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Abstract

The EPIDERMAL PATTERNING FACTOR (EPF) and EPF-LIKE (EPFL) family of small secreted peptides act to regulate many
aspects of plant growth and development; however, their functions are not widely characterized in rice (Oryza sativa).
Here, we used clustered regularly interspaced short palindromic repeats (CRISPR/Cas9) technology to individually knockout
each of 11 EPF/EPFL genes in the rice cultivar Kasalath. Loss of function of most OsEPF/EPFL genes generated no obvious
phenotype alteration, while disruption of OsEPFL2 in Kasalath caused a short or no awn phenotype and reduced grain size.
OsEPFL2 is strongly expressed in the young panicle, consistent with a role in regulating awn and grain development.
Haplotype analysis indicated that OsEPFL2 can be classified into six major haplotypes. Nucleotide diversity and genetic dif-
ferentiation analyses suggested that OsEPFL2 was positively selected during the domestication of rice. Our work to system-
atically investigate the function of EPF/EPFL peptides demonstrates that different members of the same gene family have
been independently selected for their ability to regulate a similar biological function and provides perspective on rice
domestication.

Introduction systemin as a defense signal in tomato (Solanum lycopersi-

Signaling peptides play diverse roles in cell-to-cell communi-  cum) (Pearce et al, 1991; Ryan, 2000; Scheer and Ryan,
cation in plants and other organisms (Taniguchi et al, 2006,  2002), over 15 diverse peptide families have been shown to
Jensen and De Meyts, 2009). Following the discovery of  influence many aspects of plant development (Hobe et al,
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OsEPF peptides regulate rice awn development

2003; Narita et al, 2004, Wen et al, 2004 Amano et al,
2007; Kemp and Doughty, 2007; Suzaki et al,, 2008; Ohyama
et al, 2008; Kutschmar et al, 2009; Matsuzaki et al, 2010;
Ikeuchi et al, 2011; Valdivia et al, 2012; Fernandez et al,
2013). Some peptide families, including EPIDERMAL
PATTERNING FACTORs (EPFs) and the related EPF-LIKE
(EPFLs), contain several conserved cysteine residues that
contribute to their structure and function (Marshall et al.,
2017; Torii, 2012; Sun et al, 2019). Several EPF/EPFL family
members have been shown to regulate stomatal develop-
ment in Arabidopsis (Arabidopsis thaliana) (Hara et al,
2007; Hunt and Gray, 2009; Lee et al,, 2015) and other plant
species (Wang et al., 2016b; Hughes et al,, 2017; Caine et al,,
2019; Dunn et al, 2019). The EPF/EPFLs also play roles in
other processes, for example filament elongation and fertility
(Huang et al, 2014) and stamen identity (Sun et al, 2019).
In particular, in addition to OsEPF1 controlling stomatal de-
velopment, GRAIN NUMBER, GRAIN LENGTH AND AWN
DEVELOPMENTT1 (GADT)/REGULATOR OF AWN
ELONGATION 2 (RAE2)/GRAIN LENGTH AND AWN
DEVELOPMENT (GLA) encodes an EPF/EPFL peptide that is
involved in awn development in rice (Oryza sativa). This
peptide which also regulates grain length and grain number
is believed to have been selected during rice domestication
(Bessho-Uehara et al, 2016; Jin et al, 2016; Zhang et al,
2019). However, the function of the other 11 members of
EPF/EPFL family genes is yet to be characterized.

Awns are bristle-like tips on the spikelet that extend from
the distal end of the lemma in Gramineae crops. Awns are
important traits associated with domesticated crops and un-
derstanding the genetic basis of awn development could al-
low us to explore the domestication of crops. Long awns
provide evolutionary benefits for Gramineae crops, because
their ratcheting surface enables seed dispersal, aids self-
planting, and protects grains from animal predation
(Elbaum et al, 2007). However, long awns also present some
disadvantages for cultivation, such as more difficulty in seed
storage and transportation. Many crops, such as barley
(Hordeum vulgare) and wheat (Triticum aestivum), retain
their awns and this is often associated with increases in
crop yields (Abebe et al, 2010). Unlike barley and wheat
awns, rice awns lack green tissue and probably do not con-
tribute much to photosynthesis, so rice is often cultivated as
awnless (Yuo et al, 2012). Several genes are associated with
awn development. ALI-1, B1, B2, and Hd are associated with
awn elongation in wheat (Wang et al, 2016a; Wang et al,,
2020) and Lks2, HYKNOX3, and ROUGH AWNT regulate awn
development in barley (Mdller et al, 1995; Yuo et al, 2012;
Milner et al, 2019). awn1 is a major quantitative trait loci
(QTL) associated with awn trait in sorghum (Sorghum bi-
color) (Zhou et al, 2021). Several genes affecting awn devel-
opment have been described in rice. An-1 encoding a basic
helix-loop-helix (bHLH) transcription factor promotes awn
elongation by regulating cell division in rice (Luo et al,
2013) and LABAT1/An-2 encoding a cytokinin biosynthesis
enzyme promotes rice awn elongation by increasing
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cytokinin levels in awn primordia (Gu et al, 2015; Hua et al,
2015). DL and OsETT2 act synergistically to promote rice
awn development by increasing cell division (Toriba and
Hirano, 2014). TOB1 encoding a YABBY protein regulates
the elongation of awns (Tanaka et al, 2012). GLA1 encoding
mitogen-activated protein kinase phosphatase regulates the
development of rice awn (Wang et al, 2019). Most impor-
tantly, in the context of this study, GADT/RAE2/GLA which
encodes a signal peptide belonging to the EPF/EPFL family,
is required for the development of the awn in the wild rice
species Oryza rufipogon (Bessho-Uehara et al, 2016; Jin et al,
2016; Zhang et al,, 2019). The molecular mechanisms under-
lying awn development, however, remain largely unknown.

