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Genome-edited TaTFL1-5
mutation decreases tiller
and spikelet numbers in
common wheat

Jing Sun', Xiao Min Bie', Xiao Li Chu', Ning Wang,
Xian Sheng Zhang and Xin-Qi Gao ®*

National Key Laboratory of Crop Biology, College of Life Sciences, Shandong Agricultural University,
Taian, China

Tillering is a critical agronomic trait of wheat (Triticum aestivum L.) that
determines the shoot architecture and affects grain yield. TERMINAL FLOWER 1
(TFL1), encoding a phosphatidylethanolamine-binding protein, is implicated in
the transition to flowering and shoot architecture in plant development.
However, the roles of TFL1 homologs is little known in wheat development.
CRISPR/Cas9-mediated targeted mutagenesis was used in this study to generate
a set of wheat (Fielder) mutants with single, double or triple-null tatfl1-5 alleles.
The wheat tatfll-5 mutations decreased the tiller number per plant in the
vegetative growth stage and the effective tiller number per plant and spikelet
number per spike at maturity in the field. RNA-seq analysis showed that the
expression of the auxin signaling—related and cytokinin signaling—related genes
was significantly changed in the axillary buds of tatfll-5 mutant seedlings. The
results suggested that wheat TaTFL1-5s were implicated in tiller regulation by
auxin and cytokinin signaling.
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1 Introduction

Spikes number, grains number, and grain weight are three factors for determining
wheat (Triticum aestivum L.) grain yield (Wolde et al., 2019). Shoot architecture, defined by
plant height, stem branching (tillering), phyllotaxy, and inflorescence branching, is a
fundamental determinant of crop growth and yield by influencing spikes per unit of land
area and grains per spike. In terms of plant development, the shoot architecture is regulated
by the organization and activities of shoot apical, axillary, intercalary, and inflorescence
meristems (Wang et al., 2018; Gao et al,, 2019). Tillering and spikelet formation are the
major determinants of spikes per unit area and grains per spike. Identifying more tillering-
and spikelet formation-regulated genes is important for understanding the mechanism
determining wheat yield. While several genes involved in the control of tillering have been
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identified, much remains to be learned about the molecular and
hormonal mechanisms governing this trait. The wheat tiller
inhibition gene (tin) encodes a cellulose synthase-like protein. The
tin mutation inhibits wheat tillering by affecting carbon partitioning
throughout the plant (Hyles et al., 2017). Additionally, wheat tae-
miR156 is implicated in the regulation of tiller number by
negatively regulating the expression of SQUAMOSA-promoter
binding protein-like (SPL) genes (Liu et al, 2017; Gupta et al,
2022). Strigolactones controlling tillering in wheat have been
identified. Strigolactone signaling repressor TaD53 can inhibit
TaSPL activities to control tillering in wheat (Liu et al, 2017).
The synthesis of strigolactones has been found to be involved in
TaD27-B-regulaed tiller number in wheat (Zhao et al,, 2020). PIN
protein is associated with polar auxin transport (Adamowski and
Friml, 2015). The wheat tiller number is significantly increased by
downregulating the expression of TaPINIs (Yao et al, 2021).
Recently, TIN5 encoding a homolog of a pentatricopeptide repeat
protein was identified to be a new locus controlling tillering capacity
in T. urartu (Si et al.,, 2022). Wheat PHYTOCHROME-
INTERACTING FACTOR-LIKE (PIL) family transcription factor
is involved in tillering. The overexpression of TaPILI reduces the
wheat tiller number (Zhang L. et al., 2022). Additionally, the
overexpression of TaCol-B5 encoding a CONSTANS-like protein
in common wheat promotes tillering and increases spikelet number
(Zhang X. et al,, 2022).

FLOWERING LOCUS T (FT) and TERMINAL FLOWER 1
(TFL1), two homologs of the phosphatidylethanolamine-binding
protein family, are implicated in flowering transition and
inflorescence architecture in plant development. TFLI controls
inflorescence meristem identity and retards shoot apical meristem
transition to the reproductive phase (Kaneko-Suzuki et al., 2018;
Zhu et al., 2020). Besides flowering induction, TFLI is also
implicated in determining inflorescence architecture by
promoting the indeterminacy of the inflorescence meristem
(Bradley et al,, 1997). In rice, the knock-down expression of
RICE CENTRORADIALISs (RCNs), rice homologs of TFLI,
reduces panicle size and branches (Liu et al, 2013). A barley
mutant in the TFLI homolog HvCEN decreases the number of
spikelet and tiller (Bi et al, 2019). In contrast, the ectopic
expression of TFLI homolog genes in rice and maize increases
inflorescence branching and complexity (Nakagawa et al., 2002;
Danilevskaya et al.,, 2010). Tomatoes with the dominant allele of
SELF-PRUNING (SP, a TFL1 homolog) exhibit over growth with
more inflorescences and fruits (Jiang et al., 2013). Thus, TFLI1
homologs in crops are involved in shoot architecture. The
common wheat genome encodes nine putative TFLI-like
proteins (Dong et al., 2020). The overexpression of TaTFLI-2D
(TaPEBP20) in wheat enhances the production of spikelet,
indicating that TaTFLI-2D modifies inflorescence architecture
(Wang et al, 2017). In this study, the expression patterns,
localizations, and functions of TaTFL1-5s (TaTFL1-5A,
TraesCS5A02G128600; TaTFLI-5B, TraesCS5B02G127600; and
TaTFL1-5D, TraesCS5D02G136300) were analyzed for their
characterization in common wheat development.
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2 Materials and methods
2.1 Plant materials and growth conditions

