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Summary

The cultivation of rice varieties with high seed vigour is vital for the direct seeding of rice, and the
molecular basis of regulation of seed vigour remains elusive. Here, we cloned a new gene
OsHIPL1, which encodes hedgehog-interacting protein-like 1 protein as a causal gene of the
major QTL gSV3 for rice seed vigour. OsHIPL1 was mainly localized in the plasma membrane and
nucleus. RNA sequencing (RNA-seq) revealed that the ABA-related genes were involved in the
OsHIPLT regulation of seed vigour in rice. The higher levels of endogenous ABA were measured
in germinating seeds of OsHIPLT mutants and NIL-gsv3 line compared to IR26 plants, with two
up-regulated ABA biosynthesis genes (OsZEP and OsNCED4) and one down-regulated ABA
catabolism gene OsABA8ox3. The expression of abscisic acid-insensitive 3 (OsABI3), OsABI4 and
OsABI5 was significantly up-regulated in germinating seeds of OsHIPLT mutants and NIL-qsv3
line compared to IR26 plants. These results indicate that the regulation of seed vigour of OsHIPL1
may be through modulating endogenous ABA levels and altering OsABIs expression during seed
germination in rice. Meanwhile, we found that OsHIPL1 interacted with the aquaporin OsPIP1;1,
then affected water uptake to promote rice seed germination. Based on analysis of single-
nucleotide polymorphism data of rice accessions, we identified a Hap1 haplotype of OsHIPLT that
was positively correlated with seed germination. Our findings showed novel insights into the

ABA signalling, OsPIP1;1.

molecular mechanism of OsHIPLT on seed vigour.

Introduction

Rice (Oryza sativa L.) is the staple food resource for half of the
world’s population. Rice direct seeding has been popularized
because of its lower labour costs compared to the conventional
transplanting of seedlings (Kumar and Ladha, 2011; Liu et al.,
2015). Seed germination and seedling establishment as key
events in plant life activities are the important factors influencing
the yield of direct seeding in rice (Gommers and Monte, 2018;
Rajjou et al., 2012). In the production fields of rice direct seeding,
seed germination and seedling establishment could be delayed
due to adverse environmental factors from paddy water surface
or puddled soils, greatly increasing seedling mortality with a high
risk of yield loss (Mahender et al., 2015; Rao et al., 2007). Seeds
with high vigour have the power potential for rapid, uniform
germination and the development of strong seedlings in rice
fields, with the inhibition of weed growth (Foolad et al., 2007,
Wang et al., 2010). Thus, the improvement of seed vigour is
essential for the direct seeding of rice (Mahender et al., 2015).
Seed vigour is a complex quantitative trait that is determined
by the interactions between genetic and environmental factors.
Many quantitative trait loci (QTL) for seed vigour, such as
germination potential, germination index, germination percent-
age and seedling percentage, have been identified using the
biparental mapping approach in rice (Fujino et al., 2004, 2008; He
et al., 2019; Jiang et al., 2011, 2017; Liu et al., 2014; Xie et al.,
2014; Zeng et al., 2021). Given these QTLs, some of the genes
have been cloned and elucidated for seed vigour in rice. The

major gLTG3-1 has been map-based cloned and its expression is
tightly associated with vacuolation of the tissues covering the
embryo during seed germination (Fujino et al., 2008). gSE3
encoding a K* transporter OsHAK21 was isolated to promote rice
seed germination and seedling establishment under salinity stress
(He et al., 2019). Therefore, it is helpful to improve seed vigour of
rice in breeding programme through further exploring and
cloning the seed vigour-related genes, and elucidating their
molecular mechanisms.

Viable seeds can rapidly germinate at favourable conditions,
and its radicle protrudes the seed coats with growth of the
seedlings (Bewley, 1997). Seed germination and seedling estab-
lishment are two important features that reflect the capacities of
seed vigour to some extent. The process of seed germination is
involved in a series of coordinated physiological and biochemical
initiations, including the increase in oxygen and water uptake, the
activation of the glycolysis, pentose phosphate pathway and
tricarboxylic acid (TCA) cycle (He and Yang, 2013; Rajjou et al.,
2012). Previous studies show that well-germinated seeds are
closely associated with the balance between internal reactive
oxygen species (ROS) contents and the activities of ROS
scavenging systems (Bailly et al., 2008; El-Maarouf-Bouteau and
Bailly, 2008; He et al., 2019). High abundance of late embryo-
genesis abundant (LEA) protein and aquaporins has significant
contributions to the hydraulic activity of cells and re-
establishment of metabolism during seed germination (Footitt
et al., 2019; Vander Willigen et al., 2006). The plant hormones,
such as abscisic acid (ABA), gibberellin (GA) and auxin (IAA), also
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take crucial roles in the regulation in cell homeostasis for seed
germination and seedling establishment (Abe et al., 2012;
Debeaujon and Koornneef, 2000; Li et al., 2016; Shu et al.,
2016).

It is well known that ABA as the major endogenous factor has
been widely investigated involving the inhibition of seed germi-
nation (Penfield, 2017). The ABA levels in plants are maintained in
strict homeostasis, including biosynthesis, degradation and con-
jugation, during various physiological processes (Palaniyandi
et al., 2015; Seiler et al., 2011). The increase in ABA levels in
seeds is controlled by ABA biosynthesis genes zeaxanthin
epoxidase (ZEP) and 9-cis-epoxycaretonoid dioxygenases (NCEDs)
(Eiji et al., 2010). The decrease in ABA levels is regulated by ABA
catabolism CYP707A family genes (Kushiro et al., 2004). ABA
content increases in seeds during the seed maturation and
dormancy induction processes to activate the ABA signalling
pathway (Shu et al., 2016). ABA signalling is perceived by a set of
receptors, which are members of the PYR1/PYL/RCAR family (Ma
et al., 2009; Park et al., 2009). ABA binding to PYR1/PYL/RCAR
complex leads to deactivation of protein phosphatase 2C, which
releases and activates SnRK2 kinases (Chen et al., 2020; Cutler
et al, 2010). Activated SnRK2s can phosphorylate ABA-
responsive element (ABRE)-binding factors (ABFs) that promote
the expression of ABA-dependent genes (Chen et al., 2020; Sano
and Marion-Poll, 2021; Song et al., 2021). Among the identified
ABF TFs (transcription factors), the B3 domain TF ABI3, the
APETALA2 domain TF ABI4 and the basic leucine zipper (bZIP) TF
ABI5 play central roles in regulating seed germination and early
seedling growth (Ding et al., 2014, Lopez-Molina et al., 2001; Luo
et al., 2021). Loss-of-function abi3 conferred reduced sensitivity
to ABA during seed germination and early seedling growth (Ding
et al., 2014). ABI4 can directly combine with RbohD and vitamin
C defective 2 (VTC2) and promotes ROS accumulation to
decrease seed germination under salinity stress in Arabidopsis
(Luo et al., 2021). The germination of abi5 mutants is insensitive
to ABA, while ABI5-overexpressing plants are allergic to ABA
(Finkelstein and Lynch, 2000; Lopez-Molina et al., 2001). In rice,
OsIAGLU, an indole-3-acetate beta-glucosyltransferase gene, was
involved in the regulation of seed vigour through modulated
OsABIs expressions in germinating seeds (He et al., 2020).

