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Abstract

Background: Panicle is a harvesting organ of rice, and its morphology and development are closely associated
with grain yield. The current study was carried on a mutant screened through an EMS (ethyl-methane sulphonate)
mutagenized population of a Japonica cultivar Kitaake (WT).

Results: A mutant, named as asp-Isl (aberrant spikelet-long sterile lemma), showed a significant decrease in plant
height, number of tillers, thousand-grains weight, seed setting rate, spikelet length, kernel length and effective
number of grains per panicle as compared to WT. Asp-Is/ showed a pleiotropic phenotype coupled with the
obvious presence of a long sterile lemma. Cross-sections of lemma showed an increase in the cell volume rather
than the number of cells. Genetic segregation analysis revealed its phenotypic trait is controlled by a single
recessive nuclear gene. Primary and fine mapping indicated that candidate gene controlling the phenotype of asp-
Isl was located in an interval of 212 kb on the short arm of chromosome 8 between RM22445 and RM22453.
Further sequencing and indels markers analysis revealed LOC_0Os08g06480 harbors a single base substitution (G—A),
resulting in a change of 521st amino acid(Gly—Glu. The homology comparison and phylogenetic tree analysis
revealed mutation was occurred in a highly conserved domain and had a high degree of similarity in Arabidopsis,
corn, and sorghum. The CRISPR/Cas9 mutant line of ASP-LSL produced a similar phenotype as that of asp-/s/.
Subcellular localization of ASP-LSL revealed that its protein is localized in the nucleus. Relative expression analysis
revealed ASP-LSL was preferentially expressed in panicle, stem, and leaves. The endogenous contents of GA, CTK,
and IAA were found significantly decreased in asp-Is/ as compared to WT.

Conclusions: Current study presents the novel phenotype of asp-Is/ and also validate the previously reported
function of OsREL2 (ROMOSA ENHANCER LOCI2), / ASPT(ABERRANT SPIKELET AND PANICLE 1).
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Background

Rice is the world’s main food crop, and its yield is essen-
tial for food security. Spikelet development is one of the
most important traits for yield. Rice is considered a
model crop for monocotyledons due to its unique struc-
tural unit of spikelet compared to dicotyledons. Grasses
spikelet consists of two sterile glumes (rudimentary
glumes), empty glumes, and a pair of fertile glumes that
are further called lemma and palea [1, 2]. According to
previous studies, spikelet development can be roughly
divided into the following eight stages: the first stage
(Sp1) includes the formation of the incomplete rudimen-
tary glume primordia. From second to fourth stage (Sp2-
Sp4), glume primordium differentiates into lemma and
palea primordium. The formation of lodicule and sta-
men occur at the fifth (Sp5) and sixth (Sp6) stage of
spikelet development, respectively. The seventh (Sp7)
and eighth (Sp8) stages involve the formation of carpel
primordium and development of ovule and pollen, re-
spectively [3]. So far, numerous genes have been cloned
that function at different stages of spikelet development.
Mutants with abnormal spikelet development showing
hindrance at various stages can be used as important
materials for studying molecular mechanism.

In terms of floral organs development, there are certain
differences between monocotyledonous and dicotyledon-
ous plants. However, homologous sequence alignment
and transgene analysis showed that ABCDE model of di-
cotyledons applies to monocotyledons to a certain extent.
Hence, above-mentioned model can also be applied to
understand developmental mode of rice floral organs [4—
11]. According to ABCDE model, so far, five types of
MADS-box genes have been cloned and divided based on
their function. These floral genes e.g., A, B, C, D and E
regulate different independent or coordinated actions for
a final phenotype of floret.

According to ABCDE model of rice, contrary to Arabi-
dopsis, class A genes are mainly expressed in the outer
two whorls of floral organs e.g, OsMADSI4 [12, 13],
OsMADS15 and OsMADS18 [14] are all AP1 (ACIT
VATOR PROTEIN 1)-like genes [15, 16]. Exceptionally,
OsMADSI14 expresses in spikelet meristem (SM), inner
lemma, palea, pisti, and stamen at maturity [17].
OsMADS14 affected the flowering period, and its overex-
pression leads to early flowering in rice [18]. OsMADSIS
normally expressed in lemma and lodicules, and mutants
of OsMADS15 exhibited elongation of inner and outer
glumes [19]. OsMADSI8 has transcripts in all floral tissues
and affected the flowering period. It's overexpression
caused early flowering but RNAi-silencing did not affect
the phenotype compared with its wild type (WT) [20].

In rice, class B genes include e.g., OsMADS2, OsMADS4,
and OsMADS16/SUPERWOMANI (SPW1I1) [21]. These
are also conserved in angiosperms. OsMADS2 and
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OsMADS4 are homologous to the Arabidopsis PI
(PSEUDOGENE) gene, and OsMADS16 is homologous
gene of Arabidopsis AP3 gene [22, 23]. The transgenic
plants of OsMADS?2 obtained by gene silencing showed
abnormal elongation of lodicule [24]. OsMADS?2 played a
key role in the development of rice panicle by controlling
the function of lodicule and stamens [25]. Loss of function
of OsMADS4 triggered lodicules to exhibit a palea-like
morphology, and stamens exhibited a carpel-like morph-
ology. Similarly, loss of function of OsMADSI16 caused the
stamens and lodicules to transform into carpels and palea-
like structures, respectively [26].