The experimental materials is wheat cultivar Fielder (Liang
et al, 2022) in this study, which is provided by Dr. Xingguo Ye
(Institute of Crop Sciences, Chinese Academy of Agricultural
Sciences, Beijing, China). The wild-type and mutant seeds were
sowed in the Experimental Station of Shandong Agricultural
University (China). Each experimental line was planted with 25-
cm in-row spacing and 12.5-cm plant-to-plant spacing.

2.2 Quantitative real-time polymerase
chain reaction analysis

Total RNAs were extracted from different wheat (Fielder) tissues
using an Ultrapure RNA Kit (CoWin Biosciences, Beijing, China),
which was used for the reverse transcription with a FastQuant RT kit
(Tiangen, Beijing, China). qRT-PCR was performed using LightCycler
(Roche Diagnostics, USA). 2xSuperReal PreMix Plus (with SYBR
Green) (Tiangen, Beijing, China) was used as the premix and the
diluted cDNA was used as the template. PCR was carried out as
follows: pre-denaturation at 95°C for 900 s, followed by 45 cycles of
95°C for 10 s (denaturation), 58°C for 20 s (anneal), 72°C for 20 s
(extension), and the final extension at 95°C for 10 s, 65°C for 60 s, and
97°C for 1 s. delta-Ct and melting curve were analyzed by using
software LightCycler 96. The expression of TaActin or TaTubulin was
used for RNA calibration. All the gRT-PCR experiments were repeated
more than three times. The primers used for qRT-PCR are listed in
Supplementary Table S1.

2.3 In situ hybridization

Fresh wheat materials in different stages were harvested and
immediately fixed in FAA solution (10% formalin, 5% acetic acid,
and 50% ethanol), embedded in paraftin, and finally sectioned at 8
pum. The full-length TaTFLI-5s were used as the template to
synthesize the probes that were labeled with digoxigenin using a
DIG RNA Labeling Kit (SP6/T7, Roche). Then, the probes were
hydrolyzated for the next use. The reaction and the analysis of
hybridized signals were performed as Zhao et al. (2020). After
gradient dehydration and rehydration using xylene and ethanol, the
samples were incubated with hybrid solution containing the probes
at 42°C overnight. Anti-digoxigenin antibodies were used to detect
the hybridization signals. The primers used are listed in
Supplementary Table S1.

2.4 Subcellular localization analysis

To construct 35S::TaTFLI1-5s-GFP for the subcellular
localization analysis of TaTFL1-5s, the full-length CDS sequences
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of TaTFLI-5s were cloned into pMDC43 vector, which was placed
in the frame upstream of GFP sequence. The construction was
sequenced to make sure it was correct. The localization of TaTFL1-
5s-GFP was analyzed in Nicotiana benthamiana (tobacco) leaves by
transient expression, as described by Xiong et al. (2019). The
epidermis of infected leaves was observed under a confocal laser
scanning microscope (LSM880, Zeiss, Germany). GFP signal was
visualized using an excitation wavelength of 488nm and emission
wavelength of 505-520nm. The primers used are listed in
Supplementary Table S1.

2.5 Vectors construction for CRISPR/Cas9
mediated editing and wheat transformation

The mutants of TaTFLI-5s were created using clustered
regularly interspaced short palindromic repeats/CRISPR-
associated protein 9 (CRISPR/Cas9) genome editing technology
(Wang et al.,, 2015). E-CRISP (http://www.e-crisp.org/E-CRISP/)
was used to design the two target sites. The primers TaTFLI-5s-F,
TaTFLI1-5s-F0, TaTFL1-5s-R, and TaTFL1-5s-R0O (Table S1) was
used for PCR amplification and pCBC-MT1T2 was used as the
template. The PCR fragment was purified and inserted into
expression vector pBUE411-Cas9, as described by Li et al. (2022).
The callus cultured from immature embryo of Fielder was used for
transformation by Agrobacterium tumefaciens-mediated method
(PureWheat), as described by Medvecka and Harwood (2015). The
regenerated plants were used for further analysis. The primers used
are listed in Supplementary Table S1.