Hedgehog-interacting protein (HIP) was identified as a hedge-
hog (Hh)-binding protein that is a target of Hh signalling (Chuang
and McMahon, 1999). The Hh signalling pathway is essential for
the development of diverse tissues during embryogenesis (Ham-
merschmidt et al., 1997). Hh signalling is activated by binding of
hedgehog protein to the multipass membrane protein Patched
(Ptc) (Tabin and McMahon, 1997). Loss-of-function mutants in
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HIPT result in an up-regulation of Hh signalling in the mouse
embryo, disrupting cell interactions essential for the normal
morphogenesis of the lung and skeleton (Chuang et al., 2003).
Recently, the hedgehog-interacting protein-like 1 (HHIPLT) in
human was reported as a secreted proatherogenic protein that
enhances Hh signalling and regulates smooth muscle cell prolif-
eration and migration (Aravani et al., 2019). In Arabidopsis, it was
reported that there were two hedgehog-interacting protein-like
protein (HIPLs) belonging to glycosyl-phosphatidyl-inositol (GPI)-
anchored proteins (GAPs) (Borner et al., 2003). GAPs are involved
in the generation of specialized cell surfaces and extracellular
signalling molecules, likely targeting a specific subset of proteins
to the cell surface for extracellular matrix remodelling and
signalling (Borner et al., 2002; Sherrier et al., 1999). These imply
that the HIPL might have potential roles in plants.

In our previous studies, a chromosome segment substitution
lines (CSSL) population was structured based on the recipient
parent IR26 and donor Jiucaiging (JCQ) (Cheng et al., 2016; He
et al., 2019). Here, we conducted QTL mapping of seed vigour
using the CSSL population, and found a major locus gSV3 on
chromosome 3 improving seed germination and seedling estab-
lishment. The genetic and transgenic information showed that
OsHIPL1, encoding a hedgehog-interacting protein-like 1 protein,
was the causal gene of qSV3. Our results suggest that OsHIPL1
acts in the regulation of seed vigour through the ABA pathway in
seed germination. Moreover, we observed that OsHIPL1 inter-
acted with OsPIP1;1 in rice. The application of gSV3 may be
useful in rice breeding programmes for improvement of rice seed
vigour for direct seeding cultivation.

Results
Map-based cloning of qSV3

According to the previous report (He et al., 2019), indica rice
cultivar IR26 showed significantly high seed vigour under H,0O
condition compared with japonica Jiucaiging (Figures 1a and S1).
To identify the elite genes controlling high seed vigour in IR26, a
population consisting of 62 CSSLs was used for QTL identification
and mapping. The seed germination percentage (GP), germina-
tion index (GI) and seedling percentage (SP) of 62 CSSLs, as well
as their two parents, were assessed under H,O condition
respectively (Figure 1a, Tables S1 and S2). By single marker
analysis (SMA), we identified seven QTLs, qGP3.1, qGI3.1,
qGP3.2, qGI3.2, qGP10.1, qSP3.1 and gSP10.1, for GP, SP and
Gl, respectively, and their positive alleles were derived from IR26
with an increase in seed vigour, except qGP3.7 and qGI3.1
(Figure 1b, Table S3). The qGP3.2, qGI3.2 and qSP3.1 were

Figure 1 Map-based cloning of gSV3. (a) Parental phenotype after 3 days after germination. Bar = 1 cm. (b) Physical mapping of QTLs related to seed
vigour. Red QTLs identified based on CSSL population in this study and circle locus includes the major gGP3.2, qGI3.2 and gSP3.1, which is named gqSV3.
The black QTLs have been reported previously and black lines show their physical regions. (c) The gSV3 locus was fined within a 6.5 kb region between
markers HY42 and HY43 on chromosome 3. Black circle represents the centromere. Numbers below the horizontal line are the number of recombinants.
Red bars represent the JCQ genotype region; green and yellow bars represent IR26 genotype and heterozygous genotype respectively. Right: Germination
percentage 2 days after germination. Each column presents the means + standard deviations of three biological replicates (*P < 0.05, **P < 0.01 and
*kkp < (0.001) compared with the control by Student’s t-test. n.s. represents no significance. Candidate genes ORF1 and ORF2 are LOC_0s03g48540 and
LOC_0s03g48550 respectively. (d) Gene structure of ORF1. Empty boxes refer to 5 and 3’ UTRs, black boxes to exons and the lines between boxes to
introns. The SNPs from JCQ to IR26 in the OsHIPL1 are shown by solid lines; SNP1, c.+41T—C; SNP2, c.+337A—G; SNP3, c.+1415G—A; SNP4, c.+1581C—
T; SNP5, c.+1903A—G; SNP6, c.+2028A—T; and SNP7, c.+2056C —G. (e) Protein structure of ORF1. T, L and GSDH represents the transmembrane
domain, the low complexity region and glucose/sorbosone dehydrogenase domain predicted respectively. Dashed lines show the positions of two amino

acid transitions.
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mapped to be tightly associated with marker RM3513 on
chromosome 3, integrated as a qSV3 locus (Table S3). The
gGP10.17 and gSP70.1 were mapped to be tightly associated with
the marker RM5348 on chromosome 10, integrated as a gSV10
locus (Table S3). Since the gSV3 showed higher contribution to
seed vigour with 37.75% of average phenotypic variation (APV)
of GP, 21.74% of APV of SP and 88.52% of APV of GI, it was
further analysed in this study.

The residual heterozygous line CSSL10, containing the allele
(gsv3) from parent Jiucaiging (Figure S2A, Table S1) with the low
GP, SP and Gl, was selected for confirming gSV3 locus. A
segregation population consisting of 120 individuals was devel-
oped by self-fertilization of CSSL10, and their GP at 2 days after
imbibition showed bimodal characteristic distribution (Fig-
ure S2B), suggesting the presence of a major gene. Inclusive
composite interval mapping (ICIM) showed that there was a
significant QTL of GP between markers HY27 and HY44, with
55.48% of phenotypic variation (Figure S2C). A total of 5000
individuals from the BCgF,4 population were used to narrow down
the qSV3 locus into a genomic region between the markers
RM135 and HY44 (Figure 1c). A total of 992 individuals of the
BCFs population were used to further delimit the gSV3 locus in
an approximately 6.5 kb region between the markers HY42 and
HY43 (Figure 1¢).

In this region, two genes, LOC_0s03g48540 (ORF1) and
LOC_0s03g48550 (ORF2), were predicted in the Rice Annotation
Project Database (http://rice.uga.edu/index.shtml). ORFT encodes
a hedgehog-interacting protein-like 1 protein, designated as
OsHIPL1, with seven exons and six introns, and ORF2 encodes one
retrotransposon protein. To define the candidate gene of gSV3,
the c<DNA of these two ORFs was cloned from IR26 and
Jiucaiging, respectively, and sequenced for comparison. There
were no nucleotide differences in ORF2 between IR26 and
Jiucaiqing (Figure S3), but seven single-nucleotide polymorphisms
(SNPs) (SNP1-SNP7) were found in ORFT (OsHIPLT) (Figure 1d).
Among these SNPs, five SNPs caused amino acid residue changes
between IR26 and Jiucaiging. SNP2 in the third exon of OsHIPL1
caused amino acid residue change from isoleucine in IR26 to
valine in Jiucaiging (Ile1137Val); SNP3 in the fifth exon of OsHIPL1
caused serine to asparagine (Ser472Asn); and SNP5, SNP6 and
SNP7 in the seventh exon of OsHIPLT caused isoleucine to valine
(Ile635Val), leucine to phenylalanine (Lue676Phe) and proline to
alanine (Pro686Ala) respectively (Figure 1d-e).