In rice, class C genes include eg. OsMADS3 [5],
OsMADS58 [27] and DROOPING LEAF (DL) [28]. Among
them, OsMADS3 and OsMADS58 are homologous genes
of Arabidopsis AG gene[29], and DL is homologous to
Arabidopsis CRC (CRABSCLAW). OsMADS3 normally
expressed in carpels and stamens [30], which mainly con-
trols the development of stamens [31] and inhibits lodi-
cule development. Loss of function of OsMADS3 showed
decisive loss of floral meristem (FM), and stamens turn
into a pulp-like structure. OsMADS58 mainly controls the
development of FM and its RNAI transgenic plant pro-
duced cup-shaped carpel [32]. DL regulates the develop-
ment of FM, and a mutation in d/ transformed the carpel
into stamens [27].

In rice, class D genes mainly refer to OsMADSI3,
which is the STK (SERINE/THREONINE KINAS) gene
of Arabidopsis and homologous to FBP7 (F-BOX PRO-
TEIN 67)/FBP11 of petunia. OsMADSI3 is only
expressed in the carpel and mainly concentrated in the
ovule. [30-32].

In rice, E genes include several types of genes e.g., SEP
(SEPALLATA), LOFSEP (LOSS OF TRANSCRIPTION
FACTOR OF SEP), and AGL6 (AGAMOUS-LIKE 6) [33,
34]: OsMADS7 (OsMADS45) and OsMADS8 (OsMADS24)
are homologous to Arabidopsis SEP [35, 36]; while, LOF-
SEP include OsMADS1/LEAFY HULL STERILE 1 (LHSI1)
[37, 38]. OsMADSS5 (OsMS5) and OsMADS34/PANICLE
PHYTOMER?2 (PAP2) are included in AGL6 and mainly
refers to OsMADS6/MOSAIC FLRALORGANS 1 (MFO1)
[39]. In rice, the LHSI regulates the development of
lemma and lemma coupled with the development of FM.
Its ectopic expression can lead to the elongation of the
spikelet [38, 40—42]. OsMADS6 regulates the development
of FM and floral organs and interacts with DL to jointly
regulate the development of palea, making palea to a
lemma-like structure [43]. OsMADS34 has pleiotropic ef-
fect and its mutation not only turns the SM abnormal but
also transformed the rudimentary glume into an elongated
palea [37, 44].

Genes such as OsMADS34 and GI can regulate the
characteristics of rice glume development, and its muta-
tions caused the glume to exhibit the phenotype of a
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lemma-like structures [45]. MULTI-FLORET SPIKELET?2
(MFS2) encodes a MYB transcription factor and controls
the identity of palea. MFS2 is a transcriptional repressor
(TRP) and interacts with TOPLESS (TPL)-related pro-
teins and forms a complex; as a result number of floral
organs were increased in mfs2 [46]. OsREL2 (ROMOSA
ENHANCER LOCI2), orthologous to Arabidopsis TPL,
showed a pleiotropic effect including long sterile lemma
and defects in panicle heading [47]. Similarly, OsLIS-L1
(LISSENCEPHALY TYPE-1-LIKE-1) encodes a protein
with WD (Trp-Asp) domain repeats and revealed semi-
dwarfism and defects in fertility [48]. ASPI (ABERRANT
SPIKELET AND PANICLE 1) encodes a TPL protein
and control pleiotropic phenotype, including change in
the meristem, phyllotaxy, and branching meristem by
the intervention of auxin [49].

In this study, we have screened a mutant created by
EMS mutagenized population of a wild type cultivar
Kitaake (WT). Phenotype, genetic, and expression ana-
lysis revealed this gene is homologous to already re-
ported REL2 and ASPI. Although similar phenotypes
have already been reported in aspl, but presence of
some different phenotypes especially long sterile lemma
encouraged us to study further. Our findings not only
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validate pleiotropic effect of ASP1 and OsREL2 but also
present some more phenotypic defects e.g., dwarfism,
spikelet shortness and long sterile lemma, that we are
reporting for first time.

Results

The phenotypic observation and measurement of
agronomic traits revealed pleiotropic effect of ASP-LSL
Data of agronomic traits of asp-Isl and WT (Kitaake)
were measured and results revealed that plant height,
length of panicle, grain length, number of seeds per pan-
icle, thousand-grain weight, seed setting rate and length
of sterile lemma were significantly different in asp-Isl.
Compared with its WT, the asp-Isl has reduced plant
height by 23.2 %, panicle length by 21.1 %, seed setting
rate by 29.2 %, 1000-kernel weight by 28.9 %, spikelet
length by 34.4 %, and kernel length by 22.3 %. The most
prominent spikelet variation of asp-Is/ mutant was its in-
creased and widened sterile lemma, as compared to its
WT (Fig. 1). The glume length and width were 4.7 and
2.7 times increased in asp-Is/ than that of WT, respect-
ively. Protective glumes accounted~19% of the
thousand-grain weight in asp-Isl. After removing glumes,
compared with its WT, asp-Isl caryopsis became slender
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Fig. 1 The phenotype of WT and asp-Is. A The phenotype of WT (left) and asp-Is/ (right). B The panicle of WT (up) and asp-Is
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I (up). C Spikelet of