2.6 ldentification of the edited mutant lines

The genome of wheat leaves was extracted using CTAB buffer
(1%(w/v)CTAB, 50mM Tris (pH 8.0), 10mM EDTA, 0.7M NaCl)
(Saghai-Maroof et al, 1984). The genome-specific primer set
TaTFLI-JD-5AF/TaTFLI-JD-5AR was used for the amplification
of gRNA1 and gRNA2 of A subgenome; TaTFLI1-JD-5BF/TaTFLI-
JD-5BR was designed to amplify gRNA1 and gRNA2 of B
subgenome; and TaTFLI-JD-5DF/TaTFLI-JD-5DR was designed
to amplify gRNA1 and gRNA2 of D subgenome (Table S1). The
PCR products were sequenced. The sequencing results were aligned
with the reference sequences to screen fatfl1-5 mutant plants.

2.7 Off-target analysis in the edited
mutant lines

The potential oft-target sites were selected to investigate the oft-
target effect predicted using WheatOmics (http://202.194.139.32/
blast/blast.html) based on sequence similarity. Specific primes of the
potential off-targets were used for PCR, and the products were
sequenced to test the off-target. The primer sets are listed in
Supplementary Table S1.
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2.8 RNA sequencing and data analysis

The axillary buds of tatflI-5 mutant 3-week seedlings was used
for the extraction of the total RNA using an OminiPlant RNA Kit
(DNase I) (CoWin Biosciences, MA, USA) from. NEBNext Ultra
RNA Library Prep Kit for Illumina (E7530) (New England Biolabs,
MA, USA) was used to generate the sequencing libraries, and the
Mumina sequencing platform was used for RNA libraries sequence
by Qingdao Ouyi Biotechnology Co. Ltd (Qingdao, China). The
RNA-seq were performed three biological replicates and the data
was deposited in Gene Expression Omnibus datasets (accession
number: GSE218387) at National Center for Biotechnology
Information. The wheat reference genome and genes (http://
plants.ensembl.org/Triticum_aestivum/Info/Index) was used for
the mapping of the filtered clean reads. The gene expression level
was normalized using the software DESeq2. The KEGG pathway
(http://www.genome.jp/kegg/) and GO (http://geneontology.org/)
of differentially expressed genes (DEGs) were analyzed.

2.9 Construction of phylogenetic tree

The TFLI protein family identification and phylogenetic tree
construction were performed according to the description by Sun
et al. (2020). The Arabidopsis TFL1 was used for BLAST homology
search. The reference genomic sequence were retrieved from the
Ensemble Plants (http://plants.ensembl.org/). The phylogenetic tree
was constructed using MEGA6.0 (Maximum likelihood) (https://

www.megasoftware.net/).

3 Results

3.1 Expression patterns of TaTFL1-5 genes
and subcellular localization of TaTFL1-5s

A total of 3, 1, 9, 4, 6, 2, 2, 2 and 2 TFLI-like genes were
identified in Hordeum vulgare, Arabidopsis thaliana, Triticum
aestivum, Oryza sativa, Zea mays, Solanum lycopersicum,
Nicotiana attenuate, Gossypium raimondii and Medicago
truncatula, respectively. A rootless phylogenetic tree of TFL1 and
its homologs was constructed (Figure 1 and Table S2). The tree
showed TaTFLI-5s have the closest phylogenetic relationship with
barley HVTFLI (Figure 1). Then, we characterized the expression
patterns of TaTFLI-5s in various tissues and organs (roots, stems,
leaves, axillary buds, seeds, and shoot apex in different stages) of
wheat by qRT-PCR analysis using TaActin expression as an internal
control. The results revealed that TaTFLI1-5s showed ubiquitous
expression in wheat (Figure 2A). Additionally, TaTFLI-5B showed
a higher expression level compared with TaTFL1-5A and TaTFLI-
5D (Figure 2A); the highest expression level of TaTFLI-5B was
found in the stem (Figure 2A). In contrast, TaTFLI-5D expression
was hardly detectable in leaves and shoot apex in the double ridge
and floret primordium stages, axillary buds, and seeds (Figure 2A).
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FIGURE 1

Phylogenetic analysis of TFL1 and its homologs in plant species. The
rootless phylogenetic tree of TFL1 and its homologs from Hordeum
vulgare, Triticum aestivum, Oryza sativa, Zea mays, Solanum
lycopersicum, Nicotiana attenuate, Gossypium raimondii and
Medicago truncatula was constructed by using MEGA 6.0 (Table S2).

RNA in situ hybridization analysis revealed that TaTFLI-5s
expressed in the inflorescence meristems in the single-ridge and
double-ridge stages and spikelet primordium in young spikes. In
addition, their expression was detected in axillary meristem
(Figure 2B). To find the reason for the highest expression of
TaTFLI-5B in wheat, we analyzed the cis-elements in the
promoter sequences (2000 bp upstream of the start codon) of
TaTFLI-5s genes. There are two cis-elements in the promoter
region of TaTFLI1-5B, Gap-box (CAAATGAA[A/G]A) and Box
I (atCATTTTCACt), which do not present in those of TaTFL1-5A
and D. Gap-box and Box III confer light responsiveness to gene
(Weisshaar et al., 1991; Conley et al., 1994; Park et al., 1996), which
might be important for the high expression of TaTFLI-5B.