SMART (http://smart.embl-heidelberg.de/) results showed that
OsHIPL1 contains 699 amino acids with one transmembrane
domain, three low complexity regions and one glucose/sorbosone
dehydrogenase (GSDH) domain. SNP3 and SNP6 were predicted
to locate in GSDH domain and the third low complexity region
respectively (Figure 1e). Thus, OsHIPL1 was considered as a causal
gene for gSV3.

Confirmation of OsHIPL1 as qSV3

Three homozygous knockout mutants (Oship/1a, Oship/1b and
Oshiplic, T,) were developed in the background of IR26 through
the CRISPR/Cas9 system (Figure 2a). The Oship/1a contained a ‘T’
and an ‘A’ insertion in the first and second exons of OsHIPL1,
respectively; the Oship/1b, an ‘A’ insertion in the first and second
exons of OsHIPL1, respectively; and the Oshiplic, a ‘27bp’
deletion and a ‘C’ insertion in the first and second exons of
OsHIPL1 respectively (Figure 2a). Based on these nucleotide
sequences, the amino acid sequence of OsHIPLT was predicted
to contain only 64, 9 and 85 amino acids in Oship/1a, Oship/1b
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and Oship/Tc mutants, respectively, which were caused by
premature termination (Figure 2b). This result indicates that the
mutants lacked OsHIPLT gene. Germination assays showed that
the GP, SP and Gl of Oshipl/1a, Oshipl/1b and Oship/1c mutants
were significantly reduced compared with those of IR26 (Fig-
ure 2c—f), suggesting that the disruptions of OsHIPLT gene
significantly decreased seed vigour.

A near isogenic line (NIL), containing a small chromosomal
segment around gsv3 from Jiucaiging (NIL-gsv3), was developed
in IR26 genetic background. The NIL-gsv3 showed a lower seed
vigour than IR26 (Figure S4). To further confirm whether OsHIPL1
is the causal gene of gSV3, we performed a genetic comple-
mentation test in the NIL-gsv3 background. The OsHIPL1 expres-
sion levels in three complementation lines (COM-1, COM-2 and
COM-3, T,) were 7-fold, 9-fold and 10-fold higher than those in
NIL-gsv3 respectively (Figure S5A). Germination assays showed
that the GP, SP and Gl of complementation lines were
significantly increased, compared with NIL-gsv3 (Figure 2g-j),
indicating that the allele (OsHIPLT) of IR26 compensates the
defective function of gsv3 allele on seed vigour.

We further generated OsHIPLT overexpression lines (OE-1, OE-
2 and OE-3, T,) containing the 35S promoter fused to the
OsHIPL1-coding region from IR26 transformed into japonica
Zhonghua 11 (ZH11). The OsHIPL1 expression levels in OE-1, OE-2
and OE-3 lines were 9-fold, 13-fold and 17-fold higher than that
in ZH11, respectively (Figure S5B). Seed germination assays
showed that the GP, SP and Gl of the overexpression lines were
significantly increased compared with those of ZH11 (Figure 2k—
n). It indicates that OsHIPLT is a positive regulator for seed vigour
in rice.

Expression patterns of OsHIPL1 and subcellular
localization

By the quantitative RT-PCR (RT-gPCR) approach, the expression
patterns of the OsHIPLT gene were analysed in various tissues,
and germinating and developing seeds in IR26. There was a
relatively higher expression of OsHIPLT identified in the root,
compared with that in the stem, leaf, sheath, internode and spike
(Figure 3a). During seed germination,, the transcript levels of
OsHIPL1 were gradually increased at the early stage (0-30 h after
imbibition), then decreased at the late stage (36-72 h after
imbibition) (Figure 3b). During seed development, the expression
levels of OsHIPLT gradually increased from 0 to 35 days after
flowering (Figure 3c). The specific expression of OsHIPLT sug-
gested that it might play a role in modulating seed vigour in rice.

To determine the subcellular localization of OsHIPL1, a recom-
binant OsHIPL1 protein-tagged green fluorescent protein (GFP) at
the C terminus under the control of the 35S promoter was
constructed and expressed transiently in rice protoplasts and N.
benthamiana leaves. The GFP-tagged OsHIPL1 was found to be
mainly localized in the plasma membrane and nucleus in rice
protoplasts and N. benthamiana leaf epidermal cells (Figure 3d—
e).

OsHIPL1 is involved in ABA-mediated processes possibly
during seed germination

To explore the regulatory mechanism of OsHIPLT on seed vigour,
the RNA-seq analysis was performed between IR26 and NIL-gsv3
at the 12th hour (h) after imbibition. A total of 3186 differently
expressed genes (DEGs) were identified, including 1432 up-
regulation and 1754 down-regulation, in NIL-gsv3 compared to
IR26 (P-value < 0.05, fold change >2) (Table S4). Twelve DEGs,
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Figure 2 Functional analysis of OsHIPL1 during seed germination. (a) Target sites are marked in red. Sequences in boxes are the target sequences in the
wild type (WT). Black dashes represent the deleted bases and inserted nucleotides are indicated with red uppercase letters. (b) Analysis of the OsHIPL1
protein sequence in the wild-type (WT) and OsHIPL1-knockout lines. (c) Photographs of germinated seeds of Oship/7 mutants and IR26 (control) after

3 days after germination. (d—f) Comparison of germination percentage (d), seedling percentage (e) and germination index (f) between Oship/7 mutants and
IR26. (g) Photographs of germinated seeds of COM lines and NIL-gsv3 (control) after 3 days after germination. (h—j) Comparison of germination percentage
(h), seedling percentage (i) and germination index (j) between COM lines and NIL-gsv3. (k) Photographs of germinated seeds of OE lines and ZH11 (control)
after 3 days after germination. (-n) Comparison of germination percentage (I), seedling percentage (m) and germination index (n) between OE lines and
ZH11. Bar = 1 cm. Each column presents the means =+ standard deviations of three biological replicates. *P < 0.05, **P < 0.01 and ***P < 0.001
compared with the control by Student's t-test.

including five ABA-related genes, six IAA-related genes and one
ascorbate peroxidase gene, were randomly selected for their
expression by the RT-qPCR approach in germinating seed of IR26
and NIL-qsv3. It was observed that there was a consistent
expression pattern for those DEGs by the RNA-Seq and RT-qPCR

approach in germinating seeds between IR26 and NIL-qsv3 seeds
(Figure S6).

All DEGs were analysed based on the gene ontology (GO) and
the Kyoto Encyclopedia of Genes and Genomes (KEGG). GO
results showed that the pathways involved in abiotic stimulus in
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Figure 3 Expression patterns of OsHIPLT and subcellular localization in rice. Expression pattern of OsHIPLT in various tissues (a), germinating stages (b) and
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localization of OsHIPL1 tagged at the C terminus with GFP in rice protoplasts.

biological process (BP), DNA binding in molecular function (MF)
and cell periphery in cellular component (CC) were significantly
enriched (Figure S7). KEGG results showed that many DEGs
between IR26 and NIL-gsv3 were involved in the plant hormone
signal transduction including ABA, IAA, GA, brassinosteroid (BR),
ethylene (ET), cytokinin (CK) and jasmonic acid (JA) (Figure S8A,
Table S5).

