress and their combination might be due to a smaller number of
dividing cells such as a meristem size reduction, and the temporary inhibition of mitotic activity that
allows the adaptation to the stress condition is most likely mediated by post-translational control of
cyclin-dependent kinase activity (CDK) [80].

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Rice (Oryza sativa cv. Qian You No. 0508) seeds were purchased from the Seed Production Unit,
Jiangsu Academy of Agricultural Sciences, China. Before priming, seeds were sterilized with 0.5%
NaClO solution for 15 min and washed several times to remove the traces of the disinfectant. The seeds
were then primed with GABA at the optimized concentration (0 and 0.5 mM) at 15 ◦C in darkness for
24 h. The time and concentration of the priming agent were initially selected based on a preliminary
study. In the preliminary experiment, several concentrations of GABA, i.e., 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6
and 0.7 mM were used for seed priming. GABA at 0.5 mM significantly improved rice germination
and seedling growth as compared to other concentrations. The seed were primed for 24 h as this time
was sufficient enough for rice seeds to trigger the activation of various metabolic processes such as the
synthesis of hydrolytic enzymes which resulted in hydrolysis of reserve food into a simple available
form for embryo uptake as stated recently in our previous study [82–85]. The primed seeds were
dried at room temperature to maintain their original moisture content [82]. Thereafter, the primed and
unprimed seeds were germinated for two weeks in a plastic germination box containing two layers of
germination paper moistened with water. Fifty seeds and three replications for each treatment were
used. Then, seeds were incubated in a germination chamber at 25 ◦C with 80 % relative humidity
under alternating cycles of 16 h illumination and 8 h darkness for 14 days.

The salinity and osmotic stress and their combination were applied to 7-day-old rice seedlings, in
which the salinity stress (150 mM NaCl) and the osmotic stress (30 g/L PEG, 6000) and their combination
(150 mM NaCl+30 g/L PEG) were supplied to plants for one week. The seedlings without GABA
priming and stress treatments were used as the control (Ck). After fourteen days, the germination
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percentage, germination energy, root and shoot length, seedling fresh and dry weight and seedling
vigor index were measured according to the methods of Hu et al. [86].

4.2. Determination of Photosynthesis and Leaf water Relation

The physiological parameters such as Pn, Tr, Gs and Ci were measured according to our previous
study [87]. The chlorophyll content was measured spectrophotometrically according the method of
Sheteiwy et al. [88]. The values of Ψw, WUE and RWC were measured according to our previous
study [87]. The Ψs was measured according to the method of Ahmed et al. [8].

4.3. Biochemical Analysis

For further investigation regarding the potential role of GABA priming to alleviate the oxidative
stress induced by salinity and osmotic stress, the antioxidant enzymes, i.e., SOD, CAT and APX were
measured according the method of Sheteiwy et al. [88]. GR and total soluble sugars were measured
according the method of Sheteiwy et al. [89]. The starch content and total soluble proteins were
measured according to the method of Sheteiwy et al. [90].

4.4. Analysis of MDA, Proline and ROS Contents

The MDA content of the leaf was measured according to the method of Zhou and Leul [91]. Proline
concentration was determined by a spectrophotometer according to the method of Li [92]. Briefly, 100
mg of leaf was homogenized with 5 mL of 3% sulfosalicylic acid and centrifuged at 5000× g for 10 min.
The supernatant was treated with acid-ninhydrin and acetic acid, after which the supernatant was
boiled for 1 h at 100 ◦C. Absorbance was determined at 520 nm and the proline content was expressed
as μg gFW−1. For determination of the H2O2 content, 0.5 g of leaf was homogenized with 5.0 mL of
0.1% trichloroacetic acid (TCA) using an ice bath, and then the homogenate was centrifuged for 15 min
at 12,000× g [93]. The H2O2 content in the supernatant was read using a spectrophotometer at 390 nm.
The content of O2

− was measured according to Jiang and Zhang’s method [94]. The content of OH− in
the leaf was determined according to our previous study [89].

4.5. Determination of GABA Content

The GABA content in the leaf tissues was measured using GABAase commercial enzyme
preparation (Sigma chemical Co., St. Louis, MI, USA) as previously described by Ma et al. [21].

4.6. Assay of Phenolic Metabolism-related Enzymes

The activity of PAL was determined according to the method of Zheng et al. [95] with slight
modification. Fresh leaves (2g) were homogenized with 2.5 mL of solution containing 100 mM K3PO4

buffer, 2 mM EDTA, 1% (m/v) PVP, and 1 mM phenyl-methylsulfonyl fluoride (PMSF). Then, the
homogenates were centrifuged at 12,000× g for 15 min at 4 ◦C, and the supernatant fractions were used
for enzyme analysis. The absorbance was spectrophotometrically measured at 290 nm. The activities
of PPO and SKDH were measured according to the method of Sheteiwy et al. [82]. The activity of CAD
was measured according to the method of Wyrambik and Grisebach [96].

4.7. Measurements of Detoxification-related Enzymes

In order to determine the activity of GST, 0.3 g of leaf tissue was homogenized with 2 mL phosphate
buffer solution (pH 6.5) + 1 mM EDTA. The suspension was centrifuged at 4000× g for 10 min. The GST
activity was measured spectrophotometry at 412 nm following the method of Chun-hua and Ying [97].
The chitinase activity was measured according to the method of Chun-hua and Ying [97].
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4.8. Measurement of Na+ and K+ Ions in the Leaf and Root Tissues

The concentrations of Na+ and K+ in leaf and root were measured according to the methods
of Zhao et al. [98]. Briefly, the samples were washed with distilled water before the determination
to remove any traces of the Na+ from the leaf and root tissues, which were then dried at 50 ◦C for
4 d. Thereafter, the dried leaf and root tissues were ground into a fine powder in liquid nitrogen.
The powder was then digested in 5 mL nitric acid overnight. Thereafter, the digested solution was
diluted to 25 mL with double-distilled water. The concentration of Na+ and K+ in the acid-digested
tissues was measured using a flame photometer according to the method of Zhao et al. [98].

4.9. Analysis of Gene Expression

In order to further study the mechanism by which GABA can alleviate the effects of both salinity
and osmotic stresses alone or in combination on rice germination and seedling growth, the antioxidant
enzymes, detoxification-related enzymes, phenolic metabolism-related enzymes and OsCIPK responses
genes were investigated at the molecular levels. For this purpose, frozen leaf tissues (100 mg each) were
ground thoroughly in liquid nitrogen using a pestle and mortar. Thereafter, the total RNA was isolated
from the leaf and the concentration of the RNA was determined by a NanoDrop 2000/2000c (Thermo
Scientific, Wilmington, Delaware, USA). The RNA purity was also checked by the spectrophotometer
using the 260/280 nm ratio before quantitative real-time PCR. The primers of the OsCIPK genes
presented in Supplementary Table S1 are the same as those used previously by Xiang et al. [75].
Quantitative real-time RT-PCR was performed using SYBR premix EX Taq (Takara, Japan). The PCR
program used in this study is the same as that used recently by Sheteiwy et al. [88].

4.10. Ultra-structure and Flow Cytometry Analysis

The ultramorphology of the leaf was investigated according to our previous study [82]. The
H2O2 was detected according to the method of Sheteiwy et al. [82]. Briefly, the roots were stained
with 5 μM dichlorodihydrofluorescein diacetate for 15 min, and then washed with excess 20 mM
sodium phosphate buffer (pH 6.1) to stop the reaction. The changes in ΔΨm were analyzed using a
tetramethylrhodamine methyl ester assay kit (Immunochemistry Technologies, Bloomington, IN, USA)
and imaged using a laser confocal scan microscope (Zeiss LSM 780, Zeiss, Germany). Then, nuclear
isolation was performed according to the method of Hu et al. [99]. The root samples were cut into
small pieces and then fixed with nucleus isolation buffer [10 mM MgSO4, 50 mM KCl, 5 mM Hepes, 1
mg/mL dithiothreitol (Sigma, St. Louis, MI, USA) and 0.2% Triton X-100] and filtered through a 33 mm
nylon mesh. The nuclei were fixed in 4% paraformaldehyde for 30 min and were then precipitated
(200 g, 10 min, 4u C) and re-suspended in the isolation buffer.

4.11. Experimental Design and Statistical Analysis

The treatments were applied using a Completely Randomized Block Design (CRBD) with a
factorial arrangement. All the obtained values are the means of three replicates ± standard deviation
(SD). The data were analyzed using two-way analysis of variance (ANOVA) by SPSS v16.0 (SPSS, Inc.,
Chicago, IL, USA), and means were separated using Duncan’s multiple range tests (α = 0.05).

5. Conclusions

Priming with 0.5 mM of GABA could be an effective technique to alleviate salinity and osmotic
stresses and OS+S causing inhibition of rice seed vigor. Under the stress conditions, GABA induced a
balance in Na+/K+ accumulation and transport from the root to the leaf which could be attributed to
the osmotic adjustment through the mobilization of organic osmolytes such as proline, sugars, and
starch during seed germination. The fluorescence staining revealed that H2O2 formation was increased
under the stress condition and decreased by the GABA priming treatment. These findings indicated
that GABA could also act as a signal molecule under salinity, osmotic stress and their combination
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by increasing antioxidant enzymes, phenolic metabolism-related enzymes and detoxification-related
enzyme activities and their transcript levels. The significantly improved starch and sugar contents
and CIPK gene expression in rice seedlings by GABA treatment under the stress conditions may be
the main mechanism of rice tolerance to salinity, osmotic stress and their combination. The present
study elucidated the possible cross talk between the salinity and osmotic stresses when the plant are
exposed to both at the same time, and thus to develop transgenic crops with enhanced tolerance to
field conditions, further studies need to expand their area to include stress combinations. Current
findings provide new evidence for better understanding of GABA-regulated osmotic and salinity
combined stress tolerance during seed germination and development. The results showed that the
different abiotic stresses induced changes in cell cycle progression resulting in inhibition in rice root
cell development. Priming with 0.5 mM GABA has the potential to improve cell ultra-morphology
under the stress condition.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/22/
5709/s1.
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Abstract: High temperature at anthesis is one of the most serious stress factors for rice (Oryza sativa L.)
production, causing irreversible yield losses and reduces grain quality. Illustration of thermotolerance
mechanism is of great importance to accelerate rice breeding aimed at thermotolerance improvement.
Here, we identified a new thermotolerant germplasm, SDWG005. Microscopical analysis found that
stable anther structure of SDWG005 under stress may contribute to its thermotolerance. Dynamic
transcriptomic analysis totally identified 3559 differentially expressed genes (DEGs) in SDWG005
anthers at anthesis under heat treatments, including 477, 869, 2335, and 2210 for 1, 2, 6, and 12 h,
respectively; however, only 131 were regulated across all four-time-points. The DEGs were divided
into nine clusters according to their expressions in these heat treatments. Further analysis indicated
that some main gene categories involved in heat-response of SDWG005 anthers, such as transcription
factors, nucleic acid and protein metabolisms related genes, etc. Comparison with previous
studies indicates that a core gene-set may exist for thermotolerance mechanism. Expression and
polymorphic analysis of agmatine-coumarin-acyltransferase gene OsACT in different accessions
suggested that it may involve in SDWG005 thermotolerance. This study improves our understanding
of thermotolerance mechanisms in rice anthers during anthesis, and also lays foundation for breeding
thermotolerant varieties via molecular breeding.

Keywords: rice; heat stress; transcriptome; anther; anthesis

1. Introduction

Rice (Oryza sativa L.) is one of the most important and widely cultivated crops for global food
security. However, rice farming is constantly subjected to various abiotic and biotic stresses; heat stress
is a major abiotic stress that significantly affects rice growth and development [1,2]. It is estimated that
rice grain yields decline by 10% for each 1 ◦C increase in minimum temperature during the growing
season [3]. A report from the Intergovernmental Panel on Climatic Change (IPCC) predicted that, by
the end of this century, average surface temperatures would increase by approximately 2.0–4.5 ◦C [4]
(p. 151). Therefore, there is an urgent need to develop rice varieties with thermotolerance to cope with
global climate change.