The subcellular localization was determined using the transient
expression of 35S::TaTFLI-5A/B/D-GEP vector in epidermal cells of
tobacco and H2B-mCherry as a marker of nucleus. The expression
of 35S5:GFP was used as the control. The fluorescence signal of the
TaTFL1-5A/B/C-GFP fusion protein was observed in both the
nucleus and the cytoplasm, as shown in Figure 2C and Figure S1.

3.2 CRISPR/Cas9-mediated tatfl1-5s
mutation in wheat

Two guide RNAs targeted to two shared sequences (Target 1
and Target 2 in Figure 3A) of TaTFLI-5s were designed for
generating knockout lines using CRISPR/Cas9 genome editing
technology (Wang et al., 2015) to dissect the roles of TaTFLI-5s
in wheat development. The sgRNA was synthesized and cloned into
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an expression vector pBUE411-Cas9. Then, the Agrobacterium
tumefaciens-mediated infection was used for the vector
transformation in spring wheat variety Fielder (Medvecka and
Harwood, 2015). The identified T1 mutant plants were selfed, and
the resulting plants (T2) were used to identify the genotypes.
Primers specifically amplifying Cas9 were used to identify the
transgene-free lines. Four transgene-free mutant lines of T2,
including one AAbbDD line (T2-201), two AAbbdd lines (T2-202
and T2-203), and one aabbdd line (T2-16), were obtained by PCR
analysis with primers specific to targeting site and sequencing
(Figure 3A). In these mutants, the a, b, and d indicated the null
mutations of TaTFLI-5 in the three subgenomes, respectively. In
the AAbbDD line (T2-201), 1-bp insertion at the targeting site 2 in
the B subgenome was identified (Figure 3A). The AAbbdd-1 line
(T2-202) had 1-bp insertion and 20-bp deletion at the targeting site
2 in B and D subgenomes, respectively (Figure 3A). The AAbbdd-2
line (T2-203) had 1-bp insertions at the targeting site 2 and site 1 in
B and D subgenomes, respectively (Figure 3A). The aabbdd line
(T2-16) had 106-bp deletion, 4-bp deletion, and a 1-bp insertion at
the targeting site 2 in A, B, and D subgenomes, respectively
(Figure 3A). The mutations in these lines led to pseudogenes with
premature stop codons (Figure 3B). In the potential off-target
regions, no mutations were found in these mutants (Figure S2).
These mutant lines were selfed, and the resulting plants (T3) were
identified using specific primers for amplifying and sequencing to
confirm the genotype. The mutations observed in T2 could be stably
transmitted to the subsequent generation (T3). Then, the T3
generation was used for subsequent examination.

3.3 tatfll-5 mutants showed decreased
tillers and spikelets

The tatfll-5 wheat lines (AAbbDD, AAbbdd-1, AAbbdd-2, and
aabbdd) were sowed in the field to study the vegetative and
reproductive development phenotypes. Then, the plant architecture
of wheat mutants was investigated in detail. In the vegetative growth
stage, tatfll-5 mutant plants did not show any visible difference from
the wild-type Fielder plants under field conditions. We found that the
heading time of the fatfl1-5 mutant was significantly earlier compared
with the Fielder (Figures 4A, B). In the heading stage (75 days after
sowing), all tatfll-5 mutant plants (10-14 tillers per plant) had
decreased number of tillers compared with the Fielder (16.9 tillers
per plant) (Figures 4A, C). The statistical analysis revealed that the tiller
number per plant significantly decreased in the mutant lines compared
with the Fielder (Figure 4C). At maturity, wild-type Fielder plants could
create an average of 12.5 effective tillers per plant (Figures 4D, E).
Compared with the wild type, the plants of AAbbdd-2 and aabbdd
mutant lines had fewer effective tillers, 9.8 and 10.1 tillers per plant,
respectively (Figures 4D, E). Additionally, the average spikelet number
per spike also significantly decreased in these mutant lines (17-17.5
spikelets per spike) compared with the Fielder (19.8 spikelets per spike)
(Figures 4F, G).
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Expression patterns of TaTFL1-5s and the localization of TaTFL1-5B. (A) gRT-PCR analysis of the relative expression levels of TaTFL1-5s in different
tissues of wheat development. DR, Shoot apex at the double ridge stage; FP, Shoot apex at the floret primordium stage; SP, Shoot apex at the
spikelet primordium stage; SR, Shoot apex at the single ridge stage; VA, Vegetative apex; (B) RNA in situ hybridization analysis of the expression
patterns of TaTFL1-5s at the early stage of spike development. (1) Longitudinal section of the shoot apex at the single ridge stage; (2) Longitudinal
section of the shoot apex at the double ridge stage; (3) Longitudinal section of the young spike; (4) Longitudinal section of the young stem showing
the axillary meristem; (5) Sense probe control. AM, axillary meristem; IM, Inflorescence meristem; SP: spike primordium. Bars, 100 um. (C) Co-
localization of TaTFL1-5B with H2B visualized using transient expression of 35S::TaTFL1-5B-GFP and 35S::H2B-mCherry in tobacco leaves. The co-
localization signal was tested at 50 h after infection. The expression of 35S:GFP was used as the control. Bars, 10 pm.