ABA plays a crucial role in the control of seed dormancy and
germination (Finkelstein et al., 2008; Rajjou et al., 2012). Our
RNA-Seq showed that 18 DEGs were related to ABA metabolism,
including ABA signal transduction genes (12), ABA response
genes (4), ABA biosynthesis gene (1) and ABA inducible gene (1)
(Figure S8B). To examine whether the function of OsHIPLT is
dependent on the ABA, we investigated the expression levels of
OsHIPLT under ABA treatments during seed germination. The RT-
gPCR analysis indicated that OsHIPLT expression was significantly
induced by ABA during seed imbibition (Figure S9). These results
suggest that the regulation of OsHIPLT on seed vigour may be
involved in ABA-mediated processes during seed germination in
rice.

OsHIPL1 regulates ABA metabolism and signalling
during seed germination

To investigate whether OsHIPL1 is involved in ABA responses, we
investigated the IR26 and two mutants Oship/Ta and Oshipl1b in
response to exogenous ABA (0, 1 and 3 pwm) during seed
germination. In the presence of ABA, the seed vigour of Oship/1
mutants and IR26 was significantly reduced (Figure 4a—d), and
the seed vigour of Oship/T mutants declined more than that of

IR26 plants. Furthermore, we investigated the COM-1, COM-2
and NIL-gsv3 lines in response to exogenous ABA (0, 1 and 3 pm)
during seed germination. In the presence of ABA, the seed vigour
of complementation and NIL-gsv3 lines were significantly
reduced. Moreover, the seed vigour of the complementation
lines declined less than that of NIL-gsv3 line (Figure 4e-h). This
suggests that the function of OsHIPLT can relieve the inhibited
effect of exogenous ABA during seed germination.

The Oship/T mutants and NIL-gsv3 line exhibit delayed seed
germination, suggesting that the mutants and NIL-gsv3 line may
accumulate more ABA content. We measured the ABA contents
among IR26, NIL-gsv3, Oshipl/1a and Oshipl1b lines using an ultra-
performance liquid chromatography-tandem mass spectrometry
(LC-MS/MS) approach during seed germination. The results
demonstrated that the ABA levels were significantly increased in
germinating seeds of Oship/T mutants and NIL-gsv3 line com-
pared to those in IR26 (Figure 5a), indicating that OsHIPLT was
involved in ABA internal metabolism. Meanwhile, we evaluated
the expression levels of pivotal ABA metabolism genes (Figure 5b,
), including OsZEP and OsNCEDs (ABA biosynthesis) and
OsABA8oxs (ABA degradation) among IR26, Oship/T mutants
and NIL-gsv3 line at 12 h after imbibition. The expression levels of
OsZEP and OsNCED4 were significantly up-regulated in Oship/1
mutants and NIL-gsv3 line, compared with IR26, and the
expression levels of OsNCED1, OsNCED3 and OsNCED5 were
up-regulated in Oship/7T mutants while not in NIL-gsv3 line
(Figure 5b). The expression levels of ABA degradation gene
OsABA8ox3 were markedly down-regulated in Oship/T mutants
and NIL-gsv3 line, compared with IR26, and the expression levels
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Figure 4 Effects of ABA treatments on OsHIPL1 during seed germination. (a) Photographs of germinated seeds of Oship/7 mutants and IR26 after 3 days
after germination with 0, 1 and 3 pm ABA treatments. (b—d) Comparison of germination percentage (b), seedling percentage (c) and germination index (d)
of Oship/T mutants and IR26 in the presence of ABA. (e) Photographs of germinated seeds of COM lines and NIL-gsv3 after 4 days after germination with 0,
1 and 3 pm ABA treatments. (f-h) Comparison of germination percentage (f), seedling percentage (g) and germination index (h) of COM lines and NIL-gsv3
in the presence of ABA. Bar = 1 cm. Each column presents the means 4 standard deviations of three biological replicates. *P < 0.05, **P < 0.01 and
*#kp < 0.001 compared with the control by Student’s t-test. n.s. represents no significance.

of OsABA8ox1 were down-regulated in NIL-gsv3 line while not in
OshiplT mutants (Figure 5¢). Differential expression levels of
OsZEP, OsNCED4 and OsABA8ox3 among IR26, Oship/1 mutants
and NIL-gsv3 line could well explain the increased ABA content of
OshiplT mutants and NIL-gsv3 seeds.

Our global analysis of transcripts in imbibed seeds indicated
that the ABA signalling-related genes, such as OsABI4, OsBZIP23
and OsBZIP12, were significantly induced in NIL-gsv3 line com-
pared to those of IR26 plants (Figure S8B). We speculate that the
regulation of OsHIPLT on seed vigour might involve in ABA
signalling during seed germination in rice. Therefore, we checked
the transcript abundance of several identified ABA signalling-
related genes during seed germination, including OsABI3, OsABI4
and OsABI5 (Finkelstein and Lynch, 2000; Kang et al., 2002;

Lopez-Molina et al., 2001; Soderman et al., 2000). The transcript
levels of OsABI3, OsABI4 and OsABI5 were significantly increased
in NIL-gsv3 line and Oship/T mutants during seed germination
compared with those of IR26 (Figure 5d-f). The expression levels
of OsABI3, OsABI4 and OsABI5 were further evaluated in the NIL-
gsv3 line and IR26 plants during seed germination under ABA
treatment. We observed that the expression levels of OsABI3,
OsABI4 and OsABI5 were approximately 2-3 fold higher in NIL-
gsv3 seeds than that without ABA, but weakly induced in IR26
seeds following ABA treatment (Figure 5g-i). These data demon-
strate that the disruption of OsHIPLT alters the expression of
OsABI3, OsABI4 and OsAB/5, and their continuously higher
expressions in germinating seeds caused low seed vigour in
Oshipl1 mutants and NIL-gsv3 line in rice.
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Figure 5 OsHIPL1 altering the contents of ABA and expressions of ABA signalling genes OsABIs during seed germination. (a) The contents of ABA in
germinated seeds of IR26, NIL-gsv3 and Oship/T mutants. (b, ¢) Transcription levels of ABA biosynthesis genes (OsZEP, OsNCED1, OsNCED3, OsNCED4 and
OsNCED5) (b) and ABA degradation genes (OsABA8ox1 and OsABAS80x3) (c) among IR26, Oship/T mutants and NIL-gsv3 line at the 12 h seeds after
imbibition. The relative expression levels were represented by fold change relative to the expression levels of IR26 at 12h after imbibition. (d—f) Comparison
of OsABI3 (d), OsABI4 (e) and OsABI5 (f) expression in germinated seeds among NIL-gsv3, Oship/7 mutants and IR26 (control) during seed germination. The
relative expression levels were represented by fold change relative to the expression levels of IR26 at 12 h after imbibition. (g-i) Expressions of OsABI3 (g),
OsABI4 (h) and OsABI5 (i) in germinated seeds were induced at ABA treatments in IR26 and NIL-gsv3 using the RT-qPCR approach. The relative expression
levels were represented by fold change relative to the expression levels of IR26 without ABA. The expression of OsHIPLT was normalized to that of OsActin
gene control.