WT (left) and asp-Is/ (right). D Sterile lemma of WT (left) and asp-Is/ (right) (E) Horizontal view of mature grain of WT (up) and asp-Is/ (down).
F Horizontal view of kermel of WT (up) and asp-Is/ (down). G Vertical view mature grain of WT (up) and asp-Is/ (down). H Vertical view of kernel of
WT (up) and asp-Is/ (down). asp-Isl (down)
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Table 1 Measurement of agronomic traits of asp-Is/ and WT

Material PMD PH (cm)** PL (cm)* SR (%) ** GL (mm)** GW (mm)* GL-WR*
KTK 89+1 623+1.52 133+£142 80.4 £ 0.04 7.1+£0.04 349+0.03 204 £0.14
asp-Isl 96+ 1 478 +1.11 105+ 1.37 56.8 £0.05 877 £0.04 2.72£0.02 322+0.16

PMD Plant maturity days, PH Plant height, PL Plant length, SR seed setting rate, GL Grain length, GW Grain weight, GL/GW Grain length/Grain width.

*indicates the significance at 0.05 level and
**indicates the significance at 0.01 level

and thousand-grain weight decreased by 33.1% (as
shown in Table 1). It indicates that changes in grain type
of asp-Isl led to the decrease in thousand-grain weight,
and ultimately decrease in yield.

asp-Isl showed delayed germination and decreased seed
viability

Compared with the WT seeds, the asp-Isl seeds were
slender but not filled properly. Observation and statistics
of germination record revealed not only the emergence
rate of asp-Isl was lower but the germination was also
significantly delayed. The germination rate of asp-Is/ on
the third day of germination was only 8 %, which was
significantly lower than 72.3% of its WT. The overall
germination rate of asp-Isl was 69 % that was signifi-
cantly lower than WT (88.3 %). Results of germination
assay revealed that seed viability was significantly de-
creased in asp-Isl (Fig. 2).

Analysis of inter-node length of stem

To further analyze of dwarfing of asp-Is/, we measured
each stem internode at the maturity stage. Comparison
of results showed the first, second, third, and fourth in-
ternodes of asp-Isl were shorter in length than those of
WT (Fig. 3A). The relative change in length of the first,
second, third, and fourth internode between asp-isl is
given in Fig. 3B. Among them, the difference in the first

internode was more significant (Table 2). Analysis of the
internode length of asp-Is/ and WT revealed that dwarf-
ing was mainly caused by the shortening of internodal
distance.

Spikelet morphology and fertility observation of asp-Is/
The spikelet of asp-Isl has a similar floret structure to
WT except a longer sterile lemma (Fig. 4A and B).
Pollen viability was checked using KI-I, staining, and re-
sults revealed no significant changes in fertility between
WT and asp-Is/ (Fig. 4C and D). To further look down
minor changes in lemma morphology, paraffin cross-
sections were prepared (Fig. 4E and F). The results of
lemma morphology observation revealed the presence of
larger cell volume. However, there was no significant
change in the number of cells of sterile lemma. So, larger
lemma was produced as result of the change in cells vol-
ume rather than the number of cells.

asp-Isl showed significant changes GA, CTK, and IAA
phytohormones

In order to compare changes in the shape of asp-isl
architecture, we determined the relevant hormones e.g.,
GA (Gibberellins), IAA (Indole acetic acid), and CTK
(cytokinin) content in stem and panicle. The results
showed GA, CTK, and IAA of asp-Is/ had significant
changes as compared with its WT (Fig. 5). GA, CTK,
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Fig. 2 Germination and viability analysis of WT and asp-isl. A The seeds germination of WT (up) and asp-Is/ (down). B The grains of WT (up) and
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silicide cell, EC: epidermis cell and bar=50um

Fig. 3 Observation and analysis of internodal distance of WT and asp-Isl. A The comparison of each respective internode of WT and asp-/s/, from
left to right: first, second, third and fourth internode of WT and asp-Isl, respectively. bar=5cm (B)The column showing comparative length of four
internodes at maturity. C WT transverse sections of the first internode, bar=50um. D asp-Isitransverse sections of the first internode, where SC:

Table 2 Analysis of internodal distance of asp-Is/ and WT,

Internode length WT (cm) Proportion(%) MT(cm) Proportion(%)
Tst 31.7+£06 54.9 234+£33% 535
2nd 15.7£0.86 27.2 12.77 £2.10 309
3rd 84+ 044 14.6 563 +261 13.6
4th 19+057 33 08+0.23 20

**indicates the significance at 0.01 level
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bundle sheath and CC: companion cells

Fig. 4 The sterile lemma morphology and Potassium lodide staining of WT and asp-/s/ (A) The sterile lemma of WT. B The sterile lemma of asp-/s/
(C) Pollen grains of WT (D) Pollen grains of asp-Is/ E) The paraffin sections of WT (F) and asp-Isl. Where A: amyloplast, Ve: vessel, VBS: vascular

and IAA of asp-Isl were found significantly lower in
stem and young panicle than that of WT.