3.4 Transcripts regulated in the axillary bud
initiation stage in tatfl1-5 mutant

A comparative transcriptome analysis was performed through
RNA sequencing (RNA-seq) to illuminate further the molecular
basis for the tiller number difference between the wild-type Fielder
and tatfl1-5 mutant (aabbdd). The axillary buds of tatfl1-5 mutant 10-
day seedlings were collected for analysis and those of Fielder as the
control. Six RNA libraries were sequenced with three biological
replicates each for Fielder and fatflI-5 mutant. The clustering
analysis and the principal component analysis revealed that the gene
expression was reproducible among the biological replicates (Figure
S3). per library produced about 40.57-48.77 million raw reads. After
filtration, about 38.9-46.8 million clean data per library were obtained
(Table S3). Then, DEGs were screened out using twofold change as a
basis of g-value <0.05. Compared with the wild-type Fielder, 4,394 were
upregulated and 3,160 were downregulated in the identified 7,554
DEGs in the tatfll-5 mutant (Figure 54 and Table S4). To test the
validity of sequencing data, the expression of eight selected-DEGs were
analyzed by qRT-PCR. The results were consistent with those of RNA
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sequencing, which verified that the sequencing data is credible (Figure
S5). GO enrichment analysis was also performed to gain more insights
about DEGs. The genes associated with DNA replication, nucleosome
assembly, protein folding, and chromatin organization were
significantly enriched (Figure 5A). KEGG analysis is helpful for the
understanding of the molecular interactions among the DEGs.
Figure 5B presents the top 20 overrepresented pathways, in which
the genes involved in DNA replication and photosynthesis-antenna
proteins were enriched.

Additionally, the hormone signal processes were enriched in the
DEGs. Auxin is implicated in inhibiting the outgrowth of axillary
buds. The reduction of auxin at leaf axils is required for axillary
meristem (AM) formation during vegetative development (Wang Q.
et al,, 2014). Auxin efflux is a prerequisite for the auxin depletion of
leaf axil and AM initiation (Wang Q. et al,, 2014). The polar
localization of auxin transporters is required for auxin transport
(Adamowski and Friml, 2015). The AUXINI/LIKE-AUX1 (AUX1/
LAX) family is the major auxin influx carrier, whereas the PIN-
FORMED (PIN) family is used for auxin efflux. The downregulation
of TaPINIs increases the tiller number (Yao et al,, 2021). This study
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showed that the expression of wheat AUX1I and PIN was upregulated
remarkably in the tatflI-5 (Figures 6A, B). Our results revealed that
many early auxin-responsive genes, such as AUXIN/INDOLE
ACETIC ACID (AUX/IAA), Gretchen Hagen 3 (GH3), and SMALL
AUXIN UP RNA (SAUR) family genes (Hagen and Guilfoyle, 2002),
showed significant changes in expression in the fatflI-5 mutant
compared with those in the Fielder (Figures 6A, B). Auxin and
cytokinin play antagonistic functions in regulating the outgrowth of
AM. Cytokinin perception and signaling promote AM initiation
(Wang Y. et al,, 2014). Arabidopsis Cytokinin Response 1 (CRE1)
is a cytokinin receptor, which perceives cytokinin and transmits the
signal via a multistep phosphorelay (Inoue et al., 2001). Arabidopsis
response regulator (ARR) proteins are the phosphorelay targets.
Type-A ARRs are the negative regulators of cytokinin signaling,

10.3389/fpls.2023.1142779

whereas Type-B ARRs play positive roles in cytokinin signaling that
regulate the transcription of lots of genes, such as the type-A ARRs
(To et al, 2007). The present study showed that a wheat CREI
homolog gene was downregulated in the fatfll-5 mutant compared
with that in the Fielder (Figures 6C, D). Additionally, the expression
of lots of wheat ARR genes were significantly changed in the tatfll-5
mutant (Figures 6C, D).