Rice, one of the earliest domesticated crops (domesticated
~10,000 years ago), is traditionally classified into two major
subspecies (indica and japonica) (Khush, 1997; Kovach et al,
2007). However, owing to the complicated genetic structure
of rice evolution, domestication, adaptation, and autoga-
mous breeding system, O. sativa cultivars and landraces are
now subdivided into five genetically diverse groups: indica,
aus, aromatic, temperate japonica, and tropical japonica
(Garris et al, 2005). Rice cultivar Kasalath, which has a long
awn, belongs to the aus group of O. sativa, which has a
higher level of genome diversity than the japonica subspe-
cies and several beneficial agronomic traits (such as drought
tolerance and phosphate deficiency). Kasalath, which was
originally grown in a short summer season under rain-fed
conditions in Bangladesh, has been particularly useful in de-
veloping a range of important genetic and genomic resour-
ces (Kanamori et al, 2013). Recently, it has been shown that
the aus, japonica, and indica sub-groups of O. sativa were
domesticated separately, raising much interest in the genet-
ics underlying the origin and domestication of rice (Londo
et al, 2006, Civan et al, 2015). The aus group variety
Kasalath, therefore, provides an excellent resource for our
investigations into rice domestication and evolution.

Here, we used CRISPR/Cas9 technology to edit all 11 genes
of the EPF/EPFL family in the rice cultivar Kasalath.
Unexpectedly, we found that loss-of-function of OsEPFL2
rather than the previously identified OsEPFL1 (GAD1/RAE2),
led to short awn or awnless phenotype. OsEPFL2 also regu-
lates grain size and weight in Kasalath. Our findings shed
light on the molecular mechanism underlying awn develop-
ment and also provide insights into rice domestication.

Results

Function characterization of the rice EPF/EPFL
peptide family

The EPF/EPFL peptide family is highly conserved in agro-
nomic monocot lineages including rice, maize (Zea mays),
barley, and wheat (Supplemental Figure S1). Sequence align-
ments have identified six conserved cysteine residues that
are known to be important for their function (Supplemental
Figure S1) (Takata et al,, 2013; Bessho-Uehara et al, 2016; Jin
et al, 2016). In our previous studies, we identified, GAD1/
OsEPFL1, as encoding a regulator of grain number, grain
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length, and awn development in rice (Jin et al, 2016). To in-
vestigate the other members of the EPF/EPFL family in rice,
the amino acid sequence of GAD1 was retrieved and used
in BLAST searches against the NCBI database (https://www.
ncbi.nlm.nih.gov). We identified 11 EPF/EPFL members in
rice, including OsEPF2 (LOC_Os04g54490), OsEPFL1/GAD1
(LOC_0s08g37890), OsEPFL2 (LOC_0s02g51950), OsEPFL3
(LOC_Os03g51660), OsEPFL4 (LOC_Os03g46930), OsEPFLS
(LOC_0s07g04020), OsEPFL6 (LOC_Os03g06610), OsEPFL7
(LOC_Os11g37190), OsEPFL8 (LOC_Os05g39880), OsEPFL9
(LOC_0Os01g60900), OsEPFL10 (LOC_Os01g68598), which is
consistent with previous reports (Takata et al, 2013).
Chromosome mapping showed that these EPF/EPFL genes
are located on eight rice chromosomes, with OsEPFL3,
OsEPFL4, and OsEPFL6 all being found on chromosome 3
(Supplemental Figure S2A). All of the identified rice EPF/
EPFL genes encode a small protein (110-169 amino acids)
with a predicted signal peptide at the N-terminal
(Supplemental Figure S2B), and the EPF superfamily domain
contains conserved cysteine residues in C-terminal region of
the mature peptide (Figure 1A; Supplemental Figure S2B).
To investigate whether other members of the OsEPF/EPFL
family are involved in the development of the awn, loss-of-
function mutants were generated in the rice Kasalath culti-
var, which has long awns, using the CRISPR/Cas9 system.
Gene-editing constructs introduced were designed to target
exonic sequences of each gene. The resulting mutations af-
fected the encoded amino acid sequences and in most cases
also reduced transcript levels (Supplemental Figures S3 and
S4). The gene-edited lines displayed no significant differences
in awn length except for OsEPF2cas, OsEPFL2cas, OsEPFL7cas,
OsEPFL9cas, and OsEPFL10cas mutants which all demon-
strated shorter awn lengths than Kasalath. The OsEPFL2cas
plants showed a notably awnless phenotype (Figure 1, B and
C) and surprisingly, the GAD1/OsEPFL1 knockout mutants,
displayed a long awn that was similar to Kasalath (Figure 1,
B and C). We detected the expression levels of OsEPF/
OsEPFLs in each CRISPR mutant (Supplemental Figure S4).
The expression levels of most OsEPF/EPFL genes (OsEPF2,
OsEPFL1, OsEPFL2, OsEPFL3, OsEPFLS, OsEPFL7, OsEPFLY, and
OsEPFL10) in their corresponding mutant lines were signifi-
cantly reduced in comparison to Kasalath, indicating that
mutations in the exonic region of these OsEPF/OsEPFL genes
may influence the stability of their mRNA. However, the ex-
pression levels of OsEPFL4, OsEPFL6, and OsEPFL8 genes in
the corresponding mutant plants were not significantly dif-
ferent from that of Kasalath despite clear disruptions to the
open reading frame. Previous studies have shown that
Kasalath has dysfunctional alleles of GAD1/OsEPFL1, which
may explain why no significant differences were observed in
the awn length of OsEPFL1cas (Bessho-Uehara et al, 2021).
A sequence alignment revealed that, apart from the con-
served cysteine residues in OsEPFL2, there is little similarity/
identity with other amino acid residues of the OsEPF/EPFL
family protein, supporting the hypothesis that OsEPFL2
might have a divergent function from other family members

Xiong et al.