Rice production is particularly susceptible to high temperature, especially during the flowering
and grain-filling stages, which directly affects grain yields and quality [2,5]. Even a short period of high
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temperature during these stages, such as >35 ◦C for 5 d at anthesis, could cause sterility [6,7]. Anther
dehiscence is one of the most sensitive physiological processes affected by high temperature during
anthesis; an increase in the basal pore length in a dehisced anther is critical for successful pollination [8,9].
Furthermore, differences in pollen numbers and germinating pollen and spikelet fertility between
different rice genotypes have been associated with different levels of thermotolerance [8,10], leading to
differences in yield under high-temperature stress.

Therefore, a comprehensive understanding of the mechanisms of thermotolerance at the
reproductive stage is crucial for developing heat-tolerant varieties that are adapted to global
warming. Many physiological studies have contributed to the understanding of heat responses
during anthesis—one of the most heat sensitive stage—but molecular data are lacking.

Transcriptomics have been used to study the molecular mechanisms of thermotolerance in
wheat [11], tomato [12], potato [13], and carnation [14]; consequently, multiple genes and pathways
have been identified as heat-responsive. This information has helped us to understand how plants sense
and respond to heat stress. In rice, some transcriptomic analyses have been conducted to investigate
heat responses at the flowering stage [1,15–19]. However, most of these analyses were performed in
tissues, such as spikelets or flag leaves, with only a few conducted on anthers or pistils [16,17]. To
further clarify heat responses at the molecular level, additional studies are needed.

SDWG005 is a landrace from Africa that was identified as thermotolerant in previous study by
our group [20]; its relative seed setting rate in the heat treatment (38 ◦C) was 98.5% of that in the
control (28 ◦C). SDWG005 performs much better than N22, a well-known heat-tolerant rice germplasm,
which relative seed setting rate was 64%–86% at 38 ◦C [5]. Rice variety 9311 is heat-sensitive based
on its relatively lower seed setting rate (31.2%). By observing the morphology and microstructure
of anthers in SDWG005 and 9311 before and after heat stress at anthesis, the anthers of SDWG005
were more tolerant to heat stress than those of 9311. To illustrate the key molecular mechanism
underlying the thermotolerance of SDWG005, we conducted a transcriptional profile analysis under
different time courses of heat treatment on the anthers of SDWG005 at anthesis based on RNA-seq.
The findings reported here not only provide additional information for understanding the mechanisms
of thermotolerance in rice at the reproductive stage but also lay the foundation for breeding heat-tolerant
rice varieties. By using this germplasm, rice varieties with better thermotolerance could be developed
through modern molecular breeding strategies.

2. Results

2.1. Thermotolerance Assay of SDWG005 and 9311 in Growth Chamber

Our previous field work has identified SDWG005 as thermotolerant but 9311 as thermosensitive.
In this study, a growth chamber was used to mimic high temperature treatment on SDWG005 and 9311.
The results showed that 9311 had more than 60% sterile spikelets after 5 d of heat treatment (relative
seed setting rate 43.8%). In contrast, the spikelets of SDWG005 did not significantly differ between the
control and heat treatment (relative seed setting rate 96.4%) (Figure 1). These findings suggested that
SDWG005 was heat tolerant and 9311 was heat susceptible.
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Figure 1. Mature spikes of 9311 and SDWG005 in the control (28 ◦C for 12 h per day) and heat treatment
(38 ◦C for 12 h per day, for 5 days) conditions. (a,b) Panicles of 9311 plants under normal and heat
stress conditions, (c,d) Panicles of SDWG005 plants under control and heat stress conditions.

2.2. Microstructure of Anthers in Thermotolerant SDWG005 under Heat Stress

To examine the status of rice anthers under heat stress, morphology and microstructure of
SDWG005 and 9311 anthers under normal conditions and after 12 h of heat treatment were observed
under a microscope (Figure 2). As shown in Figure 2, there were no open anthers in either genotype
under normal conditions (Figure 2a,c). After 12 h of heat treatment, the anthers of SDWG005 opened
slightly (Figure 2d). In contrast to SDWG005, 9311, as a heat-sensitive variety at anthesis, showed
widely opened anthers after the same treatment, but there was no pollen released from these opened
anthers (Figure 2b).

 

Figure 2. Anther morphology of SDWG005 and 9311 in the control and heat (38 ◦C for 12 h) treatments.
Anthers of 9311 plants in the (a) control and (b) heat treatments, and anthers of SDWG005 plants in the
(c) control and (d) heat treatments. Scale bar = 22 μm.

In addition, the walls of the anther sacs of 9311 had wilted significantly after 12 h of heat treatment,
which damaged the anther structure due to water loss (Figure 3a,b). In contrast, the anthers of the

327



Int. J. Mol. Sci. 2020, 21, 1155

tolerant genotype SDWG005 remained intact under heat stress (Figure 3c,d) and did not differ from
those in the control.

 

Figure 3. Microstructure of anthers of SDWG005 and 9311 in the control and after 12 h of heat treatment.
Anthers of 9311 plants in the (a) control and (b) heat treatments, and anthers of SDWG005 plants in the
(c) control and (d) heat treatments. Scale bar = 50 μm.

2.3. Quality of RNA-Seq Data

To investigate the transcriptional profiles of heat stressed and unstressed anthers of SDWG005,
15 RNA samples representing four different time points (1, 2, 6, and 12 h) under heat treatment (38 ◦C)
and one control (28 ◦C) were sequenced individually with Illumina technology; the generated reads
were used to assemble the transcriptome for each sample. Approximately 7.17 Gb of data (at least
20 million clean reads, Q30 > 93.2%) were obtained for each sample. The clean reads were used to
assemble the transcriptome for each sample by mapping the reads to rice reference genome (MSU7.0).
More than 90.0% of the reads could be mapped to the rice reference genome, and approximately 92%
and 2% of the mapped reads were mapped to exon and intron regions, respectively. The mapped
reads from all samples were then remapped to the reference genome; 1629 new genes/transcripts
were discovered.

2.4. Identification and Validation of DEGs

To adapt to stresses such as drought and high temperature, plants usually actively regulate the
expression of endogenous genes. To investigate the dynamic transcriptional profiles in response to
heat in anthers of SDWG005, changes in the expression of gene transcripts during heat treatment
(including WD_1, WD_2, WD_6, WD_12, and WD_0 as a control) were profiled at the genome-wide
level by RNA-seq. The expression level of each transcript/gene under each treatment (e.g., WD_1) was
identified by the mean value of three biological replicates (e.g., WD_1_1, WD_1_2 and WD_1_3). All of
the correlation coefficients between the three biological replicates for each treatment based on all of the
transcripts were more than 0.9, indicating that the expression data were highly reproducible (Table S1).

Genes that showed at least a two-fold change in expression in the heat-treated samples compared
to the control sample were referred to as DEGs in this study. In total, 3559 genes were identified
as DEGs at a minimum of one time-point. Based on the 3559 DEGs, three biological replicates for
each sample could be clustered together by hierarchical cluster analysis (Figure S1), which indicated
that the DEGs identified were reliable. The number of upregulated and downregulated DEGs varied
considerably in different treatments. An increase in the number of DEGs was clearly observed as
the heat treatment period lengthened, with 477, 869, 2335, and 2210 DEGs identified after 1 (WD_1),
2 (WD_2), 6 (WD_6), and 12 (WD_12) h of heat treatment, respectively (Figure 4a). All four heat

328



Int. J. Mol. Sci. 2020, 21, 1155

treatments produced more downregulated genes than upregulated genes, especially in the short-term
heat treatments (Figure 4b).

 
Figure 4. Analysis of differentially expressed genes in response to heat stress. (a) Venn diagram
analysis of significantly differentially expressed genes at the four heat stress time points. (b) Numbers
of significantly regulated genes at the four heat stress time points. Red and green columns represent
the number of up- and down-regulated genes at different heat stress time points, respectively.

To further validate the RNA-seq results of heat stress responsive genes in this study, qRT-PCR
was conducted on anthers of SDWG005 under the same heat treatments as for RNA-seq to examine
expressions of ten randomly selected DEGs. The expression patterns of all ten genes examined by
qRT-PCR coincided with those determined by RNA-seq analysis (Figure 5), also indicating that the
RNA-seq analysis was reliable. For example, RNA-seq analysis revealed 2–4.5 times higher expression
levels of LOC_Os04g01740 (OsHSP1) in the heat shock (HS) samples than in the control, and the
qRT-PCR analysis revealed 1.5–4 times higher expression levels of this gene relative to the control.

 

Figure 5. Expression levels of ten randomly selected DEGs by RNA-seq and qRT-PCR. RNA-seq:
expression change of these genes in anthers of SDWG005 under heat treatments as compared to
control by RNA-seq. WD-qPCR: expression change of these genes in anthers of SDWG005 under heat
treatments as compared to control by real-time PCR.

2.5. DEGs in Response to Different Heat Treatment Exposure

The 3559 DEGs were further compared in all four heat treatments; 210, 542, and 1308 common
DEGs were found between WD_1 and WD_2, WD_2 and WD_6, and WD_6 and WD_12, respectively
(Figure 4a).
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To further investigate the dynamic expression of the 3559 DEGs at different time points of heat
treatment, heatmap was constructed using R package firstly (Figure S2), and then genes with similar
expression pattern were plotted using R language (Figure 6). As shown in Figure 6, the 3559 DEGs
were mainly classified into nine clusters according to their expression level changes in the four heat
treatments as compared to the control. Cluster 1 contained 129 DEGs that were shared across all
treatments, accounting for less than 4% of the total DEGs. Further analysis showed that 33 and 96 of
these genes were consistently up- or down-regulated, respectively, with different fold changes from 1
to 12 h of heat treatment. Cluster 2 contained 20 genes that were regulated by short and intermediate
heat treatments but not by long-term treatments, while Cluster 3 contained 279 genes that were not
regulated by 1 h heat shock (WD_1), but by longer time of heat treatments after that (WD_2, WD_6,
and WD_12). Cluster 4 contained 30 genes that were regulated by the two short-term heat treatments,
but not by the intermediate and long-term heat treatment. Cluster 5 contained 819 genes that were
regulated by the intermediate and long-term heat treatments, but not by the short-term heat treatments.
Clusters 6 to 9 contained 126, 166, 872, and 732 DEGs were identified to be specifically regulated by 1, 2,
6, and 12 h of heat treatment, respectively (Figure 6, Table S2). Expressions of the remaining 386 DEGs
were fluctuant with the time of treatments increase (other cluster), e.g., LOC_Os04g59440 was induced
by WD_1 and WD_6, but not by WD_2 and WD_12.

 
Figure 6. Expression of genes in different clusters. (a) cluster 1, genes regulated by all treatments;
(b) cluster 2, genes regulated by short and intermediate heat treatments but not by long-term treatments;
(c) cluster 3, genes not regulated by 1 hour heat shock, but by longer time of heat treatments after that;
(d) cluster 4, genes regulated by the two short-term heat treatments, but not by the intermediate and
long-term heat treatment; (e) cluster 5, genes regulated by intermediate and long-term heat treatments,
but not by short-term heat treatments; (f–i) clusters 6–9, genes specifically regulated by 1, 2, 6, and 12 h
of heat treatment, respectively. Different color lines indicated different genes.
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2.6. Genes Involved in Multiple Biological Processes Are Responsive to Heat Stress

To investigate which categories of genes may be involved in the thermotolerance of SDWG005,
all detected DEGs were subjected to functional annotation and GO enrichment analysis. The results
showed that the two most dominant GO terms in the molecular function category—catalytic activity and
binding, and multiple biological processes, including metabolic process, cellular process, response to
stimulus and biological regulation categories were significantly regulated by heat treatment (Figure 7).

Figure 7. Enrichment of GO classification of 3559 differentially expressed genes.

2.6.1. Transcription Factors

Among the annotated DEGs, nine genes annotated as heat shock factors were upregulated by heat
treatment, especially by the short-term treatment (WD_1). In addition to HSFs, a multiprotein bridging
factor (LOC_Os06g39240) was significantly induced by all heat treatments. Moreover, more than 270
transcription factors responded to heat stress, predominantly 109 zinc finger-containing, 42 MYB,
41 F-box, 37 AP2/ERF superfamily, 22 bZIP, 14 helix-loop-helix DNA binding domain-containing,
and 12 WRKY genes. However, the expression of most of these genes was repressed by heat stress.