SPL gene family is plant-specific and encodes transcription factor.
Several SPL genes have been identified from rice, wheat, and
Arabidopsis, which control tillering and AMs (Jiao et al., 2010; Miura
et al,, 2010; Tian et al., 2014; Liu et al., 2017; Gupta et al., 2022). Eight
genes (TraesCS2B02G250900, TraesCS2B02G432700,
TraesCS2D02G410700, TraesCS2D02G502900, TraesCS
5A02G265900, TraesCS7A02G246500, TraesCS7B02G144900, and

A
Target 1 Target 2

TaTFL1-5s W
TaTFLI-5A GTCTGTGGAACCTCTTATTGTGGGGCGGG....//....CAATGGCCATGAGCTCTACCCATCAGCGGTTGTATCT
TaTFL1-5B GTCTGTGGAACCTCTTATTGTGGGGCGGG....//....CAATGGCCATGAGCTCTACCCATCAGCGGTTGTATCT
TaTFL1-5D GTCTGTGGAACCTCTTATTGTGGGGCGGG....//....CAATGGCCATGAGCTCTACCCATCAGCGGTTGTATCT
T2-201 AA  GTCTGTGGAACCTCTTATTGTGGGGCGGG....//....CAATGGCCATGAGCTCTACCCATCAGCGGTTGTATCT
(AADDDD) bb  GTCTGTGGAACCTCTTATTGTGGGGCGGG....//....CAATGGCCATGAGCTCTACCCATTCAGCGGTTGTATCT  insertion(1bp)

DD GTCTGTGGAACCTCTTATTGTGGGGCGGG..../\....CAATGGCCATGAGCTCTACCCATCAGCGGTTGTATCT
T2-202 AA  GTCTGTGGAACCTCTTATTGTGGGGCGGG....//....CAATGGCCATGAGCTCTACCCATCAGCGGTTGTATCT
(AAbbdd-1) bb  GTCTGTGGAACCTCTTATTGTGGGGCGGG....//...CAATGGCCATGAGCTCTACCCATTCAGCGGTTGTATCT insertion(1bp)

dd  GTCTGTGGAACCTCTTATTGTGGGGCGGG....//....CAATGGCCATGAGCTCTACCCATCAGCGGTTGTATCT  deletion(20bp)
T2-203 AA  GTCTGTGGAACCTCTTATTGTGGGGCGGG....//...CAATGGCCATGAGCTCTACCCATCAGCGGTTGTATCT
(AAbbdd-2) bb  GTCTGTGGAACCTCTTATTGTGGGGCGGG....//....CAATGGCCATGAGCTCTACCCATTCAGCGGTTGTATCT insertion(1bp)

dd  GTCTGTGGAACCTCTTATTGTGGTGGCGGG....//....CAATGGCCATGAGCTCTACCCATCAGCGGTTGTATCT insertion(1bp)
T2-16 a2 GTCTGTGGAACCTCTITATTGTGGGGCGGGHrCAATGGCCATGAGCTCTACCCATCAGCGGTTGTATCT  deletion(106bp)
(aabbdd) bb GTCTGTGGAACCTCTTATTGTGGGGCGGG....//....CAATGGCCATGAGCTCTACCCATCAGCGGTTGTATCT  deletion(4bp)

dd  GTCTGTGGAACCTCTTATTGTGGGGCGGG..../\....CAATGGCCATGAGCTCTACCCATTCAGCGGTTGTATCT insertion(1bp)

B
Deduced amino acid sequence Length

TaTFL1-5A MSRSVEPLIVGRVIGEVLDTFNPCVKMVTTYNSNKLVFNGHELYPSAVVSKPRVEVQGGDLRSLFTL 67
TaTFL1-5B MSRSVEPLIVGRVIGEVLDTFNPCVKMVTTYNSNKLVFNGHELYPSAVVSKPRVEVQGGDLRSLFTL 67
TaTFL1-5D MSRSVEPLIVGRVIGEVLDTFNPCVKMVTTYNSNKLVFNGHELYPSAVVSKPRVEVQGGDLRSMFTL 67
T2-201 AA  MSRSVEPLIVGRVIGEVLDTFNPCVKMVTTYNSNKLVFNGHELYPSAVVSKPRVEVQGGDLRSLFTL 67
(AAbbDD)  bb MSRSVEPLIVGRVIGEVLDTFNPCVKMVTTYNSNKLVFNGHELYPFSGCI* 50

DD  MSRSVEPLIVGRVIGEVLDTFNPCVKMVTTYNSNKLVFNGHELYPSAVVSKPRVEVQGGDLRSMFTL 67
T2-202 AA  MSRSVEPLIVGRVIGEVLDTFNPCVKMVTTYNSNKLVFNGHELYPSAVVSKPRVEVQGGDLRSLFTL 67
(AAbbdd-1) bb MSRSVEPLIVGRVIGEVLDTFNPCVKMVTTYNSNKLVFNGHELYPFSGCI* 50

dd MSRSVEPLIVGRVIGEVLDTFNPCVKMVTTYNSNKLVFNGHEL* 43
T2-203 AA  MSRSVEPLIVGRVIGEVLDTFNPCVKMVTTYNSNKLVFNGHELYPSAVVSKPRVEVQGGDLRSLFTL 67
(AAbbdd-2) bb MSRSVEPLIVGRVIGEVLDTFNPCVKMVTTYNSNKLVFNGHELYPFSGCI* 50