A single recessive gene controls the phenotype in asp-Is/

Using Yixiang 1B and KTK as male parents and asp-Is/
as female parent, were crossed to get two mapping pop-
ulations (asp-Isl *YXB and asp-Is/ *KTK). Both popula-
tions were observed for phenotypes in F; and F,. The
results showed that the phenotype of all F; plants were
consistent with the WT phenotype. F; were selfed to get

F, progeny; in later one, plants appeared with the both
(WT and asp-Isl) type of phenotype. x2 (Chi-square) test
of segregation ratio between of WT vs. asp-Isl was in ac-
cordance with the Mendelian ratio of 3:1 (Table 3). The
phenotypic segregation ratio of both F, population can
validate that mutant phenotype is controlled by a single
recessive gene.

Primary and fine mapping of ASP-LSL
An F, segregated population, constructed from the cross
of asp-Isl and Yixiang 1B was used for gene mapping.
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Fig. 5 Endogenous hormone contents of WT and asp-Isl. S: stem, YP: young panicle, BG: before grouting, MS: mature stage
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Table 3 The genetic segregation ratio of ASP-LSL
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Cross F, F, X2(3:
Total No. of plants No. of mutant type plants No. of wild type plants D

asp-Isl /KTK Normal 570 128 442 1178

asp-Isl /YXB Normal 670 174 496 067°

“indicates the significance at 0.05 level

Primarily, 456 pairs of SSR markers were used for
primary gene mapping and locus was initially posi-
tioned between RM22418 and RM22529 (Fig. 6). In
order to further locate, different Indel markers were
applied and the interval was narrowed down to a re-
gion of 212 kb between Indel-1 and Indel-2. Twenty-
six candidate genes were present in an interval of
212 kb. Analyzing all genes in this interval, it was
found that the LOC_0s08g06480 contains an SNP.
Using WT and ASP-LSL cDNA as templates, the gene
was amplified and sequenced. An SNP was detected
that changed c¢DNA (1562nd nucleotide) of LOC_
0s08g06480 from G (guanine) — A (adenine). As a
result of single frame-shift mutation, 521th amino
acid was changed from G (glycine) — E (glutamic
acid). So, we regarded the ASP-LSL gene as a candi-
date gene for the given phenotype of asp-Isl. To verify
the mutation, 20 single plants were selected from the
WT and asp-lsl from the F, segregated population
and verified using Tetra-Primer ARMS PCR.

Knock out of ASP-LSL plants showed asp-Is/ phenotype

In order to verify, the ASP-LSL gene is responsible for
the above-mentioned mutant phenotype (Fig. 7A). A
CRISPR/Cas9 vector targeted at the first exon (ATCC
TGCAGTTCCTCGATGAGG) of ASP-LSL. The knock-
out line-1 (ko-1) showed an increased length of sterile
lemma, short plant height coupled with phenotype of
asp-Isl (Fig. 7B). Meanwhile, we analyzed gene expres-
sion by RT-qPCR, and results showed a significant de-
crease in the expression ASP-LSL in knock-out lines
(Fig. 7D). The chromatogram of ko-1 showed a 2 bp de-
letion as compared to its WT (Fig. 7E). Number of days
of maturity, plant height, panicle length, seed setting
rate, grain width and grain length have been significantly
decreased in ko-1 as compared to WT (Fig. 7F).

Phylogenetic analysis of ASP-LSL

A complete comparison of amino acid sequence of ASP-
LSL was used for construction of a phylogenetic tree at
threshold of 70-99 %. As shown in the figure, all the
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Grain weight GL: Grain length

Fig. 7 Phenotype of WT and knockout plant. (A) The phenotype of WT and ko-T (B) The phenotype of WT and ko-1 floret. (C) The Targeted sequence
of the first exon of ASP-LSL gene. (D) RT-gPCR analysis of ASP-LSL gene in WT and ko-1 (E) Chromatogram (sequencing peaks) of WT and ko-1(F)
Agronomic traits comparison of WT, KO, and asp-Isl. Where PMD: Plant maturity days, PH: Plant height, PL: Panicle length SR: seed setting rate, GW:

LOC. 0505506180

v AW VWA

mWT
asp-1sl
K0-1

reported mutations were occurred in a highly conserved
action site, similar as in the mutant asp-Is/ (Fig. 8A).
The ASP-LSL protein has highest homology with a
TOPLESS- protein in higher plants (Fig. 8B).

Subcellular localization of ASP-LSL

We constructed ASP-LSL-YFP and empty YFP vectors
and transformed them into rice protoplasts. Compared
with WT, nuclear colocalization of ASP-LSL revealed
yellow fluorescence that overlaps with the red and
formed an orange fluorescence as a nuclear localization

signal (Fig. 9). Results of subcellular localization showed
ASP-LSL is a nuclear protein.