2.6.2. Nucleic Acid Synthesis and Modification

About 229 genes involved in nucleic acid synthesis and modification were identified as DEGs
in this study. Of these genes, 139 were annotated as putative proteins containing pentatricopeptide
repeats, which were mainly upregulated in the intermediate (WD_6) and long-term heat treatments
(WD_12) (Table S2). It is notable that 73 genes were also induced specifically by these two heat
treatments that participated in RNA biosynthesis and metabolism, including reverse transcriptase,
RNA helicase, RNA polymerase, RNA recognition motif, RNA methylase, and tRNA synthetase genes.
17 DEGs encoding DNA polymerases, DNA mismatch repair proteins, DNA ligases, DNA-directed
RNA polymerases, and exonucleases were also detected. In addition to the above genes, the expression
of other genes essential for DNA and RNA synthesis and repair, such as ABC transporter and ATPase
genes, were altered by the heat treatments in our study.
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2.6.3. Protein Synthesis and Posttranslational Modification

The expression of about 220 genes that participate in translation, including ribosome biogenesis,
translation initiation and elongation, was altered by heat stress. For instance, 35 genes related to
ribosomal proteins and ribosome biogenesis were upregulated specifically by WD_6 and WD_12, but
not by the short-term heat treatments, WD_1 and WD_2. Furthermore, 28 ubiquitin metabolism-related
genes were inducible under heat treatment, such as U-box domain-containing protein, ubiquitin
carboxyl-terminal hydrolase, ubiquitin-conjugating enzyme, and ubiquitin-protein ligase genes. Amino
acid permeases, amino acid transporters, and proton-dependent oligopeptide transporter (POT) family
members involved in the transport of amino acids into cells were also identified as DEGs. It is telling
that not only was protein synthesis affected by heat stress, but regulation of protein degradation also
occurred under heat stress.

Among the DEGs observed in this study, 144 and 44 were annotated as protein kinases and
phosphatases, respectively, according to the Nr database. Interestingly, 113 of the 144 protein
kinases were tyrosine kinases. Moreover, these heat-responsive phosphatases mainly included protein
phosphatase 2C proteins. In addition to phosphorylation, some genes participating in acylation
and methylation were also heat-responsive in SDWG005 anthers, including histone deacetylase,
acyltransferase, acyl carrier protein and methyltransferase genes.

As expected, the expression of 23 heat shock protein genes was similar to that of the HSFs, being
upregulated by at least one of the heat treatments; more than half were small heat shock proteins,
which were distinctly induced by 1 h of heat stress. In addition to the heat shock proteins, other
chaperone proteins were heat-responsive in our study, including ClpB1, DnaJ domain-containing genes,
and peptidyl-prolyl cis-trans isomerase.

2.6.4. Physiological Processes Involved in the Heat Stress Response in Rice Anthers

Heat stress damages cell membranes in plants, and causes ion leakage from cells. Fatty acids
are important components of the cell membrane. Hence, the relative electrical conductivity and
concentration of fatty acids are commonly used as indicators of thermotolerance. In this study, we noted
that six genes involved in fatty acid metabolism, including fatty acid desaturase and hydroxylase genes,
were responsive to heat stress. In addition, 39 genes associated with ion transfer were regulated, such as
heavy-metal-associated domain-containing, sodium/hydrogen exchanger, iron transporter, potassium
channel, K+ potassium transporter, magnesium transporter, and sodium/hydrogen exchanger genes.

Phytohormones play a central role not only in plant development but also in biotic and abiotic stress
responses. 26 hormone synthesis and signal transduction-related genes were identified as heat stress
responsive, encoding proteins responsible for auxin synthesis signal transduction (inositol-3-phosphate
synthase, auxin response factor, auxin-responsive protein, AUX/IAA family gene), gibberellin-regulated
proteins, and proteins related to ethylene insensitivity (Table S2).

Our previous physiological study suggested that the excellent tolerance of SDWG005 to heat
stress at the seedling stage be attributed to its strong ability to degrade reactive oxygen species (ROS)
under heat treatment. Consistent with this notion, about 126 genes responsible for the clearance
of ROS or involved in antioxidant defenses showed altered expression levels under heat stress,
such as glutathione S-transferase, oxidoreductases, P450, peroxidase, thioredoxin, cysteine protease,
and dehydrogenase genes.

As one of the most heat-sensitive physiological processes in the plant kingdom, the expression of
photosynthesis-related genes was inhibited by heat stress in this study, especially by the prolonged
heat treatments. For example, 19 chlorophyll A-B-binding proteins were induced by 1 h of heat stress
but repressed by 6 and 12 h of heat stress. We observed a similar expression pattern for other 22 genes
involved in photosynthesis, such as photosynthetic reaction center protein, oxygen-evolving enhancer
protein, and photosystem I and II reaction center subunit genes.

Carbohydrates play important roles in anther and pollen development during heat stress. In this
study, 67 glycosyl hydrolase genes, 24 UDP-glucosyl transferase genes and 18 glycosyltransferase genes
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were regulated by heat stress. Additionally, our study showed that 42 genes participating in sugar or
glucose metabolism and other types of carbohydrate metabolism were regulated by heat stress, such as
genes annotated as sugar transporters, trehalose-phosphatases, glucose/sorbosone dehydrogenases,
alpha/beta hydrolases, and galactosyl transferases. It is worth mentioning that most of these genes
were down-regulated.

2.7. Characterization of Anther Specific Gene OsACT

To further find some candidate genes that may be involved in rice thermotolerance, real time PCR
was also conducted on expression of some DEGs in anthers of 9311 with the same heat treatments as
SDWG005. It was revealed that OsACT (LOC_Os03g47860) showed quite different expression pattern
between SDWG005 and 9311 under heat treatments (Figure 8a). Then, further analysis was conducted
to understand the role of this gene in heat stress response. In silico study showed that this OsACT
gene expressed specifically in anther and 5 DAPs’ seeds (http://rice.plantbiology.msu.edu), and our
analysis suggested that there was no detectable expression of OsACT in leaves of SDWG005 and 9311
at seedling stage either in control or high temperature condition (Data not shown). Coding region of
OsACT was 1389 bp in length without intron, and the putative protein sequence contained 462 amino
acids. The encoded sequence contained the HXXXD domain and DFGGG domain for BAHD family at
C-terminal and N-terminal, respectively.

Figure 8. Expression and polymorphic analysis of OsACT. (a) Expression levels of OsACT in anthers
of SDWG005 and 9311 under heat treatments by qRT-PCR. (b) Polymorphic analysis of WK-box in
SDWG005, 9311, N22, and rice core collections with different thermotolerance. Pink indicates minor
allele, gray indicates major allele; Relative seed setting rate data was from Zha et al. [20].

OsACT was further cloned from SDWG005 and 9311, and it was found that there were one
and three SNPs in 5′ up-stream and coding region of OsACT between them, respectively. What
is more, all the three SNPs in coding region lead to change of amino acid, but neither in HXXXD
domain nor in DFGGG domain. However, the SNP (T/C) in 5′ up-stream region (−878 bp) located
in the cis-element called WK-box (TTTTCCAC) [21]. Then, OsACT was cloned from 12 other lines
with different thermotolerance ability, including N22 and 11 lines from rice core collections. As
shown in Figure 8b, totally five haplotypes were detected for WK-box, including TCCACT, TCTACA,
and CCTACT for thermotolerant lines, while CCCACT for 9311 and TCTACT for the other nine
thermo-sensitive lines.

3. Discussion

Extremely high temperatures are challenging for rice production, as heat stress usually
reduces yields, along with the increasing global mean temperature and shortage of varieties with
thermotolerance. For example, rice variety 9311 with its excellent agronomic trait performance has
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been widely planted in China. However, this variety set fewer seeds when subjected to heat stress
at anthesis in this study, with a seed setting rate of only 31.2% [20]. Thermotolerant varieties are
becoming a necessity for rice production.

Rice germplasm SDWG005, belonging to Oryza sativa L. spp. xian, is more tolerant to high
temperature at the flowering stage than the well-known thermotolerant germplasm N22. In addition,
SDWG005 was more thermotolerant at the seedling stage than 9311, as indicated by physiological and
growth factors related to thermotolerance, such as photosynthesis and shoot and root fresh and dry
weights. Therefore, SDWG005 has promise for breeding thermotolerant rice varieties, and N22 has
been successfully used as a source of thermotolerance and drought tolerance in rice breeding [22,23].

It has been well documented that anthesis is the most temperature-sensitive stage in rice [10].
Many physiological processes during this stage are negatively influenced by heat stress, such as
anther dehiscence, pollination, pollen germination on the stigma, and pollen tube growth to reach
the ovule [24], resulting in reduced fertility. Thus, understanding the thermotolerance of anthers at
anthesis is essential to elucidate thermotolerance in rice, which is directly associated with production
under high temperature. Our morphological analysis showed that the anthers of SDWG005 and 9311
differ in their response to heat stress. Heat stress not only led to severe wilting of the anther sac wall in
9311 but also caused anther dehiscence without mature pollen release (Figure 2). However, SDWG005
anthers only slightly differed in the control and heat treatments (Figure 2). This finding suggests that
heat stress damages rice anthers, particularly in the temperature-sensitive genotype 9311, because
pollen development is the most sensitive process to heat stress. In rice, spikelet sterility occurs when
temperatures exceed 35 ◦C for just 1 h [15]. Therefore, differences in the structure and response of
SDWG005 and 9311 anthers under heat stress may explain their differences in the timing of seed set.

Transcriptional profiling analysis of stressed and unstressed plants would help to identify genes
involved in acclimation and protection against heat stress. Since the relative seed setting rates
of SDWG005 and 9311 differed, theoretical transcriptome analyses need to be performed for rice
anthers. Although the current study focused on the dynamic gene expression profiles of anthers of the
thermotolerant SDWG005 cultivar under heat treatment, we also analyzed the expression of some of
these DEGs in 9311 under the same heat treatments using qRT-PCR. We found that these genes showed
different expression patterns in SDWG005 and 9311 (Figure S3). This suggests that genotypes with
different thermotolerances may respond differently at the molecular level. It was reported previously
that induction levels of some heat-responsive genes in anthers correlated well with heat tolerance in
rice [16]. Since both of the two studies focused on the genotypes with different genetic background, it
was essential to conduct analysis on near-isogenic lines with different heat tolerances to illustrate the
key factors responsible for thermotolerance of SDWG005 in the future.

In this study, 3559 genes were modulated at the transcription level under high-temperature
stress; these genes were involved in various processes, including transcription regulation, nucleic acid
synthesis and metabolism, protein synthesis and modification, hormone signal transduction, reactive
oxygen species (ROS) elimination, and photosynthesis. All of these enriched functional categories have
been associated with heat responses or thermotolerance in many species, including rice, wheat, maize,
tomato, barley, and brassica [11,12,25–28], suggesting a relatively conserved mechanism in response to
this kind of stress. For example, heat shock proteins (HSPs) are the most commonly detected molecules
and act as an intermediate in protein folding or determination of the protein conformation during
stress [29,30]. Moreover, the expression of HSPs and various other heat-responsive genes is controlled
by heat shock transcription factors (HSFs) [31]. In the current study, most of the genes annotated as
HSP (e.g., LOC_Os04g01740, LOC_Os03g14180, LOC_Os01g42190 and LOC_Os05g35400) and heat
shock factors (e.g., LOC_Os05g49310, LOC_Os10g03730, LOC_Os02g34260) were also significantly
induced by heat stress.

Since other studies have focused on heat-responsive gene profiles in rice reproductive tissues,
including anthers [17] and pollinated pistil [16], common or specific responsive genes were identified
by comparing our results to those of previous studies. We detected 48 heat-responsive genes in rice
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anthers, as done by Li et al. [17] and in our study, and 168 common DEGs in rice anthers (this study)
and pollinated pistils under heat treatment [16] (Table S3). However, only 20 DEGs overlapped in
the three studies mentioned above, 13 of which were HSPs, as expected (Table 1). These 20 genes are
probably a core gene set that responds to heat stress in the floral organs of rice. Moreover, the few
overlapping DEGs suggested that the response of rice to heat treatments varies greatly and could be
dependent on the stress duration, tissue, or genotype.