dd MSRSVEPLIVVAGDWRSS* 18
T2-16 aa MSRSVEPLIVQRLYLNHE* 18
(aabbdd) bb MSRSVEPLIVGRVIGEVLDTFNPCVKMVTTYNSNKLVFNGHELYQRLYLNHE* 52

dd MSRSVEPLIVGRVIGEVLDTFNPCVKMVTTYNSNKLVFNGHELYPFSGCI* 50

FIGURE 3

CRISPR/Cas9-mediated targeted mutagenesis of TaTFL1-5s gene in wheat. (A) Gene structure of TaTFL1-5s and genotypes of different mutant lines
obtained by CRISPR/Cas9 strategy. The PAM motifs are highlighted in purple, and the target sequences are underlined. Insertions are highlighted in
red, and the deletions are indicated with strikethrough. Line T2-201 contained a homozygous mutation around target 2 in B genome (an insertion of
1 bp). Line T2-202 had homozygous mutations around target 2 in B genome (an insertion of 1 bp) and in D genome (a deletion of 20 bp). Line T2-
203 had homozygous mutations around target 2 in B genome (an insertion of 1 bp) and around target 1 in D genome (an insertion of 1 bp). In Line
T2-16, the homozygous mutations are around target 1 and 2 in A genome (a deletion of 106 bp), around target 2 in B genome (a deletion of 4 bp)
and around target 2 in D genome (an insertion of 1 bp). (B) The mutant amino acid sequence in different homozygous mutant lines compared to
wild type (WT) Fielder. Substitutions of amino acid residues are shown by red-colored text; “*" indicates that translation is terminated.
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FIGURE 4

Phenotypes of wheat plants with TaTFL1-5s edition. (A) Appearance of plants of Fielder and the mutant lines at heading stage. Bar, 100 mm

(B) Statistics analysis of the heading data of Fielder and the mutant lines. Significant differences are denoted with distinct letters (Tukey's post hoc
test, p < 0.05). The error bars indicate the standard deviation of triplicate values. (C) Statistics analysis of tiller number of Fielder and the mutant lines
at heading stage. Significant differences are denoted with distinct letters (Tukey's post hoc test, p < 0.05). The error bars indicate the standard
deviation of triplicate values. (D) Appearance of plants of Fielder and the mutant lines at maturity. Bar, 100 mm. (E) Statistics analysis of effective tiller
number of Fielder and the mutant lines at maturity. Significant differences are denoted with distinct letters (Tukey's post hoc test, p < 0.05). The
error bars indicate the standard deviation of triplicate values. (F) Appearance of spike (up panel) and spikelet (down panel) of Fielder and the mutant
lines at mature stage. Bars, 10 mm. (G) Statistics analysis of the spikelet number per spike of Fielder and the mutant lines. Significant differences are
denoted with distinct letters (Tukey's post hoc test, p < 0.05). The error bars indicate the standard deviation of triplicate values

TraesCS7D02G245200) encoding wheat SPL homologs showed
significantly increased expression in tatflI-5 mutant ( ).
PHYTOCHROME-INTERACTING FACTOR-LIKE (PIL) family
transcription factors are newly identified repressors of tillering in
cereal crops ( ). Wheat TaPIL1 directly physically
interacts with wheat TaSPL3/17, and the overexpression of TaPILI
reduces the wheat tiller number. Our study found that wheat TaPILI
gene (TraesCS5A02G376500 and TraesCS5D02G386500) expression
was upregulated in the tatflI-5 mutant ( ). These results
indicated that TaTFLI-5s were involved in tillering by regulating the
expression of SPL and PILI in wheat.

Frontiers in

The shoot architecture of wheat is a fundamental determinant
of growth and yield by influencing spikes per unit of land area and
grains per spike. The tiller number per plant contributes to the
formation of yield. Understanding the molecular mechanisms
determining tillering is usful for crop genetic improvement. To
date, only a few tillering-regulated genes have been identified in
wheat. This study found that TaTFLI-5s participated in wheat
tillering and spikelet formation. Tillers are derived from axillary
bud primordium, which formed at the axil of the leaf primordium
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Genomes (). The top 20 enriched pathways are shown. The vertical axis represents the pathway categories. The size of the "number” represents the
number of genes clustered in a singling pathway. The bigger the point size, the more genes in the pathway.

(Shang et al., 2021). Tiller development is related with two
successive stages: formation of the axillary meristem and growth
of the axillary buds. The spikelet is derived from the lateral spikelet
meristem. Additionally, the overexpression of TaTFLI-2D in wheat
up-regulates the spikelet number (Wang et al., 2017). Thus, TaTFLI
were implicated in the activity regulation of both shoot axillary
meristems and lateral spikelet meristems. The overexpression of
TaCol-B5 in common wheat leads to increase tillering and spikelet
number (Zhang X. et al., 2022). Thus, the regulation of tillering and
spikelet formation shares some similar molecular mechanism.