(Supplemental Figure S5). These results suggest that several
members of the EPF/EPFL family play a role in rice awn and
grain development, although individual members may have
been adopted to perform different roles in separate rice
cultivars.

To investigate the function of OsEPF/EPFL family genes,
we analyzed their expression levels in different tissues of the
Kasalath cultivar. Most OsEPF/EPFL genes were predomi-
nantly expressed in the young panicle, while OsEPFL4 and
OsEPFL7 were preferentially expressed in the internodes and
the young panicle (Figure 2). Using the “Genevestigator”
database (https://genevestigator.com), we further analyzed
the expression levels of OsEPF/EPFL family genes in multiple
tissues (Zimmermann et al, 2008). Consistent with our
results, the expression levels of the majority of OsEPF/EPFL
family genes were highest in the rice reproductive organs
(Supplemental Figure S6). Moreover, all of the OsEPF/EPFL
family genes were highly expressed at the germination and
stem elongation stage during the different developmental
stages (Supplemental Figure S6). OsEPFL2 and GAD1/
OsEPFL1 were both highly expressed at the booting stage
and heading stage, which was consistent with their involve-
ment in the regulation of awn development (Supplemental
Figure S6).

OsEPFL2 encodes a peptide regulating awn and
grain development in Kasalath

The OsEPFL2 encodes a peptide containing all the character-
istics of the EPF/EPFL peptide, which are conserved cysteine
residues (Figure 1A), a predicted N-terminal secretory signal
peptide, and also cryptic cleavage site between amino acids
26 and 27 amino acids (between G and 1) (Supplemental
Figure S7).

To explore the function of OsEPFL2, we generated a con-
struct to target mutations to two regions of the first exon
of OsEPFL2 using CRISPR/Cas9 (Figure 3A). A total of 22 T,
plants were generated in the Kasalath background cultivar,
and sequence analysis indicated that 16 plants (73%) had
mutations at both target sites (Figure 3B). Two homozygous
transgenic rice for the mutant allele (OsEPFL2casT,
OsEPFL2cas2) were selected for further investigations.
Sequence analysis predicted that the CRISPR-induced muta-
tions had caused a frameshift, leading to a loss of the con-
served cysteine residues numbers which are essential for
peptide function. In OsEPFL2cas1, all cysteine residues were
lost, while OsEPFL2cas2 only contained one cysteine residue
(Figure 3C). Compared with Kasalath controls, both
OsEPFL2cas1 and OsEPFL2cas2 exhibited shorter awns or
were awnless (Figure 3, D and E). Kasalath controls had a
high rate of awned seeds (~85%), with long awns
(362+£131 cm) compared to OsEPFL2casl (~7.59%,
0.11+£0.35 cm) and OsEPFL2cas2 (~1.76%, 0.02+0.10 cm),
respectively (Figure 3, D, E, H, and |; Supplemental Table S1).
In addition, both OsEPFL2cas1 and OsEPFL2cas2? displayed
shorter grain lengths and lower 1000-grain weights than
Kasalath controls (Figure 3, G, K, and L; Supplemental Table
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Figure 2 The expression pattern of OsEPF/EPFL in different tissues of Kasalath. Values are given as mean = sp, n

S1). Together these results indicate that OsEPFL2 has pleio-
tropic effects on the development of the rice reproductive

organs.

S1). However, we detected no significant differences in grain
width and number of primary branches between controls
and OsEPFL2 mutants (Figure 3, F and J; Supplemental Table
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Figure 3 The effects of OsEPFL2 mutation on awn development. A, The gene framework of OsEPFL2 showing the coding region (rectangle), introns
(horizontal lines), and CRISPR/Cas9 target sites (triangles). B, CRISPR/Cas9 editing of OsEPFL2 in Kasalath. The Kasalath image in Figure 3E is the
same as that in Figure 1B. C, Amino acid alignment of Kasalath and OsEPFL2cas. D, Panicle comparison between kasalath, OsEPFL2cas1, and
OsEPFL2cas2. Bar = 2 cm. E, Grains of Kasalath, OsEPFL2cas1, and OsEPFL2cas2. Bar = 0.5 cm. F and ), Grain width comparison between Kasalath,
OsEPFL2cas1, and OsEPFL2cas2. Bar = 0.5 cm. G and K, Grain length comparison between Kasalath, OsEPFL2cas1, and OsEPFL2cas2. Bar = 0.5 cm. H,
Awn length comparison between Kasalath, OsEPFL2cas1, and OsEPFL2cas2. |, The comparison of percentages of awned seeds between Kasalath,
OsEPFL2cas1, and OsEPFL2cas2. L, Comparison of 1000-grain weight between Kasalath, OsEPFL2cas1, and OsEPFL2cas2. OsEPFL2cas1 and
OsEPFL2cas2 are gene editing with CRISPR/Cas9 from Kasalath. OsEPFL2cas are short, or no awn. Values are mean + sp, n = 10, different lowercase
letters represent significant difference at 5% level according to least significant difference test.