Recent years have witnessed a breakthrough in the analysis of the molecular mechanisms of
thermotolerance in plants. Increases or decreases in some genes could enhance the thermotolerance
of rice or other plant species, which could be used to improve thermotolerance using modern
breeding methods (reviewed by Grover et al. [32]). As mentioned above, LOC_Os03g47860 (OsACT)
was significantly upregulated in thermotolerant SDWG005 at all time points examined under
high-temperature stress but not in 9311 (Figure 8a). The OsACT gene may specifically express
at the reproductive stage according to in silico data and real-time PCR data. Actually, in order to
illustrate whether these DEGs were anther specific or not, we also analyzed expressions of the ten
genes mentioned above in heat treated leaves in SDWG005 and 9311 at seedling stage. It was very
interesting that only four of the ten genes were identified to be responsive to heat stress at seedling
stage both in SDWG005 and 9311, however, the other six genes could not be detected either under
the control or high temperature condition in both SDWG005 and 9311 at the seedling stage. It was
worth mentioned that three of the four genes were heat shock proteins genes, which indicated that this
kind of genes may be important to heat response and tolerance in the whole life of rice. While the
other six genes could not be detected in leaves at seedling stage, suggesting that there may be unique
mechanisms related to heat tolerance at certain development stages.

On the other hand, agmatine coumarin acyltransferase (ACT) is a member of the BAHD
acyltransferase family that is unique to plants and participates in the acylation of phenolamides [33].
Phenolamines are not only involved in pollen development but also in resistance to abiotic stresses
such as extreme temperature, drought, high salinity, and UV [34–36]. Phenolamine, as a substrate
of peroxidase, also participates in the scavenging of hydrogen peroxide and strengthening of the
extraplastid cell wall, so it functions as an antioxidant and free radical scavenger, which can improve
the ability of plants to resist abiotic stress [37]. The most important is that spermidine, a precursor
in phenolamine synthesis, can enhance thermotolerance in rice seeds by modulating endogenous
starch and polyamine metabolism [38]. Therefore, to characterize the possible role of the OsACT
in thermotolerance of rice anther at anthesis, this gene was cloned and sequenced from SDWG005,
9311 and N22. Sequences of OsACT were compared between SDWG005, 9311, N22, and other 11 rice
core collections with different thermotolerance. The results showed that there were five haplotypes
in WK-box in promoter region of OsACT (Figure 8b), which was located in the −872 bp to −880 bp
upstream region. It was interesting that the core sequence in 9 out of the 10 thermo-sensitive lines
was TCTACT, except for 9311, nevertheless, a considerable variation in WK-box was observed in these
thermotolerant lines (Figure 8b). WK-box has been reported to be WRKY12 binding site in tobacco [21].
Variation of WK-box in these accessions indicated that OsACT may play an important role in anther
thermotolerance during rice anthesis. Functional analysis of OsACT is still essential to investigate its
importance in thermotolerance of rice.

Overall, a dynamic heat-responsive transcriptome analysis of the anthers of the thermotolerant rice
cultivar SDWG005 provided the basis for illustrating the molecular mechanism of its thermotolerance.
On the other hand, the DEGs identified in this study pave the way for further research regarding the
use of heat-tolerant genes in rice breeding, aimed at improving the performance of rice varieties under
challenging environments.

335



Int. J. Mol. Sci. 2020, 21, 1155

T
a

b
le

1
.

C
om

m
on

D
EG

s
co

m
pa

re
d

w
it

h
th

e
tr

an
sc

ri
pt

io
na

lp
ro

fil
es

of
th

e
po

lli
na

te
d

pi
st

il
[1

6]
an

d
an

th
er

[1
7]

.

G
e

n
e

ID
W

D
_

1
W

D
_

2
W

D
_

6
W

D
_

1
2

F
u

n
ct

io
n

a
l

A
n

n
o

ta
ti

o
n

lo
g

2
F

C
p

V
a

lu
e

lo
g

2
F

C
p

V
a

lu
e

lo
g

2
F

C
p

V
a

lu
e

lo
g

2
F

C
p

V
a

lu
e

LO
C

_O
s1

1g
13

98
0

7.
07

8.
01
×1

0−
5

7.
39

4.
48
×1

0−
18

8.
09

2.
01
×1

0−
31

8.
05

1.
87
×1

0−
29

hs
p2

0
LO

C
_O

s0
3g

14
18

0
6.

86
2.

02
×1

0−
17

6.
83

1.
65
×1

0−
13

4
6.

77
2.

44
×1

0−
99

4.
69

9.
23
×1

0−
32

hs
p2

0
LO

C
_O

s0
4g

01
74

0
4.

71
2.

27
×1

0−
28

3.
60

1.
00
×1

0−
38

3.
77

4.
50
×1

0−
43

1.
97

9.
91
×1

0−
9

hs
p9

0
LO

C
_O

s0
4g

36
75

0
3.

57
3.

35
×1

0−
22

2.
60

3.
67
×1

0−
18

1.
64

2.
63
×1

0−
5

2.
13

6.
51
×1

0−
5

hs
p2

0
LO

C
_O

s0
2g

52
15

0
3.

40
5.

69
×1

0−
32

3.
00

4.
65
×1

0−
40

2.
56

3.
06
×1

0−
24

3.
08

2.
04
×1

0−
5

hs
p2

0
LO

C
_O

s0
4g

45
48

0
3.

08
9.

62
×1

0−
21

2.
58

5.
52
×1

0−
54

2.
10

5.
23
×1

0−
20

1.
42

5.
63
×1

0−
6

un
ch

ar
ac

te
ri

ze
d

pr
ot

ei
n

LO
C

_O
s0

3g
16

92
0

2.
05

5.
14
×1

0−
7

1.
93

1.
36
×1

0−
18

2.
35

2.
28
×1

0−
20

2.
63

1.
54
×1

0−
12

hs
p7

0
LO

C
_O

s0
4g

28
42

0
2.

41
1.

36
×1

0−
41

1.
63

5.
46
×1

0−
21

1.
22

4.
19
×1

0−
8

–
–

70
kD

a
pe

pt
id

yl
-p

ro
ly

li
so

m
er

as
e

LO
C

_O
s0

2g
15

93
0

1.
94

1.
90
×1

0−
15

1.
07

2.
10
×1

0−
8

1.
42

1.
23
×1

0−
16

–
–

un
ch

ar
ac

te
ri

ze
d

pr
ot

ei
n

LO
C

_O
s0

1g
08

86
0

3.
05

1.
20
×1

0−
28

1.
88

5.
74
×1

0−
24

–
–

−1
.7

1
2.

36
×1

0−
9

hs
p2

0
LO

C
_O

s1
1g

05
17

0
2.

76
1.

00
×1

0−
11

–
–

−2
.1

5
5.

63
×1

0−
5

−2
.1

4
1.

20
×1

0−
3

un
ch

ar
ac

te
ri

ze
d

pr
ot

ei
n

LO
C

_O
s1

1g
32

89
0

2.
56

6.
08
×1

0−
20

–
–

−1
.6

8
7.

10
×1

0−
7

−1
.8

7
1.

65
×1

0−
7

un
ch

ar
ac

te
ri

ze
d

pr
ot

ei
n

LO
C

_O
s0

2g
54

14
0

1.
95

2.
28
×1

0−
7

–
–

−1
.8

0
8.

55
×1

0−
6

−3
.6

8
1.

23
×1

0−
17

hs
p2

0
LO

C
_O

s0
1g

55
27

0
1.

37
3.

70
×1

0−
12

–
–

−1
.3

1
1.

22
×1

0−
14

−1
.2

6
1.

24
×1

0−
13

ca
lc

yc
lin

-b
in

di
ng

pr
ot

ei
n

LO
C

_O
s0

1g
04

37
0

2.
85

2.
73
×1

0−
17

1.
98

7.
64
×1

0−
19

–
–

–
–

hs
p2

0
LO

C
_O

s0
3g

16
02

0
2.

09
2.

88
×1

0−
7

1.
02

3.
61
×1

0−
5

–
–

–
–

hs
p2

0
LO

C
_O

s0
5g

46
48

0
–

–
–

–
−2

.5
8

1.
42
×1

0−
16

−3
.5

6
1.

35
×1

0−
27

la
te

em
br

yo
ge

ne
si

s
ab

un
da

nt
pr

ot
ei

n
LO

C
_O

s0
3g

16
03

0
3.

98
1.

97
×1

0−
3

–
–

–
–

–
–

hs
p2

0
LO

C
_O

s0
3g

16
04

0
2.

20
5.

80
×1

0−
12

–
–

–
–

–
–

hs
p2

0
LO

C
_O

s0
1g

18
08

0
–

–
−1

.1
1

1.
33
×1

0−
5

–
–

–
–

un
ch

ar
ac

te
ri

ze
d

pr
ot

ei
n

336



Int. J. Mol. Sci. 2020, 21, 1155

4. Materials and Methods

4.1. Plant Material and Experimental Treatments

Two rice (Oryza sativa L. spp. xian) genotypes, SDWG005 and 9311, were used in this study.
SDWG005 is an African landrace and 9311 is a widely used restorer line in China. The seeds were
soaked in water at 28 ◦C for 24 h and subsequently incubated at 28 ◦C for 48 h for germination.
The germinated seeds were transferred to 96-well plates filled with vermiculite with one seedling per
well. The seedlings were irrigated with distilled water until the two-leaf stage and Yoshida solution
thereafter [39] (pp. 53–57). The 30-day-old seedlings were transplanted into plastic barrels (30 cm
diameter) filled with paddy soil. Three plants were planted in each barrel, with five tillers retained for
each plant. The seedlings and plants were grown in a growth chamber with a relative humidity of 75%
and a natural photoperiod.

There were two temperature treatments: (1) control, 28 ◦C during the day (6:00 am to 6:00 pm)
and 22 ◦C at night (6:00 pm to 6:00 am); and (2) heat stress (HS), 38 ◦C during the day (6:00 am to
6:00 pm) and 28 ◦C at night (6:00 pm to 6:00 am).

4.2. Microscopic Observations of Rice Anthers

Florets of each genotype in the control and heat stress treatment were subjected to microscopic
observation. Anthers which ascending to the top of glume from the middle part of the first branch
in every genotype under different treatments were carefully collected using tweezers. Some of these
anthers were morphologically observed under a VHX-2000 digital microscope (Keyence, Osaka, Japan),
with the remainder fixed in a 50% FAA solution (40% formalin:glacial acetic acid:50% ethanol =
1:1:18) and then dehydrated with 100% ethanol, followed by washing with xylene. The anthers were
embedded in paraffin before being sectioned (thickness, 10 microns) and stained with safranine O-Fast
Green to produce permanent slices to examine the microstructure of anther sacs under a NIKON
ECLIPSE E100 positive feedback microscope (Nikon, Tokyo, Japan).

4.3. Seed Setting Rate

After maturation, the marked spikes from ten plants were harvested separately for each genotype
within each treatment. The number of empty and filled grains was recorded, with the seed set rate
represented as the percentage of filled grains in all grains. The effect of heat stress on seed set was
indicated by the relative seed setting rate, being seed setting rate at high temperature/seed setting rate
at normal temperature × 100%.

4.4. Sample Collection for RNA-Seq and Real-Time PCR

A total of 75 plants per genotype were used for sample collection. When three or more panicles
extended from flag leaves by approximately 2 cm, the panicles were labeled, and the plants transferred
to the growth chamber for the HS treatment. The labeled spikes were harvested before HS treatment
(0 h) and 1, 2, 6, and 12 h after the initiation of the HS treatment, respectively, and placed on ice before
anther extraction. The treatments were designated WD_0 and 9311_0, WD_1 and 9311_1, WD_2 and
9311_2, WD_6 and 9311_6, and WD_12 and 9311_12 for SDWG005 and 9311, respectively. One hour
and 2 h were considered as short-term, 6 and 12 h were considered as intermediate and long-term
heat treatments, respectively. For each treatment, 15 independent plants were sampled, and mature
anthers which ascending to the top of glume from five independent plants pooled as one biological
replicate, such that there were three biological replicates per treatment. The labeled panicles from each
time point in each treatment were collected on ice, with the mature anthers from the panicles isolated,
immediately suspended in liquid nitrogen, and stored at −80 ◦C until RNA extraction.
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4.5. Total RNA Extraction and RNA Sequencing

Total RNA was extracted from each sample using an RNAprep Pure Plant Kit (Tiangen Biotech,
China) following the manufacturer’s instructions. The quality and quantity of RNA samples were
assessed by gel electrophoresis and a Nanodrop (Thermal Fisher, Waltham, MA, USA). The resultant
15 RNA samples for SDWG005 were used for RNA-seq analysis. Upon treatment with DNase I, 1 μg of
RNA from each sample was used for sequencing library preparation with a NEB Next Ultra TM RNA
Library Prep Kit for Illumina (NEB, Ipswich, MA, USA). Library preparations were sequenced from
paired ends to obtain 150 bp reads (PE150) on an Illumina platform.