Relative expression of floral development-related genes
in ASP-LSL

Development of asp-Isl was different than that of WT,
to know which related genes were involved in expressing
the different phenotype of asp-Isl. Young panicle at dif-
ferent growth periods were selected to detect the
expression of different panicle development related
genes. Different MADS genes e.g., MFSI, OsMADS3,
OsMADS4 and OsMADS16 showed a significant change
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Solanum HEAPVYSYCPHYKESIQFIFSTAIDGKIKAWLY DGRIGSRYDY DAPGLNCTTMAYSDGTRL
A LycopersiconesculintunMill HEAPVYSYCPHYKESIQFIFSTAIDGKIKAWLY DGGSRYDYDAPGLYCTTMAYSDGTRL
Emilia HEAPVYSYCPHYKENIQFIFSTAIDGKIKAWLY DCLGSRVDYDAPGHHCTTMSYSDGTRL
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Brachypodium HEAPVYSYCPHYKENIQFIFSTAIDGKIKAWLY DCLGSRVDYDAPGHHCT TMSYSDGTRL
asp-lsl HEAPVYSYCPHYKESIQFIFSTAIDEKIKAWLY DCLGSRYDYDAPGHRCT TMAYSDGTRL
brachyantha HEAPVYSYCPHYKESIQFIFSTAIDGKIKAWLYDCLGSRVDYDAPGHHCTTMAYSDGTRL
Zea HEAPVYSYCPHYKESIQFIFSTAIDGKIKAWLY DCLGSRYDYDAPGHHCT TMAYSDGTRL
Setaria HEAPVYSYCPHYKESIQFIFSTAIDGKIKAWLYDCLGSRVDYDAPGHRCTTMAYSDGTRL
sorghum HEAPVYSYCPHYKESIQFIFSTAIDGKIKAWLYDCLGSRVDYDAPGHNCTTMAYSDGTRL
FkoRRRRRRR KKK **********‘*#H**** LRRRIORRRK  olokkok | oklokokkoK

B Pioten ASP1 [Oryza sativa Japonica Group)

E topless-etated protein 1-ke [Oiyza brachyantha)

Fypothatical protein F775_05335 [Aeolops tauscha)
Topless-related peotoin 1 [Titicum waitu)
L——— hypothebical pecten BRADI_3916250 [Brackypodaum distachyon)
Ramosa 1 enhancer locus 2, pactial [Zea mays)
hypothetical peotein SETIT_013145mg [Setaria alica)
ypothetcal peotein SORBI_3C07G051700 (Sorghum bicolor)
| peotein TPR2 izoform X2 [Ananas comosus)
e piotein TPR2:e [Ananas comosus)
peoten TPR2-Hke isoform X1 [Elesiz guneentis)
I- peotein TPR2.tko isofcem X2 (Elaeis guneensis)
peoten TPR2-Hke [Phoan dactyifera]

__|:!P82m wolom X3 [Phoernx daclyifeta)
TFR23ke isoform X3 [Elaeis guineensis]

WODA40 opeat [Macleaya cordata)

TOPLESS wmsoloim X1 [Ricinus commanis]
peolen TPR2:Bke iscloem X4 [Nicotiana tomeantosicemis)

toplesstelated protein 1-tke isolorm X2 [Solanum tuberosum]
l topless<clated protein 1-Hke isolom X1 [Solanum pennelli]

rm——]
o0z

of homologus proteins of ASP-LSL

peotein TPA2-5ke isoform X1 [Asparagus officinalis]

_:PRED“:‘EDI protein YPR2 [Elacis guneenis)

peotein TPR2Hke isoform X1 [Elaeis guneensis]

proten TPR2 (Musa acurranata subsp. malaccenss)
_r-: peotein TPR2:-Bie iscform X2 [Musa acuminata subsp. malaccensis)
protem TPR2Eke iwolomm X2 [Musa acurnnats subsp. malaccenss]
protein TPR2-ke izoform X4 [Musa acuminata subsp. malsccensis]

protein TPR2-8e molom X4 [Muzs acumnatla subsp. malaccenss:]

Fig. 8 Alignment and phylogenetic tree of homologus proteins of ASP-LSL (A) Alignment analysis of the amino acid sequence of ASP-LSL (B) Phylogentic tree

in asp-Isl as compared to WT. Quantitative expression

primers used for relative expression analysis is given in

of floral development-related genes showed different ex-  Table 4.

pression levels at different stages. The expression level

of MFS1 in the mutants was higher than that of WT at  Discussion

P3 and P4 stages (Fig. 10). OsMADS4 and OsMADSI6  ASP-LSL encodes a single recessive nuclear transactional
had higher expression levels in asp-Is/ at the later stage  repressor gene

of young panicle development, while OsMADS3 showed
the highest expression level at P1-P5. The sequence of

In this study, an aberrant spikelet mutant was obtained
by EMS mutagenesis of a wild cultivar, Kitaake. Through
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YFP Bright

.