The mechanism of OsEPFL2 promoting awn EPF/EPFL family member regulating awn development in
development and grain length Kasalath. Analysis of the expression pattern of OsEPFL2 using
The awnless phenotype of OsEPFL2cas plants (Figures 1, B reverse transcription-quantitative polymerase chain reaction
and G 3, D, E, H, and 1) suggested that it may be the major  (RT-qPCR) showed it to be preferentially expressed in
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young panicles (<1 cm) with comparatively low transcript
accumulation in roots, leaves, leaf sheaths, and stem bases
(Figure 2), consistent with its role in awn development. To
begin to understand how OsEPFL2 controls awn develop-
ment, the expression levels of other awn development-
related genes were investigated. The expression levels of
LABA1/An-2, GAD1/OsEPFL1, and OsETT2 (ETT2) were mark-
edly reduced in young panicles of OsEPFL2cas compared
with Kasalath controls, indicating that LABA1/An-2 and
OsETT2(ETT2) might require OsEPFL2 expression to control
awn development (Figure 4). We further detected the ex-
pression levels of other OsEPF/EPFL family genes in the
young panicles. The expression levels of GAD1/OsEPFLT,
OsEPFL3, OsEPFL4, OsEPFLS, OsEPFL6, OsEPFL7, and OsEPFL9
were significantly reduced in OsEPFL2cas compared with
Kasalath controls, while OsEPF2 and OsEPFL8 showed the
opposite trend (Supplemental Figure S8). These results sug-
gest that the presence of OsEPFL2, and the production of
awns, affects the expression of OsEPFL1/3/4/5/6/7/9.

To explore the underlying reasons for changes in grain
length, we examined cell number and cell size in the outer
epidermis of grains using scanning electron microscopy. The
results revealed that the outer epidermal cell length and cell
width did not change obviously in OsEPFL2cas grains com-
pared with that in Kasalath (Figure 5, A, D, and E). There
were also no significant differences in cell number in the
transverse direction, consistent with the finding that there
were no differences in grain width (Figure 5C). However,
there were a decreasing number of epidermal cells in the
longitudinal direction of the lemma in OsEPFL2cas compared
to controls (Figure 5B). Taken together, we conclude that
OsEPFL2 drives grain elongation by promoting cell division
along the length of the grain.

Plant hormones, such as cytokinin, auxin, and Gibberellin
(GA), play vital roles in regulating the development of pani-
cle tissue in rice, which control grain size, grain number, and
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Figure 4 The expression pattern of the awn-related genes in Kasalath
and OsEPFL2cas. Values are given as mean + sp, n = 3, *P < 0.05; com-
pared with the Kasalath by Student’s t test.
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awn length variation (Luo et al, 2013; Gu et al, 2015 Hua
et al, 2015; Jin et al, 2016; Li et al, 2019; Wang et al,, 2020).
We assessed cytokinin, auxin, and GA contents in Kasalath
and OsEPFL2cas and found that GA and auxin contents
were substantially decreased in the young panicle of
OsEPFL2cas. Moreover, we found that cytokinin contents
levels were generally decreased in the OsEPFL2cas plants
(Figure 6, A-C). We also compared the expression level of
genes involved in cytokinin, auxin and GA biosynthesis and
signaling pathways in the young panicle of Kasalath and
OsEPFL2cas. As shown in Figure 6D, except for OsRR9/10,
the expression levels of OsIPT9, OsIPT10, OsLOG, OsCKX4,
OsOHK4, OsAHP1, OsAHP2, OsOHK2, and OsOHK3b in
OsEPFL2cas, which are involved in the cytokinin pathways,
were reduced compared to that in Kasalath. OsYUCGS,
OsYUCQ9, and OsTAR2 genes are involved in the auxin path-
ways. Compared with Kasalath, the expression of OsYUC3
and OsTAR2 were reduced in OsEPFL2cas, while OsYUC9
gene showed opposite action. The expression levels of
OsGA20x3, OsGA20x4, OsGA20x5, OstUI, OsGID1 and OsSPY
involved in the GA pathway were reduced in OsEPFL2cas,
compared with Kasalath. These results are consistent with
the plant hormones analyses (Figure 6D), suggesting that
OsEPFL2 gene expression might affect cytokinin, auxin and
GA contents and that these changes in hormone levels af-
fect panicle tissue development in rice.