4.6. Quality Control and Comparative Analysis of RNA-seq Data

Raw data were processed through in-house Perl scripts to remove low-quality reads (more than
20% of bases presenting a Q value ≤ 20 or ambiguous sequence content (“N”) exceeding 5%). Clean
reads were then obtained by removing reads containing adapters and poly-N sequences. Clean reads
were mapped to the rice reference genome sequence (MSU7.0, http://rice.plantbiology.msu.edu/) with
Hisat2 tools [40]. Only reads with a perfect match or one mismatch were further analyzed.

4.7. Differential Expression Analysis

Gene expression levels were quantified as fragments per kilobase of transcript per million
fragments mapped (FPKM) values. Pearson’s correlation coefficient [41] was used to calculate the
correlation coefficients of FPKM of all transcripts among three replications for each sample. Differential
expression analysis of the two conditions was performed using DEseq2 [42]. The resulting p values were
adjusted using the Benjamini and Hochberg approach [43] to control the false discovery rate. Genes
with an adjusted p< 0.05 and |log2FC| > 1 identified by DEseq2 were assigned as differentially expressed.
Hierarchical clustering analysis of DEGs was conducted using cluster R package based on lgFPKM
of them among three replications for each sample (https://cran.r-project.org/web/packages/cluster).
Heatmap was plotted by pheatmap R package (https://cran.r-project.org/web/packages/pheatmap),
Venn was plotted by Venndiagram [44] R package. Expression pattern of genes in different clusters
were plotted using our in house scripts based on R language (File S1).

4.8. Quantitative Real-Time PCR

Quantitative real-time PCR (qRT-PCR) was applied to quantify the expression levels of 10 selected
DEGs in SDWG005 and 9311. RNA for all the samples was reverse-transcribed using a RevertAid
First Strand cDNA Synthesis Kit (Thermo Scientific) following the manufacturer’s protocol. qRT-PCR
was performed using ABI StepOnePlus™ Real-Time System. Relative gene expression levels were
calculated using the 2−ΔΔCt method, as described by Min et al. [45]. The expression of each replicate
was normalized according to the reference gene OsActin (LOC_Os03g50885). For randomly selected
genes, specific primers (listed in Table S4) were designed and tested by qRT-PCR. The mean of three
replicates represents the relative expression level.

4.9. Gene Functional Annotation and Enrichment Analysis

Gene functions were annotated based on the following databases: Nr (non-redundant protein
sequence database), Pfam (database of homologous protein family), KOG/COG (Clusters of Orthologous
Groups of proteins), Swiss-Prot (manually annotated, non-redundant protein sequence database),
KO (KEGG Ortholog) and GO (Gene Ontology database). GO enrichment analysis of the DEGs was
implemented with clusterProfiler R packages [46]. We defined significant enrichment based on an FDR
< 0.05.
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4.10. Cloning and Sequence Analysis of OsACT Gene in Rice

Coding region as well as upstream region of OsACT was extracted from Rice Genome Annotation
Project (http://rice.plantbiology.msu.edu/) using LOC_Os03g47860 as the query. Six overlapped primer
pairs (Table S4) were designed and used to amplify OsACT from genomic DNA of SDWG005, 9311 and
N22. DNA was extracted using Plant DNA extraction kit according to the manufacture’s instruction
(Tiangen, Beijing, China). Specific PCR product with expected size was subjected to Sanger sequencing
(Tianyi, Wuhan, China). Sequences of OsACT in other 11 rice core collections were downloaded from
http://www.rmbreeding.cn. Alignment of gene sequence was conducted using DNAMAN software
(version 8.0, Lynnon Biosoft, San Ramon, CA, USA).

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/3/1155/
s1. Figure S1. Cluster analysis of all samples based on lgFPKM of 3559 DEGs; Figure S2. Heatmap clustering of
the global patterns of DEGs expressed at one or more time points in the heat treatment. The color scale represents
the lgFPKM (Mean values of FKPM of three replicates); Figure S3. Expression levels of ten randomly selected
DEGs by RNA-seq and qRT-PCR. RNA-seq: expression change of these genes in anthers of SDWG005 under
heat treatments as compared to control by RNA-seq. WD-qPCR: expression change of these genes in anthers of
SDWG005 under heat treatments as compared to control by real-time PCR. 9311-qPCR: expression change of these
genes in anthers of 9311 under heat treatments as compared to control by real-time PCR; Table S1. Correlation of
all the samples based on FKAM of all transcripts; Table S2. Differentially expressed genes (DEGs) at a minimum
of time points during the heat treatment; Table S3. Differentially expressed genes (DEGs) compared with the
transcriptional profiles of the pistils and anthers. Table S4. Primers for qRT-PCR and cloning of OsACT; File S1.
R script for expression pattern of genes in different clusters.
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Abstract: Rice (Oryza sativa) is the main food source for more than 3.5 billion people in the world.
Global climate change is having a strong negative effect on rice production. One of the climatic factors
impacting rice yield is asymmetric warming, i.e., the stronger increase in nighttime as compared to
daytime temperatures. Little is known of the metabolic responses of rice to high night temperature
(HNT) in the field. Eight rice cultivars with contrasting HNT sensitivity were grown in the field
during the wet (WS) and dry season (DS) in the Philippines. Plant height, 1000-grain weight and
harvest index were influenced by HNT in both seasons, while total grain yield was only consistently
reduced in the WS. Metabolite composition was analysed by gas chromatography-mass spectrometry
(GC-MS). HNT effects were more pronounced in panicles than in flag leaves. A decreased abundance
of sugar phosphates and sucrose, and a higher abundance of monosaccharides in panicles indicated
impaired glycolysis and higher respiration-driven carbon losses in response to HNT in the WS. Higher
amounts of alanine and cyano-alanine in panicles grown in the DS compared to in those grown in the
WS point to an improved N-assimilation and more effective detoxification of cyanide, contributing to
the smaller impact of HNT on grain yield in the DS.

Keywords: high night temperature; rice; grain yield; wet season; dry season; metabolomics

1. Introduction

Rice is a staple food for more than half of the world’s population and the demand is steadily
increasing with the growing human population [1]. Climate change is a significant limiting factor
for enhancing food production, because increasing abiotic and biotic stresses negatively affect the
yield of all major crops [2–4]. During the past century, the global surface temperature has increased
by an average of 0.85 ◦C, and a further increase of up to 3.7 ◦C has been predicted by 2100 [3]. This
temperature increase develops asymmetrically, with a faster rise in daily minimum compared to daily
maximum temperatures [5–9], leading to “high night temperature” (HNT) conditions. Asymmetric
warming causes a reduction in the temperature difference between daily maximum and minimum
temperatures, i.e., the diurnal temperature range (DTR), with a negative influence on both wild and
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crop plant species [10]. In particular, the main rice-growing countries in Asia, including China [11], the
Philippines [12,13] and India [14,15], are affected.

Several studies have reported a strong decrease in yield and grain quality, such as increased chalk
formation, and altered grain growth dynamics in rice under HNT [16–21]. HNT can have a stronger
impact on grain weight than high day temperatures in rice and wheat [22–24]. Field studies at the
International Rice Research Institute (IRRI) in the Philippines showed that rice grain yield was reduced
by 10% per 1 ◦C increase in night temperatures during the dry season (DS), whereas the effect of
increasing day temperatures was not significant within the investigated time period [12].

Differences in HNT sensitivity among various rice cultivars based on grain yield [25–27],
yield-related parameters, or phenotypes in the vegetative stage [28] have been reported, indicating
natural variation in HNT tolerance. In addition, HNT reduces the starch content in panicles and
negatively affects grain yield and quality (chalk and amylose content) in the sensitive cultivars Gharib
and IR64, but not in the tolerant cultivar N22 [29].

Different factors may cause HNT sensitivity. Physiological effects reported under HNT include
higher rates of respiration in leaves [28,30,31] and panicles [29], whereas photosynthesis is not
affected [28] or may be decreased as well [32]. A reduction in nitrogen and carbohydrate translocation
after flowering as a possible cause of yield reduction in HNT sensitive cultivars was also discussed [25].
Reduced grain weight and quality may be caused by lower sink strength due to lower cell wall invertase
and sucrose synthase activity in sensitive cultivars, accompanied by higher sugar accumulation in the
rachis [29].

Despite the increasing knowledge of the physiological responses to HNT, only little is known about
the metabolomic responses of rice under these conditions. The metabolic status is important for growth,
development and stress tolerance, and additionally influences important traits such as flavor, biomass,
yield and nutritional quality [33–35]. Therefore, the assessment of the metabolomic status of wild
and crop species can help to evaluate natural variation [33]. Additionally, the metabolome integrates
molecular and environmental effects as endpoints of biological processes [36]. Moreover, metabolites
constitute potential markers for the selection of tolerant crop genotypes in breeding programs.
Several studies investigated metabolic changes in rice in response to abiotic stress conditions, such
as salinity [37–41], osmotic stress [42], drought [43–47], heat [44,48], and combined drought and heat
stress conditions [49,50].

In a corresponding study on rice under HNT conditions, sucrose and pyruvate/oxaloacetate-
derived amino acids were shown to accumulate while sugar phosphates and organic acids involved
in glycolysis/gluconeogenesis and the tricarboxylic acid (TCA) cycle decreased in developing
caryopses [48]. A dysregulation of central metabolism and an increase in polyamine biosynthesis was
described for sensitive cultivars, whereas existing metabolic pre-adaptation under control conditions
was found for tolerant cultivars [51,52]. Furthermore, in sensitive cultivars, 4-amino butanoic acid
(GABA) signaling—and in tolerant cultivars, the jasmonate precursor myo-inositol—were linked to
the HNT responses [52]. A metabolomics study investigating early seed development and the early
grain-filling stage in six rice cultivars reported a sugar accumulation peak seven days after flowering
and 19 significantly different metabolites under HNT compared to under control conditions, with a
special focus on the generally higher abundance of sugars and sugar alcohols under HNT [53].

The goal of this study was to investigate the seasonal effects of HNT responses by assessing the
metabolic responses to HNT stress in flag leaves and panicles during the DS and wet season (WS) in
contrasting rice cultivars under field conditions. Previous studies of the comparison of HNT’s effects
during the WS and DS were limited to agronomic traits [13,14,20,26,54], while the influence of HNT on
the rice metabolome has not been reported yet. The present study sheds new light on the responses of
rice to an important climatic stress factor that may severely limit grain yield and quality, and therefore
the global food supply.
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2. Results

Two field experiments were performed at the IRRI in the Philippines during the WS and DS with
eight rice cultivars (Table 1). These cultivars comprised the indica and japonica subspecies and included
HNT tolerant, intermediate and sensitive cultivars, as determined during the vegetative growth stage
from a study under controlled environmental conditions [28].

Table 1. Experimental set-up for high night temperature (HNT) field experiments for eight contrasting
Oryza sativa cultivars. Mean temperatures and relative humidity (RH) are given from the beginning of
HNT treatment till the sampling time, when panicles reached 50% flowering.

Experiment 1 Experiment 2

Season Wet Dry

Conditions Control HNT Control HNT

Cultivars

CT9993-5-10-1M
IR123

IR62266-42-6-2
IR64
IR72
M202

Moroberekan
Taipei309

Tday (◦C) 27.7 26.1

Tnight (◦C) 22.2 27.6 22.2 27.8

RH (%) 98.3 89.4 96.4 80.9

Sampling time Panicle at 50% flowering

Samples Flag leaves, panicles

The WS experiment was performed for 84 to 104 days from transplanting till maturity, and the DS
experiment, for 87 to 118 days, depending on the staggered sowing (Figure A1). Samples for metabolite
analysis were taken at 59 to 78 days after transplanting in the WS, and in the DS, between 58 and
88 days. During the day (6 a.m.–6 p.m.), plants were exposed to ambient conditions, with an average
temperature of 27.7 ◦C during the WS and 26.1 ◦C during the DS. The mean daytime temperature
ranged from 25.4 to 29.7 ◦C during the WS, and from 21.8 to 30.9 ◦C during the DS, with maximum
daily temperatures from 26.5 ◦C to 34.7 ◦C during the WS and from 24.3 ◦C to 36.1 ◦C during the DS
(Figure A2e).