ASP-LSL-YFP Necleus—RFP

Fig. 9 Subcellular localization of ASP-LSL

the inspection and comparison of agronomic traits, asp-
Isl showed multiple defects including, the structure of
spikelet and major agronomic yield traits e.g., plant
height, number of tillers, seed setting rate, 1000-kernel
weight, and number of effective grains per panicle were

significantly compromised. Segregation and gene map-
ping analysis revealed its phenotypes were controlled by
a single recessive nuclear. LOC_Os08g06480 encodes a
TPR/TPL nuclear transcriptional co-repressor. Tran-
scriptional co-repressors have been already reported to

MFES1 B MADS3
18 4 W asp-1sl 9 -
1.6 8
§ 1.4 g 7
3 =
o 1.2 1 % 6
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g 14 g s
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Fig. 10 Relative expression analysis of different floral development-related genes in WT and asp-Is/
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Table 4 The primers used for the quantitative relative
expression analysis of genes related to floret development

Primer Sequence 5" —3’

OsMADS1-F TCTTGGTGAGGATTTGGGC
OsMADST-R CCTTGCTCTTCAGATCAAACAG
OsMADS3-F AACGCAAACAGTAGGACCATAGTG
OsMADS3-R CCCCTCTCATTCTCAACAACC
OsMADS4-F AGCACAAGATGTTGGCTTTTAGGG
OsMADS13-F ATGGGGAGGGGCAGGATTGAG
OsMADS13-R TGCGCCTTCTTGTACCTGTCA
OsMADS16-F CGAGGCGTACGAGACTCTGC
OsMADS16-R ACCACGCGGAAGGCGAACAT
DL-F CCCATCTGCTTACAACCGCTT
DL-R GTTGGAGGTGGAAACCGTCG
MFSI1-F CGGCTCGTGATCTCGACACGTAC
MFST-R CACAGCCGGACCAGTGCTCTC

play their role in controlling the spikelet, seed size and
weight in rice and Arabidopsis [33, 50]. Phylogenetic
analysis revealed that mutation was occurred in highly
conserved site and have been reported in maize, sor-
ghum and rice [1, 49]. This site can be targeted by mo-
lecular breeder to solve the specific problem of
germination in hybrid rice [51]. Protein of this site may
have specific binding activity to some other genes that
regulate different traits including the development of
lemma [48]. In recent years, many genes controlling
flower development in rice have been cloned. Most of
them are homologous to Arabidopsis and have a certain
degree of conservation. These findings provide a basis
for studying more about the regulation mechanism of
rice flower development, without disturbing other major
agronomic yield traits [51, 52]. In grasses, these homolo-
gous proteins can interact with ETHYLENE RESPONSE
FACTOR (ERF), Jasmonic acid (JA), and IAA [47, 49].
Endogenous measurement of phytohormone contents
suggested that ASP-LSL is sensitive to IAA that has an
extensive role in plant growth and development activ-
ities. ASP-LSL also showed the action of IAA in regard
to transition meristem fate and phyllotaxy during the
vegetative phase [49, 53, 54]. The different phenotype of
ASP-LSL could be a result of its molecular interaction
with other spikelet development and auxin signaling
pathway genes.

ASP-LSL controls the novel phenotype in japonica cv.
Kitaake

According to National Rice Data Center (ricedata.cn),
ASP-LSL locus has already been reported in different ar-
ticles. All the previous materials that were identified and
reported so far belong to Nipponbare and Dongjin. In

Page 11 of 15

asp-lsl, site of mutation (521th amino acid Gly to Glu) is
also novel, and this mutation has not been reported be-
fore. Moreover, all previous studies used T-DNA muta-
tions, while we used EMS as a source of mutagenesis.
Moreover, asp-Isl showed different salient features as
compared to other mutants, which are given below.

(1) OsREL2 produced pleiotropic phenotype e.g., a
greater number of secondary branches than primary
branches and reduced number of floral organs etc.,
as compared to WT. T-DNA insertion mutant,
osrel2 also showed phenotype defects in panicle de-
velopment. Contrary to OsREL2, ASP-LSL has an
extra-long sterile lemma that bypasses the whole
length of its spikelet. While in osre/2 sterile lemma
merely passes the half of the length of spikelet [47].

(2) OsLIS-L1 was a single recessive gene, reported to
regulate pleiotropic phenotype and considered
essential for fertility and internode elongation.
OsLIS-L1 encodes a protein that contains a WD40
motif, which is necessary for human brain
development. OsLIS-L1 was highly expressed in rice
stems and panicles, but its expression in panicles
showed dynamic changes at different developmental
stages. Two independent alleles, oslis-1-1 and oslis-
1-2 both showed reduced male gamete fertility,
semi-dwarfism and shorter length of panicle. OsLIS-
L1 plays an important role in the elongation of the
inverted internodes and the formation of male ga-
metophytes [48]. The apparent difference of OsLIS-
L1 and ASP-LSL is the presence of a long sterile
lemma in a later one.

(3) ASP1 encodes a transcriptional co-repressor, hom-
ologous to TPL of Arabidopsis and REL2 in maize.
Multiple phenotypic defects in aspl mutants were
occurring, possibly due to the activation of multiple
genes involved in meristem function. Apsl showed
disorganized phyllotaxy and transition from branch
to meristem formation was also compromised. The
mutant with the loss of function of ASPI also re-
vealed the bleaching of branches and spikelets. [55]
A salient and novel feature of ASP-LSL with respect
to ASP1 is also the presence of long sterile lemma.
In aspl the sterile lemma length reaches up merely
to half of spikelet.