Natural variations in OsEPFL2 among different rice
materials

The presence or absence of the awn is an important domes-
tication trait in cereal crops. We, therefore, investigated the
variation in OsEPFL2 DNA sequence across over 800 different
rice accessions. We identified the single nucleotide polymor-
phisms (SNPs) occurring in the coding region, the promoter
region, the untranslated region, and intronic regions in a
panel of 679 cultivated rice accessions and 160 wild rice
accessions using the data from RiceVarMap2 (http://ricevar
map.ncpgrcn/) and our core germplasm collection (Zhao
et al, 2015). As shown in Figure 7, A and B, the SNP sites of
OsEPFL2 were classified into six major haplotypes (Hap 1-6).
Most of the Hap1 accessions were identified in indica in-
cluding 309 accessions with awnless and 37 accessions with
awns. Most of the Hap 2 accessions were identified in japon-
ica containing 127 accessions with awnless and 54 accessions
with awn. Hap 3 accessions were identified in both indica
and aus containing 49 awnless accessions and 8 accessions
with awns. All of Hap 4 accessions were identified in indica
including 30 accessions that are awnless and 3 accessions
with awns. The Hap 5 and Hap 6 haplotypes were only iden-
tified in wild rice. All the accessions of Hap 5 and Hap 6
showed an awned phenotype (Figure 7, A and B).
Nucleotide diversity (Pi) analysis of 2,000-kb region spanning
OsEPFL2 gene indicated that cultivated rice has lower values
of Pi than that of wild rice, and the average Pi values of the
gene body were 0.029, 0.012, and 0 for wild rice, indica, and
japonica, respectively (Figure 7C). Genetic differentiation
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Figure 5 Comparison between Kasalath and OsEPFL2 mutant plants for number of epidermis cells and cell size. A, Scanning electron microscopy
photographs of epidermis cells in Kasalath, OsEPFL2cas1, and OsEPFL2cas2. B, Comparison of cell number in longitudinal direction among Kasalath
and OsEPFL2cas1 and OsEPFL2cas2. C, Comparison of cell number in transverse direction among Kasalath, OsEPFL2cas1, and OsEPFL2cas2. D,
Comparison of cell length among Kasalath, OsEPFL2cas1, and OsEPFL2cas2. E, Comparison of cell width among Kasalath, OsEPFL2cas1, and
OsEPFL2cas2. The epidermal number, cell length, and cell width in longitudinal/transverse direction of the grain hull from 15 seeds was counted
using the Image J. Values are given as mean % sp, *P < 0.05; compared with the Kasalath by Student’s t test.

analysis (F,;) also suggested that cultivated rice has diverged
from the wild rice accessions (Figure 7D). These results sug-
gest that the OsEPFL2 gene was selected during the domesti-
cation of rice, and the different distributions of OsEPFL2
haplotypes across the rice population suggest that this gene
may have played a role in the history of rice domestication.
The length of awns in the OsEPF2cas, OsEPFL7cas,
OsEPFL9cas, and OsEPFL10cas mutants were also significantly
shorter than that of the control Kasalath, so we further per-
formed further nucleotide diversity analysis and genetic dif-
ferentiation analysis for the corresponding genes. The results

suggest that OsEPFL9 and OsEPFL10 were also selected dur-
ing rice domestication (Supplemental Tables S2 and S3).

Discussion

Loss of long awn is a critical transition in the domestication
and improvement of crops, including rice (Luo et al, 2013;
Gu et al, 2015 Hua et al, 2015 Ntakirutimana and Xie,
2019; Wang et al, 2020; Zhou et al, 2021). Awn traits not
only varied among different accessions of rice, but also varied
among seeds even in the same plant. Awn variation is affected
by genetic and environmental elements (Ntakirutimana and
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centrations between Kasalath and OsEPFL2cas. D, Transcript levels of genes involved in cytokinin, auxin, and GA biosynthesis and signaling
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Xie, 2019) Wild rice typically exhibits long, barbed awns, an
open panicle structure and seed shattering that aids seed
dispersal and propagation under natural conditions. In con-
trast, most cultivated rice accessions generate short or no
awns, close panicle structure and seed nonshattering that
facilitates seed storage and collection in agricultural

systems (Hua et al, 2015; Jin et al, 2016; Amarasinghe
et al, 2020). Interestingly, some cultivated rice cultivars,
such as Kasalath, still retain long awns and are not strictly
nonshattering. This might be related to the adaption to a
particular environment or be associated with other
domestication-related traits which help seeds propagate
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Figure 7 The natural variations analysis of OsEPFL2. A, Haplotypes of OsEPFL2 based on genomic variations and haplotype frequency in rice germ-
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successfully. Awn formation is a complex domestication-
related trait which is linked to larger grains and higher
yields. It is under the control of multiple gene products in-
cluding, as we have previously reported, GAD1 which is a
member of the EPF/EPFL family of signaling peptides. Using
CRISPR/Cas9 technology, we edited all 11 OsEPF/EPFL genes
in the elite aus variety, Kasalath. The results indicated that
several OsEPF/EPFL genes play an important role in awn de-
velopment. The length of awns in OsEPF2cas, OsEPFL2cas,
OsEPFL7cas, OsEPFL9cas, and OsEPFL10cas mutants were
significantly shorter than that in the control Kasalath,
while the length of awns in OsEPFL1cas, OsEPFL3cas,
OsEPFL4cas, OsEPFL5cas, OsEPFL6cas, and OsEPFL8cas is
similar to that in Kasalath (Figure 1, B and C). As shown
in Supplemental Figure S5, the encoded peptide sequen-
ces, outside of the conserved domain, show only a low
level of conservation across the OsEPF/EPFL gene family
indicating that the OsEPF/EPFL genes might have distinct
functions. Since the OsEPFL2cas plants showed a severe,
almost awnless, phenotype (Figure 1, B and C), we fo-
cused our attention on the role of OsEPFL2 in controlling

awn development. We found that OsEPFL2 expression is
required for awn development and larger grains in the
Kasalath rice cultivar (Figures 1 and 3). Furthermore, we
found that the Pi spanning the OsEPFL2 locus is substan-
tially lower in cultivated rice accessions than in wild rice.
Examining the F,; also indicated that cultivated rice has
diverged from the wild rice progenitor, suggesting that
OsEPFL2 has been selected during rice domestication.