During the night, plots were covered by tents, and the temperature was kept constant by air
conditioners, set to 22 ◦C for the control and 28 ◦C for HNT conditions. The average temperatures
measured in the tents were 27.64 ◦C (± 0.77 ◦C) and 27.82 ◦C (± 1.07 ◦C) under HNT conditions
and 22.24 ◦C (± 0.99 ◦C) and 22.25 ◦C (± 0.46 ◦C) under control conditions during the WS and
DS, respectively (Figure 1A,B). The corresponding ambient night temperatures outside the tents are
shown in Figure A2f. As the average day temperatures for both seasons were very similar, the night
temperature difference of around 5 ◦C is the main temperature factor driving the physiological and
metabolic changes in all cultivars.

Average radiation was about 22% lower in the WS than in the DS and sunshine duration in the
WS reached only 45% of the values measured in the DS (Figure A2A,B). Daily rainfall in the WS was
recorded between 85 and 0 mm, while it was approximately zero in the DS (Figure A2C. Accordingly,
average relative air humidity was lower in the DS with values between 73% and 95%, compared to
those between 76% and 98% in the WS (Figure A2D).
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Figure 1. Average temperature (A,B) and relative humidity (RH) (C,D) during the night (6 p.m.–6 a.m.)
in the wet season (WS) (A,C) and dry season (DS) (B,D) under control and HNT conditions, measured
till the end of sampling at 50% flowering. For comparison, day temperature and humidity are included
(grey lines). Measurements, which were done every 30 min, were averaged. DAS—Days after stress;
WS—wet season; DS—dry season.

2.1. Influence of HNT on Agronomic Parameters

For all agronomic parameters, a significant genotype effect was found in both seasons when
comparing samples from plants grown under HNT with control conditions (Table 2). Furthermore,
a significant seasonal effect was recorded for almost all agronomic parameters. The influence of HNT
conditions on the growth response was recorded as differences in plant height. No significant treatment
effect but a significant Genotype x Treatment (GxT) effect of HNT on plant height was found over all
cultivars for both seasons (Table 2). On average, plant height was slightly lower in the DS compared to
in the WS, but cultivar-specific patterns were conserved (Figure 2). In both seasons, plant height was
significantly (p < 0.05) increased under HNT in three cultivars (IR123, IR64 and IR72), while it was
decreased in Moroberekan. IR62266-42-6-2 and M202 showed reduced plant height only in the WS,
and Taipei309, only in the DS.

Total grain yield under control conditions was significantly lower in the WS, with a maximum
yield among all cultivars of about 617 g·m−2 compared to that in the DS of 762 g·m−2 (Figure 3A,B). A
significant effect of HNT treatment on the grain yield of all eight cultivars compared to control was
only detectable in the WS (Table 2), where yield reduction varied between 23% in M202 and 4% in
IR123 (Figure A3A). In the DS, yield was only reduced between 8% and 3% in four cultivars, while it
was slightly increased (1%–5%) in the other four (Figure A3B). No correlation was found between the
yield reduction in our experiments in the WS or DS and the HNT sensitivity rank of the same cultivars
in the vegetative stage under controlled environmental conditions determined for the same cultivars in
a previous study [28] (not shown).
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Table 2. Analysis of variance (ANOVA) on selected agronomic parameters. Sixty plants for the DS
and 24 plants for the WS were considered for plant height, tiller number and panicle number. For
the remaining parameters, two replicates pooled from twelve plants each were considered for the
WS and five replicates pooled from twelve plants each were considered for the DS. Spikelets/panicle
represents the number of spikelets per panicle. The seed set was calculated as follows: seed set (%) =
filled grains/(filled+half-filled+unfilled grains) × 100. Harvest index was calculated as percentage of
dry weight of filled grains relative to total above-ground biomass. The significance of the influence of
genotype (G), HNT-treatment (T), season (S) or the interaction between two influences (GxT or TxS)
on differences between HNT and control conditions across all eight cultivars is indicated by asterisks:
0.001 < ***; 0.001 > ** < 0.01; 0.01 > * < 0.05. ns—not significant. Original data for plant height, tiller
number, panicle number and all yield components for the WS (2011) and the DS (2014) are available in
Table S1.

Parameter
WS WS WS DS DS DS Both Seasons

G T GxT G T GxT T S TxS

Plant Height (cm) *** ns ** *** ns. * ns ns ns

Biomass g/m2 *** * ns *** ns ns ns * ns

Straw (g) *** ns * *** ns ns ns ns ns

Rachis (g) *** ns ns *** ns ns ns * ns

Tiller No *** ns ns *** ns ns ns ** ns

Panicle No *** ns ns *** ns ns ns ** ns

Panicle/m2 *** ns ns *** ns ns ns ** ns

Spikelet/m2 *** * ns *** ns ns ns *** ns

Spikelets/Panicle *** ** ns *** ns ns ns *** ns

Seed set (%) *** ns ns *** ns ns ** * ns

Grain yield (g/m2) *** *** ns *** ns ns ns ** ns

1000 grain weight (g) *** *** *** *** *** ns ns *** ns

Harvest Index *** *** ns *** ** ns ns *** ns

Figure 2. Plant height of the investigated rice cultivars under control and HNT conditions in the WS
(A) and DS (B). Bars for the WS represent means ± SEM of 24 plants per condition, and bars for the
DS, those of 60 plants per condition. Cultivars are sorted alphabetically within the respective O. sativa
subspecies indica (1–4) and japonica (5–8). Significance levels are indicated by asterisks: 0.001 < ***;
0.001 > ** < 0.01; 0.01 > * < 0.05.
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Figure 3. Grain yield (A,B), 1000-grain weight (C,D) and harvest Index (E,F) of eight rice cultivars
under control and HNT conditions in the WS (A,C,E) and DS (B,D,F). For the WS, bars represent the
means and error bars, the range of two replicates generated from 12 plants, each. For the DS, the bars
represent the means ± SEM of five replicates generated from 12 plants, each. Cultivars are sorted
alphabetically within the respective O. sativa subspecies indica (1–4) and japonica (5–8). Significance
levels were only calculated for the DS due to an insufficient replicate number in the WS and are
indicated by asterisks: 0.001 < ***; 0.001 > ** < 0.01; 0.01 > * < 0.05.

A significant negative HNT treatment effect was also found for the 1000-grain weight in both
growth seasons (Table 2), with the highest reductions in the WS of about 1.7 and 1.8 g for Taipei309
and IR62266-42-6-2, respectively (Figure 3C,D, Table 2).

The harvest index was significantly affected by HNT across all cultivars in both seasons (Table 2)
and showed an overall reduction, except for Moroberekan in the WS and DS and CT9993-5-10-1M
only in the DS (Figure 3E,F, Table 2). Furthermore, a significant treatment effect was determined for
biomass, spikelets per m2 and spikelets per panicle only in the WS, but not in the DS (Table 2). For
cultivar-specific changes in these parameters, see Figure A4.

2.2. HNT’s Effects on the Metabolome Are More Pronounced in Panicles Than in Flag Leaves

Profiling of hydrophilic small metabolites was performed by gas chromatography-mass
spectrometry (GC-MS) on flag leaves and panicles of all eight cultivars grown in both seasons.
Since it has been shown previously that the metabolite profiles of rice flag leaves and panicles differ
widely, making meaningful direct comparisons impossible [49], we treated the data from the two
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organs separately. After the pre-processing of both data sets, a total of 76 metabolites for flag leaves and
69 for panicles were determined that were detected in both seasons. Principal Component Analysis
(PCA) indicated that metabolite profiles of flag leaves were not strongly affected by HNT conditions in
either the WS or DS (Figure 4A,B).

Figure 4. Score plots of the first two Principal Components (PC1 and PC2) from the Principal Component
Analysis (PCA) of the metabolite profiles of rice flag leaves (A, B) and panicles (C, D) of the eight
investigated rice cultivars under control and HNT conditions in the WS (A, C) and DS (B, D). For
flag leaves, means of the median-normalized and log2-transformed mass spectral intensities of 76
metabolites, and for panicles, those of 69 metabolites, were used. Numbers in parentheses indicate the
fractions of the total variance explained by the respective PCs.

Instead, a separation between cultivars belonging to the subspecies indica and japonica was visible
for both seasons and treatments. By contrast, a clear separation along PC1, explaining 38.55% of the
total variance in the data set, between samples from plants grown under control or HNT conditions
was observed for panicles collected in the WS (Figure 4C). The single outlier represents the japonica
cultivar Moroberekan under HNT conditions. For the DS experiment, samples from panicles under
different night temperature conditions were separated by PC2, explaining 24.11% of the variance, while
PC1 separated the subspecies, explaining 32.63% of the total variance (Figure 4D).

The metabolite composition already varied under control conditions between the two growth
seasons in both flag leaves and panicles (Figure 5). Of the 76 metabolites identified in flag leaves,
48 (63%) showed a significantly different content in at least three cultivars in this analysis, while of the 69
metabolites in panicles, 28 (41%) differed between seasons. Only eight of these metabolites (malic acid,
A159003, A221004, cis-4-hydroxycinnamic acid, trans-4-hydroxycinnamic acid, fructose-6-phosphate,
glyceric acid-3-phosphate and raffinose) were identical in both organs, indicating highly organ-specific
metabolic reactions to seasonal variations in rice. In addition, there was variation among the cultivars,
which was, however, largely independent of the subspecies that the cultivars belong to.
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Figure 5. Heat maps showing the log2 fold changes in metabolite levels under control conditions in
the DS compared to the WS for flag leaves (A) and panicles (B). Only metabolites with a significant
change in at least three out of the eight cultivars are displayed. The level of significance is indicated by
asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001) and the log2 fold change is represented by the indicated
color code. Blue indicates a lower metabolite level in the DS compared to the WS, and red, a higher
level. Metabolites are listed alphabetically within the metabolite classes (compare Supplementary
Table S2). Cultivars are sorted alphabetically within the respective O. sativa subspecies indica (1–4) and
japonica (5–8).

Under HNT conditions, only three metabolites in flag leaves were significantly changed relative
to control values in at least three cultivars in the WS, compared to 17 metabolites that were so in the DS
(Figure 6). Only erythritol was significantly affected by HNT in both growth seasons. However, while
it was increased or unchanged in the DS, it showed a cultivar-specific increase (strongest in Taipei309)
or decrease (strongest in IR72) in the WS. In the DS, all metabolites were either reduced/unchanged
or increased/unchanged across all cultivars, except for fructose, which was significantly increased in
Taipei309 and CT9993-5-10-1M, and significantly decreased in IR64. In addition, while most metabolites
showed significant changes in only three or four cultivars, glucose-6-phosphate was significantly
reduced under HNT conditions in seven out of the eight cultivars (Figure 6B).
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Figure 6. Heat maps showing the log2 fold changes in metabolite pool sizes in flag leaves under HNT
compared to control conditions for the WS (A) and DS (B). Only metabolites with a significant change in
at least three out of the eight cultivars are displayed. The level of significance is indicated by asterisks
(* p < 0.05; ** p < 0.01; *** p < 0.001), and the log2 fold change is represented by the indicated color code.
Blue indicates a lower metabolite level under HNT compared to under control conditions, and red,
a higher level. Cultivars were sorted alphabetically within the respective O. sativa subspecies indica
(1–4) and japonica (5–8).

In panicles, metabolite changes caused by HNT conditions were more pronounced than in leaves,
with higher log2 fold changes and a larger number of significantly changed metabolites—25 during
the WS and 12 during the DS. In addition to the larger number of metabolites that were significantly
affected by HNT in the WS than in the DS, opposite to what we observed in flag leaves (Figure 6),
changes were generally also larger in the WS than in the DS in panicles (Figure 7).