cLUC-OsHIPLT and nLUC-OsPIP1;1 in tobacco leaves could
reconstitute LUC activity compared with the various negative
controls (Figure 6¢). These results demonstrate that OsHIPL1

OsHIPL1 interacts with aquaporin OsPIP1;1 to improve
seed germination

To further understand the molecular mechanism of regulation by could interact with OsPIP1;1.
OsHIPLT on seed vigour in rice, we identified the interacting To investigate whether OsHIPLT affects water uptake during
proteins through a yeast two-hybrid assay with OsHIPL1 as bait. seed germination, we tested the water content of the germinat-
Of the identified 22 candidates (Table S6), 5 candidate proteins ing seeds. The water content of Oship/7 mutants was significantly
were subsequently confirmed by retransformation into yeast, reduced compared with that of IR26 (Figure 6d). By contrast, the
including aquaporin OsPIP1;1 (Figure 6a). water content of COM and OE lines was significantly increased
To further confirm the OsHIPL1-OsPIP1;1 interaction, the compared with that of NIL-gsv3 line and ZH11, respectively
bimolecular fluorescence complementation (BiFC) and luciferase (Figure 6e,f). These data indicate that OsHIPLT promotes uptake
(LUC) assays were conducted. The yellow fluorescent protein of water during seed germination.
(YFP) signals were only observed on the plasma membrane of N. The OsPIP1;1 expression was also tested. A reduction in the
benthamiana leaves when cYFP-OsHIPL1 was co-infiltrated with transcript levels of OsPIP1;7 in Oship/T mutants was observed
nYFP-OsPIP1;1 (Figure 6b). Meanwhile, only co-expression of compared with that in IR26, and an increase in the relative
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Figure 6 OsHIPL1 interacts with OsPIP1;1 and promotes water uptake during seed germination. (a) Yeast two-hybrid screening assay. Interaction of
OsHIPL1 with OsPIP1;1 is indicated by the ability of yeast cells to grow on dropout medium lacking Leu, Trp, His and Ade for 4 days after plating. CUB, C-
terminal half of ubiquitin; Nub, N-terminal half of ubiquitin; NubG, negative control with a point mutation in Nub; NuBI, positive control. The experiments
were repeated three times with similar results. (b) Bimolecular fluorescence complementation (BiFC) assay. The fluorescence resulted from the
complementation of the C-terminal portion of YFP fused to OsHIPL1 (OsHIPL1-cYFP) with the N-terminal portion of YFP fused to OsPIP1;1 (OsPIP1;1-nYFP).
Fluorescence was observed in tobacco leaf epidermal cells. (c) Firefly luciferase (LUC) complementation imaging assay. cLUC-OsHIPL1 and nLUC-OsPIP1;1
with the control vector were co-infiltrated into N. benthamiana leaves. LUC images were captured at 48 h after infiltration. (d—f) Water contents of Oship/1
mutants and IR26 (d), COM lines and NIL-gsv3 (e) and OE lines and ZH11 (f) during seed germination. (g) Comparison of the transcription levels of OsPIP1,1
among IR26, Oship/T mutants, NIL-gsv3, COM lines, ZH11 and OE lines at 24 h after imbibition using the RT-qPCR approach. The relative expression levels
were represented by fold change relative to the expression levels of IR26 or ZH11. The expression of OsPIP1;1 was normalized to that of OsActin gene
control. (h) Transcription levels of OsPIP1;1 response to ABA treatments in germinated seeds were conducted using the RT-qPCR approach. The relative
expression levels were represented by fold change relative to the expression level of OsPIP1,1 at 12 h after imbibition without ABA. Each column presents
the means + standard deviations of three biological replicates. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the control by Student's t-test.
n.s. represents no significance.

expression levels of OsPIP1;7 in COM lines was observed at the treatments with ABA. The results showed that the
compared with that in NIL-gsv3 line (Figure 6g). There were no expression of OsPIP1;1 was significantly reduced during seed
obvious differences in the expression levels of OsPIP1,1 of OE lines germination in the presence of ABA (Figure 6h), suggesting ABA
compared with that in wild-type ZH11. may inhibits OsPIP1,1 expression.

It was well-known that ABA could regulate the expression of
aquaporin genes in a variety of plants (Jang et al., 2004; Mariaux
et al., 1998; Suga et al., 2002; Zhu et al., 2005). Therefore, the To identify the allelic constitution of OsHIPLT, 192 rice accessions
transcript levels of OsPIP1,;1 were tested during seed germination of the Rice Diversity Panel 1 (RDP1) were selected to be evaluated

Genetic variation in the regulatory region of OsHIPL1

© 2022 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 20, 1346-1362
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Figure 7 Haplotypes of OsHIPL1 associated with seed vigour in rice. (a) Haplotypes of OsHIPL1 were identified in the full-length CDS of the gene. Red
boxes represent the exon; solid lines represent the intron; yellow boxes represent 5'UTR and 3'UTR. (b—f) Comparison of the germination percentage,
seedling percentage and germination index between accessions harbouring different haplotypes. (g—k) Comparison of the germination percentage,
seedling percentage and germination index of accessions harbouring 1415A or 1415G SNP. The number of rice accessions is listed in brackets. (*P < 0.05;
**p < (0.01, ***P < 0.001 compared with the control by Student’s t-test. n.s. represents no significance).

by GP, SP and Gl during seed germination (Table S7). Four SNPs
were identified in the coding region of OsHIPLT and three
haplotypes (Hap1, Hap2 and Hap3) were detected (Figure 7a).
The 4- and 5-day GP, 6- and 7-day SP of Hap1 were significantly
higher than those of Hap2 and Hap3 (Figure 7b-f), suggesting
Hap1 is superior allele for seed vigour. These four SNPs, SNP-
3.27670307., SNP-3.27672138., SNP-3.27673895. and SNP-

3.27674048., were consistent with SNP2, SNP3, SNP5 and
SNP7 identified between IR26 and lJiucaiging (Table S7) respec-
tively. Of them, the amino acid residue change in SNP3 is from
serine to asparagine (Ser1415Asn) in GSDH domain (Figure 1d,e),
suggesting that SNP3 may be significantly associated with seed
vigour. To confirm this hypothesis, we further analysed the seed
vigour of 192 rice accessions. The results showed that 126 rice
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accessions harbouring ‘A" SNP exhibited higher GP and SP than
did 66 rice accessions with ‘G’ SNP (Figure 7g-k). These results
indicated that Hap1 and SNP3 of gSV3 have significantly positive
correlation with seed vigour in rice.