All of above three genes were located at the same gene
locus as that of ASP-LSL, but mutant used in the current
study contain conserved structure of the mutation site, a
different source of germplasm, and the mode of muta-
genesis was also different. Current study not only ana-
lyzes the biological function of this gene in more detail
but also provide new germplasm resources for mutant
bank pool. Current research was focused on the
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functional and phenotypic analysis of ASP-LSL. In the
future, more in-depth work on the interaction and mo-
lecular regulation of ASP-LSL would be carried out.

Conclusions

Current study reports the novel phenotype of asp-Is/ that
showed a significant decrease in plant height, number of
tillers, thousand-grains weight, seed setting rate, spikelet
length, kernel length and effective number of grains per
panicle as compared to its WT. Asp-Isl showed delayed
germination, deceased seed viability and shorter inter-
nodal distance than that of WT. Segregation and gene
mapping analysis revealed its phenotypes were con-
trolled by a single recessive nuclear. Subcellular
localization of ASP-LSL revealed that its protein is local-
ized in the nucleus. The knockout line of ASP-LSL pro-
duced a similar phenotype as that of asp-Isl. In the
Hybrid seed production, spike germination is a promin-
ent factor that affects the overall yield and milling qual-
ity of rice. Molecular breeders can manipulate the genes
related to the pathway of long sterile lemma to solve the
problem of spike germination with minimal damage to
the other major agronomic traits.

Methods

Materials

A wild type (WT) japonica variety (Kitaake) was mutagen-
ized by ethyl-methane sulfonate (EMS), and a mutant show-
ing long sterile lemma coupled with other phenotypic defects
was selected from M, population and named as asp-Isl. Its
phenotypic traits were found to be inherited stably after mul-
tiple generations of selfing. Two indica varieties Yixiang 1B
and Kitaake were used as male parents and crossed with asp-
Isl to construct F, segregating populations. The materials
used in experiment were planted under field conditions alter-
nately at the experimental sites of Rice Research Institute, Si-
chuan Agricultural University in Lingshui (N1847,
E110.04°), Hainan and Chongzhou (N30.67°, E103.67°),
Sichuan, China. The sampling of material and experimental
data was recorded with the permission and regular legislation
of Rice Research Institute, Sichuan Agricultural University,
China.

Measurement of agronomic traits

At the maturity period of mutant and WT, 10 plants
were randomly selected and data of plant height, ear
length, grain length, grain width, thousand-grain weight,
seed setting rate, inner and outer glume length and
number of first branches, etc. were measured. The data
were finally represented as an average of 10 individual
plants for each of the corresponding trait index.
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Histology observations and identification of pollen
fertility

Under normal field growth conditions, several primary
differentiation stages of panicles were used for histology
observation. The different tissue parts of mutant and
WT panicles, lemma and glume at panicle elongation,
grain filling and fully mature stage were fixed in FAA
fixative at 4°C. After rinsing with series of 50 %, 70 %,
and 80 % ethanol, and pictures were taken using a scan-
ning electron microscope (FEI QUANTA 450). Fresh
spikelets of mutant and WT with their pollens were ob-
served under a microscope using potassium iodide
staining.

Dynamic observation of growth and development

To explore the difference between mutant and WT, a
seed germination test was carried out in the laboratory.
The specific parameters that were followed are given
below.

Indoor germination test

One hundred healthy seeds of WT and mutant with
their three biological repetitions were germinated at
37°C in a light incubator. Germination rate was observed
after 3 and 7 days, respectively.

Seed vigor examination

In order to verify the accuracy of the germination test
results, 100 seeds were selected and cut down longitu-
dinally and finally soaked in a 01% tri-
phenyltetrazolium chloride (TTC) solution for 3 h at
35 °C. After dyeing, TTC solution was poured out, and
seeds were washed with clean water twice, and the
stained number of embryos were counted.

Observation of seedling emergence time in an incubator
Fifty white seeds (stained) of WT and mutant were se-
lected and sown in plastic pots using the soil culture
method. Pots were kept under continuous observations,
and emergence time from one-leaf to the five-leaves
stage was recorded.

Observation of root growth parameters

The WT and mutant plants were grown in a nutrient so-
lution for 7 and 14 days were selected for root parame-
ters observation. At the same time, the change of
hypocotyl length was also measured in the absence of
light at 32°C in order to determine the relationship be-
tween asp-Isl and IAA. To explore its relationship with
hormone transport and signal response, IAA solution
was sprayed on the mutant plants grown for three days
on culture. Whereas only distilled water was used as
control treatment.
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Construction of the genetic map

For hundred fifty-six pairs of SSR markers constructed
that were evenly distributed on all chromosomes of rice,
were selected as primers, and the DNA of individual F,
populations was used as a template for PCR amplifica-
tion. Bulk segregant analysis (BSA) was used to con-
struct WT and mutant mixed DNA pools to screen out
polymorphic differences through linkage markers. For
confirmation of mutant phenotype, DNA of F, progeny
of single plant was used as DNA template. During pri-
mary gene mapping, the sequence of polymorphic loci
was acquired from the biological database RGP (http://
rgp.dna.affrc.go.jp/) and NCBI (https://blast.ncbi.nlm.
nih.gov/Blast.cgi) and compared it with the sequence of
model indica (9311) and japonica (nipponbare) varieties.
SSR markers were designed using public databases e.g.,
RIS  (http://rice.genomics.org.cn/rice/index2.jsp)  and
RGP (http://rgp.dna.affrc.go.jp/). To further fine map,
indels markers were constructed and applied to the mu-
tant DNA template. Chengdu Kinco Biological Co., Ltd
synthesized the primers.