Figure 7. Heat maps showing the log2 fold changes in metabolite pool sizes in panicles under HNT
compared to control conditions for the WS (A) and DS (B). Only metabolites with a significant change in
at least three out of the eight cultivars are displayed. The level of significance is indicated by asterisks
(* p < 0.05; ** p < 0.01; *** p < 0.001), and the log2 fold change is represented by the indicated color code.
Blue indicates a lower metabolite level under HNT compared to control conditions, and red, a higher
level. Cultivars were sorted alphabetically within the respective O. sativa subspecies indica (1–4) and
japonica (5–8).

A comparison of the significantly changed metabolites in at least three of the eight cultivars in
the DS with those in the WS revealed an overlap of glutamic acid, arabitol and erythritol (Figure 7,
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Figure A5). Glutamic acid content was mainly reduced in the WS but increased in the DS, while the
polyols arabitol and erythritol were mainly increased by HNT in both seasons. There was very little
overlap in the metabolites significantly affected by HNT between flag leaves and panicles, with only
erythritol affected in the WS and arabitol and erythritol, in the DS. Interestingly, arabitol showed an
opposite behavior in response to HNT in the two organs, with decreased levels in flag leaves and
increased levels in panicles.

In the WS, the levels of organic acids; amino acids (except glycine); the phosphorylated
intermediates fructose-6 phosphate, glucose-6-phosphate, glyceric acid-3-phosphate and glycerol-3-
phosphate; and the sugars raffinose and sucrose were in general reduced during HNT in panicles
compared to under control conditions. On the other hand, glycine, gluconic acid, threonic acid,
arabitol, erythritol, and fructose and glucose were increased (Figure 7A). In a direct comparison of
these significantly changed metabolites in the WS with the metabolite levels in the DS, no reduction of
any of these metabolites could be observed in the DS (Figure A6). In the DS, all 12 of the significantly
influenced metabolites (mainly amino acids, arabitol, erythritol, citric acid, glutamic acid and xylose)
were increased under HNT conditions (Figure 7B).

Alanine and 3-cyano alanine were among the metabolites that were significantly changed under
HNT conditions in panicles in the DS, but not in the WS. Alanine is a major storage amino acid under
stress conditions [55], and the activity of the alanine biosynthetic enzyme alanine aminotransferase
(AlaAT) can influence rice yield [56]. In the WS, the activity of AlaAT was generally reduced under
HNT to values of 62% to 96% (except for Moroberekan) compared to under control conditions, which
was significant at p < 0.05 for IR123 and IR72 (Figure 8A). By contrast, AlaAT activity in the DS
reached values of 77% to 137% higher under HNT in comparison to under control conditions and was
increased in five out of the eight cultivars, although none of the differences were statistically significant
(Figure 8B).

Figure 8. Activity of the enzyme alanine aminotransferase (AlaAT) in panicles of the indicated rice
cultivars under control and HNT conditions for the WS (A) and DS (B). Values are averages of three
replicates per cultivar and condition, with four exceptions with two replicates. The level of significance
is indicated by asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001). Cultivars were sorted alphabetically
within the respective O. sativa subspecies indica (1–4) and japonica (5–8).

To obtain insight into the potential function of particular metabolites in HNT tolerance in the field
and to identify possible candidate marker metabolites for HNT tolerance, we performed correlation
analyses between the grain yield reduction in eight cultivars under HNT compared to under control
conditions and the change in relative metabolite pool sizes (log2 fold change) under HNT in the WS,
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wherein HNT significantly affected grain yield. While we only identified one significant correlation
for metabolites detected in flag leaves (ribitol), we found seven such correlations among panicle
metabolites (Figure 9). In addition to one yet unidentified compound, the others comprised four
amino acids (including 3-cyano alanine), pyroglutamic acid (representing the sum of pyroglutamate,
glutamine and glutamate pools) and fructose-6-phosphate. All eight metabolites showed positive
correlations, i.e., a larger change in metabolite pool size indicates a smaller yield loss.

Figure 9. Metabolites with significant correlations (Spearman’s rank correlation, p < 0.05) between total
grain yield reduction under HNT in the WS and the corresponding changes in metabolite contents (log2

fold change) in flag leaves (A) and in panicles (B). Red color indicates positive correlations. Metabolites
are sorted alphabetically.

3. Discussion

The response of agronomic parameters and metabolic patterns to HNT have been analyzed for
eight rice cultivars with different HNT tolerance under field conditions at the IRRI in two different
seasons. A comparison of the weather data for both seasons and the respective agronomic parameters
identified a slightly longer time to maturity in the DS than in the WS as an important difference. During
the DS, plants were exposed to higher radiation intensity and sunshine duration, but lower rainfall
and relative humidity compared to in the WS. Similar differences for radiation and sunshine have
been reported for a comparison of the DS and the WS from 2005 to 2009 at the IRRI [13]. Furthermore,
temperature data for the two growth seasons largely agree between our study and two earlier reports
for the same location [13,20], indicating that the plants in our study were exposed to normal climatic
conditions without any extreme weather events.

Under control conditions, total grain yield was higher for most cultivars in the DS than in the WS,
in agreement with published data [13]. Under HNT conditions, no clear changes in grain yield were
observed during the DS, while it was reduced to different degrees in all cultivars in the WS. Under
controlled environmental conditions, a yield reduction caused by HNT was previously observed for
the cultivars IR62266-42-6-2 and CT9993-5-10-1M, while IR123 showed no change, and IR72 even
showed an increased grain yield [28]. During the WS, under our field conditions, IR62266-42-6-2 and
CT9993-5-10-1M also showed clear yield reductions of about 22% and 12%, respectively. However,
IR123 and IR72 behaved differently under field than under climate chamber conditions, with yield
reductions of 16% and 11%, respectively, emphasizing the need for field experiments to determine the
effects of stress treatments on rice yield.

A similar influence of the growing season on yield reduction under HNT was previously reported
for the indica cultivar Gharib and six tropical hybrid cultivars [20]. Additionally, for the tolerant aus
cultivar N22, a significantly lower yield under HNT was only recorded in the WS. This yield variation
was mainly attributed to a reduced grain weight and number of spikelets per m2, parameters also with
significant negative treatment effects during the WS in the present study. Grain yield was reduced
in both seasons by around 11% under HNT except for tolerant cultivars in four consecutive years,
again partially attributable to a decrease in grain weight [26]. Other authors also highlighted the
combination of decreased grain weight, spikelet number per panicle, and biomass production together
with a decreased seed set as important for the decline in grain yield under HNT [57]. In general, a
reduction in grain weight under HNT conditions was demonstrated for field-grown rice when exposed
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to HNT stress from panicle initiation to maturity [18,25–27,58]. In agreement with this, we also found
a negative HNT effect on the 1000-grain weight in both seasons under similar stress conditions as used
in the previous studies.

Grain yield is influenced by carbon and nitrogen supply to the grain, which are affected by
HNT [59]. Temperature-sensitive respiration, known to be increased under HNT (e.g., [28]), might
have resulted in increased respiratory carbon loss, previously described to be important during the
ripening period [60]. Dark respiration was also considered by other reports to be the main factor
affecting biomass and yield under HNT conditions [12,20,25,61] and might be responsible for a decline
in assimilation supply to developing grains [57].

This hypothesis is in agreement with the metabolite data obtained during the WS. We
found a lower abundance of sucrose and the intermediates of glycolysis, such as glucose-6-
phosphate, fructose-6-phosphate, glyceric acid-3-phosphate and glycerol-3-phosphate, whereas the
monosaccharides glucose and fructose were increased in panicles. A similar decrease in sugar
phosphates, but not in sucrose, was also reported for developing rice caryopses exposed to HNT
during the milky stage [48]. Likewise, we also found a significant correlation between the magnitude
of the changes in the fructose-6-phosphate content of the panicles under HNT conditions and the yield
reduction in the WS. This emphasizes the importance of glycolysis for HNT tolerance in rice.

Glycolysis generates biosynthetic intermediates for respiration. Therefore, a high turnover of
glycolysis, as indicated by reduced levels of intermediates, could be expected as respiration is highly
increased under HNT. In addition, the products of glycolysis also feed into the TCA cycle, which was
shown to be dysregulated in leaves under HNT conditions in climate chamber experiments [51,62]. On
the other hand, no significant differences in the metabolites associated with the TCA cycle were found
in the developing seeds of different rice cultivars under HNT [53]. Likewise, our data did not provide
evidence for an altered TCA cycle under HNT conditions in either panicles or flag leaves.

Interestingly, the effects on glycolysis that we found in panicles in the WS were not observed in
either flag leaves in our present study or previously in leaves of the vegetative stage [52]. Apparently,
photosynthesis, which is unimpaired under HNT conditions, results in largely unaltered carbohydrate
pools in leaves [28,52]. It is therefore reasonable to assume that the carbohydrate supply to the panicles
is limiting for grain yield under HNT conditions. Lower sink capacity [26], possibly related to a
reduction in the activity of enzymes involved in starch synthesis, has been discussed as a reason for
the reduction in grain weight under HNT [63], which we have also observed. A further possibility
is an impaired import of sucrose into the panicles under HNT conditions, as has been shown in rice
under heat stress [44]. Further experiments will be necessary to test these hypotheses.

The larger reduction in grain yield in the WS compared to in the DS may nevertheless, at least in
part, be related to carbohydrate availability. One factor may be faster development during a slightly
shorter growing period in the WS, caused by higher daytime Tmin, preventing the accumulation of
sufficient biomass, as shown previously in simulation models [54]. In addition, irradiance levels in the
WS were much lower than in the DS, resulting in lower photosynthesis rates [64]. This may have led to
a lower overall carbon supply for grain filling [20], leading to lower yield in the WS than the DS under
control conditions and a more pronounced effect of HNT on yield in the WS [25] that was mitigated by
the higher carbohydrate supply in the DS.

The amino acid alanine was among the significantly increased metabolites in panicles under
HNT in the DS but not in the WS. Similarly, alanine was also increased under HNT during early seed
development and in the early grain-filling stage in six rice cultivars [53] and in wheat spikes [65].
Alanine is synthesized by the enzyme AlaAT, which catalyzes the reversible synthesis of alanine and
2-oxoglutarate from pyruvate and glutamic acid [66]. It is therefore considered an intercellular nitrogen
and carbon shuttle involved in both carbon fixation and nitrogen metabolism [67]. AlaAT is localized
in various plant organs and is active in developing rice seeds [68]. The activity of AlaAT is increased
in developing rice seeds under heat stress [48], and we observed a moderate increase under HNT
conditions in the DS and a moderate decrease in the WS. While the overexpression of AlaAT from
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barley in rice or canola results in increased nitrogen uptake efficiency and a higher biomass and seed
yield compared to in wild type plants [56,66,69–71], a rice mutant of AlaAT1 exhibits decreased kernel
weight [69]. The higher AlaAT activity in the DS may have led to increased nitrogen uptake and
assimilation, as described for plants overexpressing AlaAT [56], while reduced activity in the WS may
have had the opposite effect.

Another metabolite that was significantly increased in response to HNT in the DS, but not in
the WS, specifically in panicles, was 3-cyano alanine. This compound is generated by the enzyme
3-cyano alanine synthase (EC 4.4.1.9) during the detoxification of cyanide, which is generated as a
by-product of ethylene biosynthesis [72], when the precursor 1-aminocyclopropane-1-carboxylic acid
(ACC) is converted into ethylene and hydrogen cyanide (HCN) by the activity of the enzyme ACC
synthase [73]. The resulting 3-cyano alanine is then enzymatically converted to asparagine [74], which
was also increased under HNT in the DS, indicating a functional detoxification process. Ethylene
is a volatile plant hormone that is important for plant growth and development, and various biotic
and abiotic stress responses [75]. HCN, on the other hand, is toxic to cells and therefore needs to
be efficiently removed [74]. The lower amounts of 3-cyano alanine and asparagine in the panicles
collected in the WS might point to a less efficient detoxification of HCN. This is in agreement with
the finding that the magnitude of the reduction of both 3-cyano alanine and asparagine in panicles
in the WS is significantly correlated with the reduction in grain yield in the WS observed across the
eight cultivars. This may indicate that HCN toxicity plays an important role in the HNT sensitivity of
panicles. Additionally, however, HCN may play a direct regulatory role in gene expression in low,
non-toxic concentrations [76]. Whether this has any impact on HNT tolerance is currently not known.