OsHIPL1 increases the seed vigour of direct seeding rice
under greenhouse and field

To investigate the application of OsHIPLT for direct seeding,
seedling establishment and seedling growth were compared
among IR26, Oship/1 mutants, NIL-gsv3, the COM lines and ZH11
and OE lines when seeds were directly sown in soil. In the
greenhouse, the SP, root length, shoot length and basal shoot
diameter were significantly higher in IR26 than in NIL-gsv3 line
and Oship/T mutants (Figure 8). Moreover, the COM lines
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exhibited a significant increase in the SP, shoot length, shoot
length and basal shoot diameter compared with those of NIL-qsv3
line, and the OE lines significantly increase in the shoot length and
basal shoot diameter compared with those of ZH11 (Figure 8).
Meanwhile, there were the decreases in the SP of NIL-gsv3 line
and OshiplT mutants compared with those of IR26 and the
increases in the SP of COM lines compared with those of NIL-qsv3
line under the field (Figure S10). Agronomic traits were similar
between IR26, Oship/T mutants, NIL-gsv3 and COM lines,
including plant height, effective tillers, 1000-grain weight, panicle
length, setting percentage and grain per panicle (Figure S11).
These results suggested that gSV3 could improve the perfor-
mance of plants directly seeded without adverse influence on
other agronomic traits.
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Figure 8 Effects of OsHIPLT on seedling growth under direct seeding in soil. (a—c) Photographs of seedling establishment of Oship/7T mutants and IR26 (a),
COM lines and NIL-gsv3 (b), and OE lines and ZH11 (c) at 5 days after sowing. (d—f) Photographs of seedling growth of Oship/7 mutants and IR26 (d), COM
lines and NIL-gsv3 (e) and OE lines and ZH11 (f) at 10 days after sowing. (g-i) Photographs of representative seedlings of Oship/T mutants and IR26 (g),
COM lines and NIL-gsv3 (h) and OE lines and ZH11 (i) at 10 days after sowing. (j-m) Comparison of seedling percentage (j), root length (k), shoot length (I)
and base diameter (m) among IR26, Oship/T mutants, NIL-qsv3, COM lines, ZH11 and OE lines. Bars = 1 c¢m. Each column presents the means + standard
deviations of three biological replicates. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with the control by Student’s t-test. n.s. represents no

significance.
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Discussion

Seed vigour is an important trait for production of direct seeding
of rice, which could be evaluated by the speed and uniformity of
seed germination, and seedling establishment (Bewley et al.,
2013; Rajjou et al, 2012). In this study, seven QTLs were
identified, related to GP, SP and Gl of rice seed vigour, using one
CSSL population under H,O condition respectively. Three major
QTLs gqGP3.2, qGI3.2 and gSP3.1 were integrated into a gSV3
locus, and further confirmed by the segregation population
derived from the residual heterozygous CSSL10 line. Compared
with the reported QTLs, the gSV10 (qGP170.7 and gSP10.1) is a
novel QTL for seed vigour; the gSV3 is located in the downstream
of OsHAK21 (He et al., 2019), co-localized with qGR3.3 identified
under H,O condition (Zeng et al., 2021) and qLTG-3-2 under low-
temperature stress (Fujino et al., 2004). As the seed vigour of
OshiplT mutants and NIL-gsv3 was significantly reduced under
abiotic stresses, and the seed vigour of COM lines was restored
(Figures S12 and S13), it implied that gSV3 could also respond to
abiotic stresses, with similar function of gLTG-3-2 reported (Fujino
et al., 2004). Its molecular regulation mechanism and application
in improvement of seed vigour in rice breeding deserve to be
further investigated.

We isolated and characterized the causal gene OsHIPLT of
gSV3 in this study, which encodes a hedgehog-interacting
protein-like 1 protein. Human HHIPL1 was shown to positively
regulate hedgehog signalling (Aravani et al., 2019) and the
hedgehog signalling in mammalian was reported to modulate the
embryogenesis, cancer and lifespan (Katoh and Katoh, 2006;
Arraf et al., 2020; Rallis et al., 2020; Jiang, 2021). A phylogenetic
tree analysis shows that HIPL1 protein is highly conserved in
plants, such as rice, Brachyodium stacei, maize, sorghum and
Arabidopsis (Figure S14). Moreover, the function of HIPL1 protein
is still unknown in plants. Protein structure analysis showed that
OsHIPL1 contained one transmembrane domain, three low
complexity regions and one GSDH domain. Five SNPs in IR26
caused amino acid residue change in the coding region
compared with Jiucaiging, including SNP3 and SNP6 located in
GSDH domain and the third low complexity region respectively.
This change may result in higher seed vigour of IR26 than
Jiucaiging.

It is well-known that ABA is a sesquiterpenoid hormone that
plays central roles in seed maturation, germination and stress
responsiveness (Finkelstein et al., 2002). In our study, the ABA
content in germinating seeds of Oship/T mutants and NIL-gsv3
line was significantly higher than that of IR26 plants (Figure 5a),
indicating that the decrease in seed vigour of Oship/T mutants
and NIL-gsv3 line might be due to the increased level of
endogenous ABA in seeds. We hypothesized that the seed
germination controlled by OsHIPLT is involved in ABA metabo-
lism. It is also confirmed by the reduced transcript abundance of
OsABAS8ox3 and increased transcript levels of the OsZEP and
OsNCED4 in NIL-gsv3 line and Oship/T mutants compared with
IR26 (Figure 5b,c). Transcription factors, ABI3, ABI4 and ABI5,
as positive regulators in ABA signalling, contributed to delayed
seed germination in plants (Albertos et al., 2015; Nambara
et al.,, 1995; Nonogaki, 2019; Shu et al., 2013; Zhang et al.,
2005). The higher transcript levels of OsABI3, OsABI4 and
OsABI5 were observed in germinating seeds of NIL-gsv3 line
and Oship/T mutants compared with IR26 in this study
(Figure 5d-f). It indicates that OsHIPLT modulated the expres-
sion of OsABI3, OsABI4 and OsABI5. Previous studies show that

OsHIPLT increases seed vigour in rice 1357

increased expression of OsABI3, OsABI4 and OsABI5 reduces
seed germination and seedling establishment (He et al., 2020;
Nonogaki, 2019). These results indicate that the higher
endogenous ABA and higher expressions of OsABIs in germi-
nating seeds of Oship/T mutants and NIL-gsv3 line lead to the
decreases in seed vigour in mutants and NIL-gsv3 line. We also
measured |IAA content of oship/la, oship/lib and IR26 in
germinated seeds, while no obvious differences were identified
between oship/T mutants and IR26 (Figure S15). It hints that
function of OsHIPLT on seed vigour might be different from
that of OsIAGLU, which regulates seed vigour through medi-
ating crosstalk between IAA and ABA reported by He et al.
(2020).

Aquaporins, belonging to the highly conserved major intrinsic
protein (MIP) family, play an essential role in plant water transport
(Footitt et al., 2019; Liu et al., 2007, 2013; Roche and Tornroth-
Horsefield, 2017). The co-expression of aquaporins ZmPIP1;2 and
ZmPIP2;1 in X. laevisoo cytes increased the cell osmotic water
permeability coefficient (Py) (Fetter et al., 2004). Zelazny et al.
(2007) demonstrated that interactions between ZmPIP1s and
ZmPIP2s occurred in maize mesophyll protoplasts, and the PIP1-
PIP2 interaction induced the relocation of ZmPIP1s to the plasma
membrane. Liu et al. (2013) reported that co-expression of
OsPIP2;1 with OsPIP1;1 could help OsPIP1;1 incorporating into
plasma membrane and significantly increasing its water perme-
ability. Our results showed that OsHIPL1 could interact with
OsPIP1;1 and co-locate in the plasma membrane. It suggested
that OsHIPL1, like OsPIP2;1, might make OsPIP1;1 incorporating
into plasma membrane and significantly increase water uptake
for seed germination. The molecular mechanism of OsHIPL1
interacting with OsPIP1;1 warrants further investigation in the
future.