Our results indicate that like its homologous gene prod-
uct, GAD1, the OsEPFL2 signaling peptide influences the
growth and development of rice showing that more than
one member of the EPF/EPFL family is able to participate in
the regulation of rice awn and seed growth and develop-
ment, and that different members have been selected to ful-
fill this role during the evolution of differing rice groups.
Similar complex and overlapping developmental signaling
roles for EPF/EPFLs have been observed in Arabidopsis,
where several (including AtEPF1 and AtEPF2) are known to
inhibit stomatal development while AtEPFL9 promotes sto-
matal formation (Hara et al, 2007, 2009; Sugano et al.,, 2010;
Zoulias et al, 2018), and AtEPFL4 and AtEPFL6 both play
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roles in the development of inflorescence architecture
(Uchida et al, 2012). Thus, combinations of EPF/EPFL pep-
tide signals regulate a range of plant vegetative and repro-
ductive developmental pathways and, we suggest, may have
played important roles in the domestication and evolution
of plants. For example, EPFs are known to have regulated
the number of stomata that develop in the epidermis of
plant species ranging from mosses to grasses, which diverged
ca. 400 million years ago, and may have helped to optimize
gas exchange during land plant evolution (Caine et al. 2016).
Taken together, homologs of EPF/EPFL family genes regulate
plants development in a highly conserved way, and EPF/
EPFL family members may play crucial roles in the domesti-
cation of different rice groups.

To date, several awn-related genes, including An-1,
LABA1/An-2, GAD1/RAE2/GLA, GLAT1, DL, OsETT2 have been
characterized in rice (Tanaka et al, 2012; Luo et al, 2013;
Toriba and Hirano, 2014; Gu et al, 2015 Hua et al, 2015;
Bessho-Uehara et al, 2016; Jin et al, 2016; Zhang et al., 2019;
Wang et al, 2019). An-1 was the first gene to be identified
which is associated with awn development during rice do-
mestication. Previously published genotypic data showed
that Kasalath harboring a wild-type An-1 allele and RNAI
transgenic plants have shorter awns than control plants
(Luo et al, 2013). In the current study, we showed that An-1
expression does not differ significantly between Kasalath and
OsEPFL2cas (Figure 4). Thus, An-1 and OsEPFL2 might regu-
late awn development independently in Kasalath. LABA1/
An-2 is a domestication gene associated with long, barbed
awns in wild rice, which encodes a cytokinin-activating en-
zyme. Through the analysis of the functional allelic variation
in the LABAT/An-2 locus, aus varieties (i.e. Kasalath,
Kalamkati, Kaukau, etc.) were found to carry the wild-type
allele of LABA1/An-2 but do not have barbs. They also ob-
served similar patterns in the population of backcrossed in-
trogression lines derived from a cross between Nipponbare
(short, terminal barbed awns) and Kasalath (long non-
barbed awns), indicating that variation in another gene con-
fers barb formation in the aus subpopulation (Gu et al,
2015; Hua et al, 2015). Our work shows LABA1/An-2 expres-
sion is significantly increased in Kasalath over OsEPFL2cas,
suggesting that OsEPFL2 might affect the expression of
LABA1/An-2 (Figure 4). DL is mainly expressed in the tip of
the lemma of Kasalath and Nipponbare, and OsETT2 is pref-
erentially expressed in the Kasalath than in japonica acces-
sions, indicating that DL and OsETT2 are associated with the
development of awn in Kasalath (Toriba and Hirano, 2014).
Previously it has been suggested that an unidentified factor,
which is probably common in wild species, promotes ex-
pression of the awn-related gene OsETT2 in Kasalath (Toriba
et al, 2010). Our finding that OsETT2 expression is substan-
tially lowered in Kasalath plants that lack OsEPFL2 indicates
that OsEPFL2 is involved in promoting OsETT2 expression,
and awn formation in this cultivar (Figure 4). GAD1/RAE2/
GLA/OsEPFL1 encodes an EPF/EPFL peptide with conserved
cysteine residues that regulates awn development during
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rice domestication. However, in line with our results,
Kasalath was found to contain a dysfunctional allele of
GAD1, resulting in no obvious phenotypic change between
Kasalath and OsEPFL1cas (Figure 1). This suggests that in the
aus variety Kasalath selected OsEPFL2, a gene homologous
to GAD1, in regulating awn development. These results sug-
gest that OsEPFL2 might interact with other previously stud-
ied awn-related genes and indicate that the molecular
mechanism by which this small peptide confers awn devel-
opment and other agronomic traits is deserving of future
more in-depth study.