Two polyols, arabitol and erythritol, were significantly increased in the flag leaves and panicles of
almost all cultivars under HNT in both seasons. Both metabolites were also increased under HNT in
the vegetative leaves of 12 rice cultivars, including the eight in the present study, in climate chamber
experiments [51]. Polyols generally function as compatible solutes and antioxidants under abiotic and
biotic stress conditions [77]. Furthermore, arabitol accumulates in flowering spikelets and developing
seeds under combined drought and heat stress in the tolerant aus cultivar N22 and has a higher content
in N22 compared to in sensitive cultivars in flag leaves in the field under control conditions [49].
Similarly, erythritol is accumulated in flowering spikelets and flag leaves under the same conditions,
while it is decreased in developing seeds under combined drought and heat stress. Increased levels
of erythritol were also found under drought conditions in Arabidopsis [78,79] and in flag leaves of
292 rice accessions [80]. In fact, arabitol and erythritol were both identified as potential metabolic
markers for combined drought and heat tolerance [49], and erythritol content under control conditions
was the best predictor of drought-induced yield loss in rice [80]. In the present study, however, no
correlation between changes in arabitol or erythritol levels and grain yield under HNT was found. The
accumulation of these sugar alcohols may therefore be an unspecific response to HNT stress.

4. Materials and Methods

4.1. Plant Material, Cultivation and HNT Stress Treatment

Eight Oryza sativa ssp. indica (IR123, IR62266-42-6-2, IR64 and IR72) and japonica (CT9993-5-10-1M,
M202, Moroberekan and Taipei309) cultivars with different HNT tolerance in the vegetative stage
under controlled environmental conditions [28] were used (Table 1). IR72, Taipei309 and Moroberekan
were characterized as HNT tolerant; IR64, IR123 and CT9993-5-10-1M showed intermediate tolerance;
and M202 and IR62266-42-6-2 were sensitive to HNT under these conditions [28]. The seeds for all
cultivars were produced at the IRRI. The experiments were carried out during the WS and DS at the
IRRI (14◦11’N, 121◦15’E, 21 MASL) in the Philippines. The seeds were pre-germinated in water after
incubation at 50 ◦C for 3 d to break dormancy and were then sown in seeding trays. Fourteen-day
old seedlings were transplanted to the field to a spacing of 0.2 × 0.2 m. The WS experiment was
started in June 2011, with four seedlings per hill and each cultivar (42–48 hills) randomly assigned to
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two replicate plots per treatment. Phosphorus (15 kg·ha−1 p as single superphosphate), potassium
(20 kg·ha−1 K as KCl), and zinc (2.5 kg·ha−1 Zn as zinc sulfate heptahydrate) were applied to all plots
as a basal fertilizer a day before transplanting. Nitrogen (N as urea) was incorporated in four splits
(30 kg·ha−1 as basal, 20 kg·ha−1 at mid-tillering, 30 kg·ha−1 at panicle initiation (PI), and 20 kg·ha−1 just
before heading). For the DS experiment, seedlings were transplanted in a staggered approach with
one batch in December 2013 and two batches in January 2014. The stagger sowing was based on the
phenology data from the first experiment. Each cultivar was randomly assigned to five replicate plots
per treatment with one seedling per hill and a total of 28–40 hills per plot. Basal fertilizer (30 kg·ha−1 P
as single superphosphate, 40 kg·ha−1 K as KCl, and 5 kg·ha−1 Zn as zinc sulfate heptahydrate) was
applied one day before transplanting. N fertilizer as urea was applied in four splits (45 kg·ha−1 as
basal, 30 kg·ha−1 at mid-tillering, 45 kg·ha−1 at PI, and 30 kg·ha−1 just before heading).

During the day (6 a.m–6 p.m.), plants were exposed to ambient conditions (compare Figure A2
and Table 1). Overnight (6 p.m.–6 a.m.), plants were exposed to the temperature treatments in
manually-covered tents with temperature-control devices as described previously [25]. Air conditioners
were programmed to maintain the temperature setting at control (22 ◦C) or HNT (28 ◦C). Temperature
and relative humidity were monitored by sensors connected to data loggers (HOBO, Onset Computer
Corporation, Bourne, MA, USA). Temperature treatments started at the panicle initiation stage and
lasted until physiological maturity (Figure A1). During the flowering stage, panicles that had flowered
for at least 50% were identified and tagged. These were then collected, together with the corresponding
flag leaves, the next morning just before the tents were opened (~4 a.m.–6 a.m.). All samples were
collected in liquid nitrogen and stored at −80 ◦C until use.

4.2. Weather Data

Weather data (radiation, sunshine duration, rainfall, relative humidity, maximum temperature
(Tmax) and minimum temperature (Tmin)) recorded by the IRRI wetland agrometeorological station
were obtained from the IRRI Climate Unit.

4.3. Growth Analysis, Grain Yield and Yield Components

Twelve hills from each replicate plot were harvested at physiological maturity for the determination
of plant height, tiller number, panicle number, and straw and rachis weight and processed for the
analysis of yield components [81]. Sixty plants for the DS and 24 plants for the WS were considered for
plant height, tiller number and panicle number. For the remaining parameters, two replicates pooled
from twelve plants each were considered for the WS, and five replicates pooled from twelve plants
each were considered for the DS. The number of panicles per hill was counted for the calculation
of panicles per m2. Afterwards, plants were separated into straw and panicles and panicles were
manually threshed. Filled and unfilled grains were submerged in water and separated with a seed
blower. Filled, half-filled and empty grains were counted to obtain spikelets per m2, spikelets per
panicle, seed set and 1000-grain weight. Total above ground biomass was determined from the dry
weight of straw; rachis; and filled, half-filled and empty grains after drying at 70 ◦C until constant
weight. The harvest index was calculated as the percentage of the dry weight of filled grains relative to
the total above ground biomass. Plants from central areas of two m2 from each plot (two for the WS
and five for the DS, per condition and cultivar) were also harvested for the determination of grain
yield. Grain weight data were adjusted to a standard moisture content of 0.14 g H2O g−1.

4.4. Metabolite Profiling and Data Processing

A fraction enriched in small polar metabolites was prepared from 120 mg of fresh weight of
snap-frozen and ground flag leaves or panicles from five biological replicates per cultivar and
condition and analyzed by gas chromatography coupled to electron impact ionization-time of
flight-mass spectrometry (GC/EI-TOF-MS) as described in [82]. Chromatograms were acquired
and baseline corrected by the ChromaTOF software (LECO Instrumente GmbH, Mönchengladbach,
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Germany). TagFinder [83], the NIST08 software, (http://chemdata.nist.gov/dokuwiki/doku.php?id=
start) (U.S. Department of Commerce, Gaithersburg, USA, MD) and the mass spectral and retention
time index reference collection of the Golm Metabolome Database [84,85] were used for the manually
supervised annotation of metabolites. Mass spectral intensities were normalized to fresh weight and
13C6-sorbitol (Sigma-Aldrich, Taufkirchen, Germany) as internal standard. The normalized data are
available in Table S2.

Data pre-processing was done separately for both organs and included the omission of metabolites
with more than 75% missing values and a missing value imputation for the remaining metabolites with
half the minimum amount of the respective mass spectral intensity. Furthermore, contaminations were
identified using hierarchical clustering and correlation matrices with a set of known contaminating
compounds and removed. A batch effect correction of different measurements of the whole data set
was performed using an ANOVA tool [86]. The intensities of each metabolite were divided by the
median intensity across all measurements and log2-transformed to approximate a normal distribution.
All presented metabolite data thus represent relative metabolite abundance measures. Outliers were
detected with the function grubbs.test included in the R-package outliers [87] using a threshold of
p < 0.0001. Finally, 132 metabolite intensities were detected for panicles and 161 metabolite intensities
were detected for flag leaves for the DS, and 195 metabolites were detected for both tissues for the WS.
For further analysis, the overlap of metabolites per tissue was determined, showing 69 metabolites for
panicles and 76 metabolites for flag leaves.

To enable direct comparison, overlapping metabolites for each tissue between both experiments
were determined, resulting in 69 metabolites for panicles and 76 for flag leaves.

4.5. Enzyme Activity

The activity of alanine aminotransferase (AlaAT, E.C.2.6.1.2) was measured according to a
published method [88]. Ground panicle material (20 mg) was used from three biological replicates
per cultivar and condition. In four cases (IR72, IR62266-42-6-2—C, HNT, Moroberekan—C,
Moroberekan—HNT), only two replicates were available.

4.6. Statistical Analysis

PCA was perfomed with the R-package pcaMethods [89]. For the data processing and visualization,
R v3.4.2 [90] and R-Studio v1.1.383 [91] were used including the following packages: ggplot2 [92],
grid [93], gridExtra [94] and reshape2 [95].

Changes in metabolite content were investigated by calculating the log2 fold change between the
averages of metabolite levels under control conditions in the DS compared to in the WS, or under HNT
compared to under control conditions. Unpaired, two-sided t-tests were performed over all replicates,
comparing control and HNT conditions to determine the statistical significance of the observed changes.
For agronomic data, t-tests were applied for the DS. For the WS, only two replicates were available
for most parameters and t-tests were only applied for plant height, tiller number and panicle number.
To test the significance of the influence of genotype (G), treatment (T) and GxT interactions across all
cultivars, a 2-way ANOVA design was used.

The statistical significance of differences in enzyme activity between control and HNT treatments
were evaluated by an unpaired two-sided t-test, performed in RStudio [91].

Correlations between total grain yield reduction under HNT in the WS and the corresponding
changes in metabolite content (log2 fold change) were done in R with the package cor.test using
Spearman Rank Correlation with p < 0.05.
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S Season
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TCA Tricarboxylic acid
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Appendix A

Figure A1. Experimental set-up for the DS and WS experiment. WS—wet season, DS—dry season.
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Figure A2. Weather data for the DS and WS experiment measured at the IRRI weather station as
average values per day. Radiation (A), sunshine duration (B), rainfall (C), relative humidity (D),
maximal temperature Tmax (E), minimal temperature Tmin (F). Broken lines represent a trend line for
the respective data set. DAT—days after transplanting. Average values for all weather parameters
were significantly different (p < 0.05) between WS and DS.

Figure A3. Yield reduction under HNT in the WS (A) and DS (B). Cultivars are sorted from highest to
lowest yield reduction.
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Figure A4. Biomass (A, B), spikelets per m2 (C, D), and spikelets per panicle (E, F) of eight rice cultivars
in response to HNT stress for the WS (A, C, E) and DS (B, D, F). For the WS, variance is displayed
as range between means of two replicates with 12 plants each; for the DS, the standard error of the
mean of five replicates with 12 plants each is shown. Cultivars are sorted alphabetically within the
respective O. sativa subspecies indica (1-4) and japonica (5–8). Significance levels were only calculated
for the DS due to the insufficient replicate number in the WS and are indicated by asterisks: 0.001 < ***;
0.001 > ** < 0.01; 0.01 > * < 0.05.
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Figure A5. Log2 fold changes in significantly changed metabolite pools under HNT compared to under
control conditions in panicles for the DS (A). For comparison, the same metabolites are shown for the
WS (B) independent of a significant change. For the DS, only metabolites that showed a significant
change in at least three out of eight cultivars are displayed in (A). The level of significance is indicated
by asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001), and the log2 fold difference is indicated by the color
code. Blue indicates a lower metabolite level compared to under the control condition, and red, a higher
level. Cultivars were sorted alphabetically within the respective O. sativa subspecies indica (1–4) and
japonica (5–8).

Figure A6. Log2 fold changes in significantly changed metabolite pools under HNT compared to under
control conditions in panicles for the WS (A). For comparison, the same metabolites are shown for the
DS (B) independent of a significant change. For the WS (A), only metabolites that showed a significant
change in at least three out of eight cultivars are displayed. The level of significance is indicated by
asterisks (* p < 0.05; ** p < 0.01; *** p < 0.001), and the log2 fold difference is indicated by the color code.
Blue indicates a lower metabolite level compared to under the control condition, and red, a higher
level. Cultivars were sorted alphabetically within the respective O. sativa subspecies indica (1–4) and
japonica (5–8).
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