As previously reported, the moderate expression of OsPIP1,1
increased seed germination of rice (Liu et al., 2013). Similar results
were observed in this stud;, the alteration of expression levels of
OsPIP1,1 was observed in Oship/T mutants, NIL-gsv3 and COM
lines during seed germination, while not in OE lines (Figure 6g). It
indicates that the excess OsHIPL1 proteins could not enhance the
expression levels of OsPIP1,1 during seed germination. The
expression of OsHIPLT was increased under ABA treatments
during seed germination (Figure S9), while the expression of
OsPIP1,1 was decreased (Figure 6h). We proposed that under
normal condition (without ABA treatment), OsHIPL1 could up-
regulate OsPIP1,1 expression, but under ABA treatment, the
excess expression of OsHIPLT induced could not synchronously
affect the OsPIP1,1 expression. Guo et al. (2006) reported that
the OsPIP1;1 expression was significantly inhibited by ABA
treatment in roots in the seedling stage of rice, similar to our
results.

ABA can influence activity of aquaporins at different levels by
either changing the expression of aquaporin genes or post-
transcriptional modifications (Jang et al., 2004; Mariaux et al.,
1998; Suga et al, 2002; Zhu et al., 2005). ABA-induced
dephosphorylation of aquaporins leads to reduced water flux
(Kline et al., 2010). ABA-dependent changes in dormancy and
germination also result from shifting water potential thresholds
for radicle emergence (Ni and Bradford, 1992). In Arabidopsis, the
expression of CYP707A2, which encodes an ABA 8'-hydroxylase,
rapidly increases after seed imbibition and plays a key role in
inactivating ABA during germination (Kushiro et al., 2004). We
thus speculated that the crosstalk of ABA metabolism and seed
imbibition might influence seed vigour. In our study, the Oship/1
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OsABIs

Water uptake

[

Rice seed vigor

Figure 9 Proposed model for the role of OsHIPL1 in seed vigour in rice.
This model shows that OsHIPLT might reduce the endogenous ABA
contents in germinating seeds, which could decrease the expression levels
of the ABA signalling-related genes ABI3/4/5, and then improve rice seed
vigour. In addition, OsHIPL1 might affect the expression of OsPIP1,1, and
the complex of OsHIPL1 with OsPIP1;1 could regulate water uptake to
increase seed vigour.

mutants have lower imbibition rate that might cause lower ABA
degradation in germinating seeds, but the molecular mechanism
needs to be further investigated.

Summary, we clarified the function of hedgehog-interacting
protein-like 1 protein gene OsHIPLT in plants. Although it is
unknown whether OsHIPLT has similar pathway as hedgehog
signalling in plants as in humans, there are two possible pathways
by which OsHIPLT regulates seed vigour in rice (Figure 9). On the
one hand, OsHIPLT contributed to seed germination and seedling
establishment involved in modulating ABA levels and ABA
signalling in germinating seeds in rice. On the other hand,
OsHIPL1 interacted with the OsPIP1;1, and regulated the water
uptake to improve rice seed vigour. However, it is worthy to
further study how OsHIPL1 influences the expressions of OsABIs,
and what other factors in the interaction of OsHIPL1 and OsPIP1;1
regulate the germination of seeds. Our studies provide a novel
gene OsHIPLT and its information on the molecular mechanisms
of seed vigour. Meanwhile, the superior haplotype Hap1 and its
linkage molecular marker SNP3 of OsHIPL1 were identified, which
would facilitate improvement in seed vigour in rice breeding
programme and be beneficial to production of rice direct seeding.

Materials and methods
Plant materials and growth conditions

Japonica lJiucaiging and indica IR26, and 62 CSSLs developed by
introgressing chromosome segments of Jiucaiging into IR26
(Cheng et al., 2016, Tables S1 and S2), were used for QTL
mapping. A residual heterozygous line CSSL10 (BCgF,) and its
selfing population were used for the confirmation of the major
gSV3. One heterozygous line (BCeF3) between markers HY27 and
HY44 from the selfing segregation population of line CSSL10 was
selected to develop the genetic population | (BCgF4, 5000
individuals) and population Il (BCgFs, 992 individuals) by selfing
for fine mapping of the qSV3 locus. A homozygous line
containing the allele (gsv3) from Jiucaiging between markers
HY42 and HY43 was selected for the development of NIL-gsv3. In

total, 192 accessions from the rice diversity panel (Eizenga et al.,
2014) were used for haplotype analyses of gSV3 locus (Table S7).
All plants were grown in an experimental field at Nanjing
Agricultural University, Nanjing, Jiangsu. All seeds were harvested
at their maturity stage and dried at 42 °C for 7 days to break
seed dormancy.

Evaluation of seed vigour

Seed germination was conducted as previously described by
Wang et al. (2010). Thirty seeds of each genotype were imbibed
in Petri dishes (diameter 9 cm) with 10 mL distilled water at
30 4+ 1 °C for 7 days. Seeds were also treated with 10 mL of
20% PEG6000 (polyethylene glycol with an average molecular
weight of 6000 Da), 300 mm mannitol and 20 mL of 200 mm
NaCl at 30 4= 1 °C for 11 days, respectively, and with 10 mL of
distilled water at 15 &+ 1 °C for 11 days. As to ABA treatments,
distilled water was replaced with the solution containing 0, 1 and
3 um of ABA respectively. The number of germinated seeds was
observed daily. Germination was defined as the emergence of the
radicle through the hull by >2 mm. Seedlings were considered to
have developed when the root length reached the seed length
and the shoot length reached half of the seed length (Xu et al.,
2017). Three replications were performed. GP, SP and Gl were
calculated as follows: GP = (total germinated seeds/30) x 100%,
SP = (total seedlings/30) x 100% and G/ = 3 (Gt/t), where Gt is
the number of germinated seeds on Day t (Wang et al., 2010).

Map-based cloning

The GP, Gl and SP of the individual among CSSLs were used by
SMA for QTL mapping, and the confirmation of major gSV3 was
conducted by ICIM (Li et al., 2008). Genomic DNA of seedlings
from the population | and population Il was extracted using the
cetyltrimethylammonium bromide (CTAB) method to screen
recombinants for fine mapping (Murray and Thompson, 1980).
Markers used for QTL mapping are listed in Table S7. The
candidate gene was predicted using the data at http://rice.
plantbiology.msu.edu/cgi-bin/gbrowse. The cDNA sequences of
the predicted gene were amplified from Jiucaiging and IR26 using
Phanta Super-Fidelity DNA polymerase (Vazyme Biotech Co., Ltd,
Nanjing, Jiangsu, China).