In the current study, OsEPFL2 is shown to exhibit pleiotro-
pic effects on rice morphological traits, such as regulating
awn development and increasing grain length and 1,000-
grain weight (Figure 3, G, K, and L; Supplemental Table S1).
There is mounting evidence that many crop domestication-
related genes exhibit pleiotropism. For example, the Q gene
regulates free-threshing character, glume shape and tenacity,
rachis fragility, and other domestication-related traits in
wheat (Simons et al,, 2006). PROG1 influences plant architec-
ture, grain number, and grain yield during rice domestica-
tion (Tan et al, 2008) and LGT regulates panicle architecture
and ligule development (Ishii et al, 2013, Zhu et al,, 2013).
The presence of awns is also regulated by multiple genes
that demonstrate pleiotropism. In wheat, ALI-1 is associated
with awn elongation and grain length (Wang et al, 2020),
and B1 confers pleiotropic effects on awns, plant height, and
fertility (Huang et al, 2020). An-1 has contributed to awn
formation, grain size, and grain number during rice domesti-
cation (Luo et al, 2013), LABAT/An-2 plays a role in rice
awn length and grain production (Gu et al, 2015; Hua et al,,
2015), GAD1/RAE2/GLA controls awn development, grain
length, grain number, and grain quality (Jin et al, 2016;
Bessho-Uehara et al, 2016; Zhang et al, 2019), and GLAT,
TOB1, DL, and OsETT2, also exhibit pleiotropic effects in rice
(Tanaka et al, 2012; Toriba and Hirano, 2014; Wang et al,
2019). It is probable that the selection of yield-related traits,
such as those listed above, was the main force for rice do-
mestication, and this would frequently have been accompa-
nied by the selection of awn traits. It is logical to assume
that genes regulating domestication-related traits might
have pleiotropic effects, as selecting a gene to improve mul-
tiple traits in rice simultaneously could be an efficient strat-
egy. In addition, extensive studies have shown that plant
peptides regulate numerous developmental processes
through their interaction with receptor-like protein kinases
(Ogawa et al, 2008; Wang et al., 2018). In Arabidopsis, sev-
eral EPF/EPFL peptides are known to mediate plant growth
and development by interacting with a small family of
receptor-like protein kinases. Members of the ERECTA family
interact with EPF1, EPF2, and STOMAGEN/EPFL9 to trans-
mit signals that regulate stomatal development and interact
with EPFL4 and EPFL6 to regulate inflorescence growth
(Abrash et al,, 2011; Katsir et al, 2011; Lee et al, 2012, 2015;
Tameshige et al,, 2016). Although the receptors and signaling
pathway for OsEPF/EPFL  family members remain
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uncharacterized, it might be reasonable to expect that
ERECTA homologs also act as receptors for these peptides
in rice. Whether the OsEPFL2 gene is also involved in the
regulation of other important agronomic traits and the
pathways that encoded signal affect remain to be explored
in the future.

In summary, our study reveals the underlying function of
a peptide in plant development and provides insights into
the history of rice domestication. Through systematically in-
vestigating the function of all EPF/EPFL genes in rice using
the CRISPR/Cas9 system, we found that knockout of
OsEPFL2 rather than GAD1 affected the awn phenotype in
the aus cultivar Kasalath, thus indicating that homologous
genes can affect similar biological functions in different ge-
netic backgrounds. In addition, OsEPFL2 showed pleiotropic
effects on grain length by promoting cell division along the
length of the grain, and we found that OsEPFL2 could affect
cytokinin, auxin, and GA levels to potentially regulate pani-
cle tissue development in rice. Furthermore, our analysis
demonstrates that genes with pleiotropic effects were se-
lected during rice domestication, and we propose that the
selection of such genes that simultaneously improve multi-
ple traits would have provided an effective route to
domestication.

Materials and methods

Plant materials and observations of agronomic traits
The aus cultivar, Kasalath, which bears a long awn on each
grain, was used as the background for gene editing. All the
rice plants, including Kasalath controls and various mutants,
were grown in paddy fields under natural conditions at the
Experimental Stations of South Agricultural University,
Guangzhou, China. Agronomic traits, such as plant height,
grain length, and awn length, were analyzed post-harvest
from randomly selected plants of each genotype. The apical
spikelet of each primary branch on the main stem panicle
was used to measure awn length. The percentages of awned
seeds were determined from awned spikelets on the main
stem panicle, with awns on mature grains greater than 1
mm in length considered as awned. For the cellular analysis,
the epidermal cells of the grain hull without the awn were
observed by the scanning electron microscopy (Si et al,
2016). The epidermal number, cell length, and cell width in
longitudinal/transverse direction of the grain hull from 15
seeds was counted using the Image ).

Detection of plant hormones

Plant samples (young panicles) were harvested from
Kasalath and OsEPFL2cas plants, frozen in liquid nitrogen,
and stored at —80°C. Following the manufacturer’s instruc-
tions of MetWare (Wuhan Metware Biotechnology Co., Ltd,
Wuhan, China), the samples were dissolved in methanol/wa-
ter/formic acid (15:4:1, V/V/V). Ten microliters of 100 ng
mL™" internal standard mixed solution (IS) was added into
the extract to allow quantification. The extract was then
evaporated to dryness, dissolved in methanol, and filtered.
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Cytokinin, auxin, and GA were detected by liquid chroma-
tography—tandem mass spectrometry system (AB Sciex
QTRAP 6500) in Metware Co. Ltd. Three biological repli-
cates were analyzed.

Amino acid sequence alignment

The rice and Arabidopsis EPF/EPFL family peptide sequences
were used in sequence alignment. Multiple sequences were
aligned with ClustalX (Thompson et al, 1997). Online pro-
gram Weblogo 3 (http://weblogo.threeplusone.com) was
used to create sequences logo (Crooks et al., 2004). MEGA
11 program was used to construct the phylogenetic tree,
and Neighbor-Joining method was used. Numbers indicate
percentage values of 1,000 replicates (Tamura et al, 2011).
Jalview software was also used for protein sequence align-
ment and consensus logo analysis (Drozdetskiy et al., 2015).