PCR amplification

The specific quantity of ingredients used in PCR amplifi-
cation was as follows; DNA (2 ul), F-Primer (1 pl), R-
Primer (1 pl), ANTP (10mM) mixture (0.3 pl), Taq(5U/
ul)0.2 pl, 10xBuffer mg>* 2 pl and ddH,O (13.5 pl). The
specific PCR amplification procedure was as follows:
95 °C pre-denaturation for 5 min; 95 °C denaturation for
30 s, 56 °C annealing for 30 s, 72 °C extension for 1 min,
34 cycles; 72 °C extension for 7 min, 4 °C storage for
1 min. The PCR products were separated on 3 % agarose
gel electrophoresis and photographed under a Gel Docu-
mentation System (Bio-Rad Gel Doc 2000).

Sequence analysis

Primer premier 6.0 and lingo 7.0 software were used pri-
mer designing and sequence analysis. As the target gene
ASP-LSL has a relatively bigger size, we used the seg-
mented amplification method and divided the gene into
four fragments for easier amplification. PCR product
was processed with Tiangen DNA recovery kit that is
used for purification and separation. Recovered products
were sent to Sichuan Qingke Biological Company (Ltd.)
for gene sequencing.

Genetic segregation analysis and knock out line
development

The mutation sites were analyzed by dCAPS molecular
marker primers, which were designed on (http://helix.
wustl.edu/dcaps/dcaps.html). Twenty plants from F, seg-
regated population of WT and mutant were taken for
DNA extraction, and PCR amplification was performed
with a restriction endonuclease. A CRISPR/Cas9 vector
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targeted at the first exon of ASP-LSL was developed
using BG Biotech Kit (BGK03), purchased from Hon-
gzhou Bioge Biotechnology Co., Ltd and followed the
protocol given by the manufacturer (http://www.biogle.
cn/index/excrispr). ASP-LSL 19-bp PAM sequence was
selected, and the Oligo sequence was generated online
using BioGe website (www.bioge.cn). Target sites were
selected to prevent off-target effects in the BLAST data-
base (http://www.gramene.org/) for specificity. The syn-
thesized oligo was dissolved in 10 ul of water. The
following (buffer aneal 18ul, forward Oligo 1 ul, and re-
verse Oligo 1 ul) ingredients were mixed on ice and
heated in a PCR apparatus at 95 °C for 3 min. The
temperature was decreased to 20 °C at the rate of 0.2 °C/
s. According to the manufacturer’s instruction, oligo
dimer was constructed into CRISPR/Cas9 vector, each
component (Oligo primer 1 ul, the CRISPR/Cas Vector
2 ul, enzyme mix 1 ul, 6 ul H,O) was evenly mixed on
the ice and reacted in the PCR apparatus (20°C) for
60 min after mixing.

The recombinant system was transformed into E. coli
according to the reference procedure. 10 ul of the reac-
tion solution was added to 100 ul of competent cells,
and then the mixture was mixed and placed in an ice
bath for 30 min (do not shake during this period and
keep standing strictly). The reaction mixture was gently
taken out at 42°C for 90 s, immediately placed on ice for
2 min, added 500 ul preheated LB liquid medium, and
cultured at 37°C/200 RPM for 1 h. An appropriate
amount of bacterial liquid was coated on the LB plate
containing Kanamycin and placed upside down at 37°C
for overnight culture. The constructed vector was sent
to Wuhan Boyuan Biotechnology Co., Ltd for genetic
transformation.

Quantitative relative expression analysis

The total RNA of mutant and WT roots, stems, leaves,
and spikelets at the young panicle and early flowering
stage were extracted using the RNA extraction kit. The
purified RNA was reversed transcribed into cDNA. The
sequence of a specific gene and its other homologous
genes were quantified using primers. The template and
reference gene (actin) was used in three biological re-
peats with two NTC (no template control) repeats.
Quantitative expression was analyzed by Bio-Rad CFX
Manager V2 that is based on ““CT method.

Bioinformatics analysis

Amino acid sequence homology was compared using NCBI
(https://blast.ncbinlm.nih.gov/Blast.cgi) tool. Clustal X and
MEGA software were used to perform comparison of
complete sequence and construction of NJ evolutionary tree.
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Subcellular localization

The subcellular localization was predicted online using
ChloroP 1.1 and TargetP 1.1 server. The full-length of
ASP-LSL ¢cDNA was amplified from its WT using spe-
cific primers (F: 5’ATGTCGTCGCTTAGCAGG-3'; R:
5'GACTTCTGGTTTGTTAGCT-3") with BamHI at
5'-end and a Sall at 3'-end. The target fragments were
cloned into pC1300-35 S-eYFP vector at the N-terminus
of YELLOW FLUORESCENT PROTEIN (YFP). The
constructs were transformed into rice protoplasts and
incubated before the examination. YFP fluorescence sig-
nals were detected using a Laser Scanning Confocal
Microscope (Nikon Al).
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