Plasmid construction and plant transformation

For generating OsHIPL1-overexpressing lines, the full-length
coding sequence of OsHIPLT was cloned into PBWA(V)HS, driven
by 35S promoter and then transformed into japonica Zhon-
ghuall (ZH11) by Agrobacterium tumefaciens-mediated trans-
formation (Hiei et al., 1994). The Oship/T mutants (IR26
background) were generated by CRISPR-Cas9 system (Xing
et al., 2014). To produce the complementation construct PBWA
(V)HS-OsHIPLTpo-c OsHIPLT, the full-length CDS of OsHIPL1
(2079 bp) was cloned by RT-gPCR amplification. The CDS
containing the entire OsHIPLT coding region was inserted into
the modified vector PBWA(V)HS, and then the OsPHF1 promoter
was amplified from IR26 genomics DNA and inserted before
OsHIPL1-coding region to generate the vector PBWA(V)HS-
OsHIPLTpo-c OsHIPLT. The vectors were introduced into NIL-
gsv3 line using the Agrobacterium-mediated transformation
method. All DNA constructs were confirmed by sequencing,
and all transgenic plants were identified by the RT-qPCR and
hygromycin gene amplification. Specific primers were designed to
confirm the mutation positions in each CRISPR/Cas9-positive
transgenic line. All primers are listed in Table S8.
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Expression analysis

Total RNA was extracted from the developing grains (0, 7, 14, 28
and 35 days after flowering; DAF), germinating seeds (0, 6, 12,
24, 30, 36, 48, 54, 60 and 72 h imbibition) and different tissues
(root, stem, leaf, sheath, node and spike) of IR26 using the HP
Plant RNA kit (Omega, Atlanta), according to the manufacturer’s
instructions. First-strand ¢cDNA was synthesized with random
oligonucleotides using the HiScriptll Reverse Transcriptase system
(Vazyme Biotech Co., Ltd.). The RT-gPCR was performed on a
Roche Light Cycler 480 system using SYBR Green Mix. The Actin
gene was used as the internal control for normalization. Primers
used for expression analysis are listed in Table S8. Three biological
replicates were made.

Subcellular localization

The open reading frame of OsHIPL1 (without the stop codon) was
amplified and inserted into the pCambia1300s-GFP vector driven
by the CaMV 35S promoter and the PAN580-GFP vector driven by
the CaMV 35S promoter according to the manufacturer’s
instructions (Vazyme, Nanjing, China). Then, the construct was
introduced into Agrobacterium tumefaciens strain EH105 and
infiltrated into rice protoplasts and N. benthamiana leaves (Chen
et al., 2008). Fluorescence signals were observed using a LSM 710
confocal microscope (Zeiss, Oberkochen, Germany).

Phylogenetic analysis

The entire amino acid sequences of OsHIPLT were used as the
query to search for the homologous proteins in the NCBI website
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and GBI website (https://
phytozome.jgi.doe.gov). All HIPLT proteins were clustered using
ClustalX, and the phylogenetic tree was generated by MEGAG6
based on the neighbour-joining method and bootstrap analysis
(1000 replicates).

Hormone quantification

The extraction and quantification of endogenous ABA were
conducted according to the manufacturer’s instructions (Wuhan
Metware Biotechnology Co., Ltd., Wuhan, China). The ABA
content was quantified by LC-MS/MS system as described by He
et al. (2020). Three biological replicates were conducted.

RNA-seq analysis

The IR26 and NIL-gsv3 seeds were grown on media for 12 h, and
then the materials were collected. Three biological replicates were
prepared for each sample. Total RNA was extracted using HP
Plant RNA kit (Omega, Atlanta, GA) according to the manufac-
turer’s instructions and then sequenced (PERSONAL, Nanjing,
China). Clean reads were mapped to the japonica rice Nippon-
bare reference genome after screening and trimming. Genes with
P-value < 0.05 and fold change >2 were identified as reliable
differentially expressed genes (DEGs). Multiple testing was
corrected via false discovery rate estimation and g-values below
0.05 were considered to indicate differential expression. Twelve
genes were randomly selected for the confirmation of RNA-seq by
the RT-gPCR and their primers are listed in Table S8.

Y2H screening and confirmation

DUAL Membrane Pairwise Interaction kit (Dualsystems Biotech)
and cDNA library of seeds were used for the Y2H assays. The full-
length CDS of OsHIPLT was fused to PBT3-N to construct the bait
vector, which was transformed into the yeast strain NMY51.

OsHIPLT increases seed vigour in rice 1359

Yeast screening was performed as described in the manufac-
turer’s protocol (Clontech Yeast Protocols Handbook). To confirm
protein—protein interaction in yeast, the full-length CDS of
OsPIP1,1 was cloned into the pPR3-N vector to generate NubG-
OsPIP1;1. The recombinant plasmid pairs were co-transformed
into the yeast strain NMY51. The transfected yeast cells were
plated on SD/-Leu/-Trp medium and SD/-Ade/-His/-Leu/-Trp
medium and cultured at 28 °C for 4 days. The primers and
restriction enzyme sites were used to amplify sequences and
generate vectors. The relevant primers are listed in Table S8.

BiFC assay

The OsHIPLT and OsPIP1;1 ¢DNA fragments were cloned into
p2YN and p2YC to form the nYFP protein and cYFP protein
constructs respectively. The plasmids were then transformed into
A. tumefaciens strain EH105 and all constructs were verified by
DNA sequencing. For the transient expression assay, these
constructs were co-infiltrated with the p19 strain into 5-week-
old N. benthamiana leaves. YFP fluorescence was excited at
515 nm by a Zeiss LSM780 confocal scanning microscope in dark
for 48 hours after infiltration. Primers used to generate the
constructs are listed in Table S8.

Luciferase (LUC) assays

The pCAMBIA1300-cLUC-OsHIPLT and pCAMBIA1300-nLUC-
OsPIP1;1 plasmids were generated by CDS of OsHIPLT and
OsPIP1,1. The LUC assays were performed as previously described
with some modifications (Chen et al., 2008). Different recombi-
nant plasmids including nLUC-OsPIP1;1 and cLUC-OsHIPL1 with
the control vector were introduced into Agrobacterium strain
EH105. Agrobacteria cultures were resuspended overnight with
infiltration buffer (10 mm MgCl,, 0.1 mm acetosyringone and
10 mm MES). Different experiment and control group agrobac-
teria suspension were mixed and co-infiltrated into 5- to 6-week-
old Nicotiana benthamiana leaves by using a needleless syringe,
then weak light growth. Luciferin (1 mm) was sprayed onto the
leaves, and the plants were kept in the dark for 2-5 min. LUC
images were captured using a cooled CCD imaging apparatus
(Chen et al., 2008). The primers were listed in Table S8.

Haplotype analysis

To determine the haplotypes of the OsHIPL1, the 700 000 SNP
markers of rice accessions at https://ricediversity.org/data/index.
cfm (McCouch et al., 2016) were used. Four SNPs in the full-
length coding region of OsHIPLT were located according to the
Rice Genome Annotation Project MSU7 database (Rice Genome
Browser: http://rice.plantbiology.msu.edu). Seed germination was
conducted using 192 accessions under H,O condition for 7 days
(Table S7). The haplotypes represented at least 10 investigated
accessions that were previously used for a comparative analysis of
phenotype (Dong et al., 2016).

Direct sowing rice assay

Forty healthy seeds of IR26, NIL-gsv3, ZH11, Oship/T mutants,
complementation and overexpression lines were sowed 1 cm
deep in soil in the same plot in an incubator with a 14 h : 10 h,
light : dark cycle at 30 °C : 25 °C with 100% relative humidity.
Similarly, wild-type and transgenic lines were sowed 1 cm deep in
rice fields with water saturation of 100% for 22 days in June
2021, during which the average high and low temperature
ranged from 22 to 29 °C. The SP on the 5th day, root length,
shoot length and basal shoot diameter on the 10th day were
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investigated and calculated. Three biological replicates were
made.

Data analysis

Experimental data were analysed using the SAS software (Cary,
NC), and significant differences among samples were compared
using Student'’s t-test or fisher’s least significant difference (LSD)
test at the 5%, 1% and 0.1% levels of probability.
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