Plasmid construction and plant transformation

Two target sites (guide RNA, gRNAs) were designed for the
knockout of OsEPF/EPFL family genes using the CRISPR/Cas9
system. The gRNA sequences are provided in the
Supplemental Table S4. gRNA was cloned into the Eco31l
site of the pBWD(LB)DNAI-U3 to generate pBWD(LB)DNAI-
U3-gRNA constructs, and then U3-gRNA sequences were
transferred to the Sap | site of the pBWA(V)Hu-35S5-Cas9
vector to generate the pBWA(V)Hu-35S5-Cas9-U3-gRNA con-
structs. The pBWA(V)Hu-355-Cas9-U3-gRNA  constructs
were transferred into EHAT05 agrobacterium cells. The
transgenic plants were generated by Wuhan BIORUN Co,
Ltd (Wuhan, China) using the Agrobacterium tumefaciens-
mediated transformation with the O. sativa cv. Kasalath.
Genomic DNA of transgenic plants was extracted to detect
the mutations via the cetyltrimethylammonium bromide
method. The target gene was amplified by PCR. The primer
sequences are listed in Supplemental Table S5. The DNA
fragments were sequenced to determine whether the gene
editing was successful. Successfully edited plants were used
in the subsequent experiments.

Signal peptide analysis

SignallP-5.0  (http://www.cbs.dtu.dk/services/SignalP)  was
used to predict the signal peptide. SignallP-5.0 was also used
to predict the cleavage site in the OsEPFL2 protein
(Almagro Armenteros et al, 2019).

Gene expression analysis

Total RNA was prepared from various tissues of wild-type
and transgenic plants. Trizol (Invitrogen, Carlsbad, CA, USA)
was used to extract mRNA samples. RNase-free DNase | was
treated to disintegrate contamination of genomic DNA.
SuperScript Reverse Transcriptase (Invitrogen, Carlsbad, CA,
USA) was used to reverse transcribe first-strand cDNA.
Gene-specific primers were used for RT-qPCR analysis.
CFX96 real-time system (Bio-Rad) was used for RT-qPCR.
Diluted cDNA was amplified using the SsoFast Evagreen
Supermix (Bio-Rad). The rice Actin gene (LOC_Os03g50885)
was used as an internal control. The expression data were
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analyzed using the 2("**“%) method. Each set of experi-
ments was performed on at least three plants from each
line and with at least three biological replications.

Scanning electron microscopy

The grains were fixed in 2.5% (v/v) glutaraldehyde—phos-
phate-buffered saline fixative solution. We used an ethanol
series to dehydrate the samples. Then, we used a carbon di-
oxide critical-point dryer to dry the sample grains. All the
samples were gold plated and observed by an EVO MA15
scanning electron microscope (Carl Zeiss).

Haplotype, nucleotide diversity, and differentiation
statistical analysis

Genomic re-sequencing data and phenotype of awn length
from 679 cultivated and 160 wild rice accessions were
obtained from RiceVarMap2 and our core germplasm collec-
tion (Zhao et al, 2015). Genome re-sequencing data were
mapped onto MSU7 (Nipponbare, O. sativa japonica) refer-
ence genome using BWA (0.7.17-r1188) (Li and Durbin,
2009). Genomic variations were called based on the best
practice of Genome Analysis Toolkit (GATK, version 4.2.2.0)
(McKenna et al, 2010), and Beagle (version 5.2) was used to
impute the missing genotypes (Browning et al, 2021). The
haplotype of OsEPFL2 was constructed based on our previ-
ously described method using the variations of gene body
and promoter (2-kb upstream) regions (Yu et al, 2021).
Gene structure was illustrated by IBS (Liu et al, 2015).
Haplotype network was analyzed by using Popart software
(Leigh and Bryant, 2015). Nucleotide diversity (Pi) of a 2000-
kb region containing OsEPFL2 was calculated using VCFtools
with a sliding windows method of 500-bp step length
(Danecek et al, 2011). Differentiation statistic (Fy) of the
2,000-kb region of indica and japonica was identified by
comparing with the population of wild rice.

Primers
The primers used in this study were listed in Supplemental
Tables S4, S5, and Sé6.

Statistical analysis

Each experiment was performed with at least three repli-
cated measurements and represented as the mean =+ stan-
dard deviation (sp). The significant differences were
statistically determined by Student’s t test.

Accession numbers

Sequence data from this article can be found in the
GenBank/EMBL databases under the following accession

numbers: OsEPF2 (Os04g0637300), OsEPFL1/GAD1
(Os08g0485500),  OsEPFL2  (Os02g0756100),  OsEPFL3
(Os03g0726700), ~ OsEPFL4  (Os03g0672500),  OSEPFLS
(Os07g0132300),  OsEPFL6  (Os03g0161600),  OSEPFL7
(Os11g0581700),  OsEPFL8  (Os05g0476400),  OsEPFL9

(Os01g0824500), OsEPFL10 (Os01g0914400). Genomic re-
sequencing data used for selection and genic variation

Xiong et al.

analysis were retrieved from the NCBI BioProject database
under accession number PRJNA171289.
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Supplemental Figure S2. Distribution and schematic rep-
resentation of OsEPF/EPFL genes in rice.

Supplemental Figure S3. Amino acid alignment of
Kasalath and OsEPF/EPFL mutants.

Supplemental Figure S4. The expression pattern of
OsEPF/EPFL  family genes in Kasalath and OsEPF/EPFL
mutants.

Supplemental Figure S5. Amino acid sequence alignment
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Supplemental Figure S6. The transcriptional level of
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Supplemental Figure S7. The prediction of signal peptide
in OsEPFL2.
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