FT and TFL1 physically interact with FD via 14-3-3 proteins,
and hence are implicated in transcriptional regulation (Zhu et al,,
2020). It has been found that FT is a transcriptional co-activator
while TFLI act as a co-repressor. FT and TFLI play opposite roles
depending on their competition bounding of FD. This study
identified 4,394 upregulated genes in the axillary buds of the
tatfll-5 mutant, which was much more than the downregulated
ones, indicating that TFL1 served as a repressor in gene expression
regulation. Our analysis revealed that the genes associated with
DNA replication, nucleosome assembly, protein folding, chromatin
organization, and hormone signaling were significantly enriched in
the DEGs of the axillary buds during wheat tillering. Barley HYCEN
is the homolog of TFLI. The hvcen mutant of barley showed a
reduction in spikelet number per spike (Bi et al., 2019). The main
shoot apex transcriptome analysis revealed that the genes with

Frontiers in Plant Science

functions in chromatin remodeling activities and cytokinin
signaling were enriched (Bi et al., 2019). These results indicated
that a similar molecular mechanism was adopted by TFL1 to
regulate tillering and spikelet formation. In the DEGs of the
tatfl]-5 mutant, the genes related to auxin signaling and cytokinin
signaling were enriched. For example, the polar auxin transport-
related genes and auxin-regulated genes all showed changes in
expression. Additionally, the expression of the cytokinin receptor
gene CREI homolog and a large number of ARR genes was changed
in the tatfl1-5 mutant. During AM outgrowth, auxin and cytokinin
play opposite functions. That is to say, auxin has inhibition roles,
whereas cytokinins enhancing bud formation (Wang Y. et al., 2014).
Thus, TFL1 may be involved in both auxin signaling and cytokinin
signaling in regulating wheat tillering.

TFL1 plays negative role in controlling Arabidopsis flowering
time and regulates inflorescence architecture (Simon et al., 1996).
Additionally, LpTFLI in ryegrass, RCNs in rice, ZEA
CENTRORADIALISs (TFL1 homologs in maize) and HvCEN in
barley also play similar roles (Jensen et al., 2001; Nakagawa et al.,
2002; Danilevskaya et al., 2010; Bi et al., 2019). In this study, we
found that the heading time of the tatflI-5 mutant was earlier than
that of the Fielder and the number of the tiller and spikelet
decreased compared with the control, indicating the roles of
TFL1 are conserved in controlling flowering time and shoot
architecture. In wheat, lots of genes identified in controlling
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Auxin and cytokinin signaling pathways and the DEGs in these signaling pathways. (A) Identified auxin signaling pathway in plant. (B) Heat map
displaying the relative expression levels of the key auxin signaling-related genes in the DEGs. (C) Identified cytokinin signaling pathway in plant.
(D) Heat map displaying the relative expression levels of the key cytokinin signaling-related genes in the DEGs.

flowering time are implicated in the regulation of the number of
the tiller and spikelet, such as TaCol-B5, FT-B2, AGAMOUS-
LIKE6, VERNALIZATION 1, SHORT VEGETATIVE PHASE;,
and WHEAT ORTHOLOG OF APOI (Li et al., 2019; Gauley and
Boden, 2021; Li et al.,, 2021; Kong et al., 2022; Kuzay et al., 2022;
Zhang X. et al., 2022). The changes of flowering time might result
from the alteration of the transition time from the vegetative
apical meristem to the reproductive apical meristem in wheat
development, which leads to the changes of the differentiation
duration of tiller and spikelet, as suggested in Arabidopsis
(Hanano and Goto, 2011).

Data availability statement

The data presented in the study are deposited in the in Gene
Expression Omnibus datasets at National Center for Biotechnology
Information, accession number GSE218387.

Frontiers in Plant Science

09

Author contributions
XZ and X-QG designed the project. JS, XB, XC, and NW

conducted the experiments. X-QG wrote the manuscript. All authors
contributed to the article and approved the submitted version.

Funding
This work was supported by the National Natural Science
Foundation of China (31970190) and Major Basic Research

Project of Shandong Natural Science Foundation (ZR2019
ZD15, ZR2021ZD31).

Acknowledgments

We thank Dr. Zhongfu Ni (China Agricultural University,
China) for providing with pBUE411-Cas9 vector.

frontiersin.org


https://doi.org/10.3389/fpls.2023.1142779
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sun et al.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

Adamowski, M., and Friml, J. (2015). PIN-dependent auxin transport: action,
regulation, and evolution. Plant Cell 27, 20-32. doi: 10.1105/tpc.114.134874

Bi, X, van Esse, W., Mulki, M. A,, Kirschner, G., Zhong, J., Simon, R, et al. (2019).
CENTRORADIALIS interacts with FLOWERING LOCUS t-like genes to control floret
development and grain number. Plant Physiol. 180, 1013-1030. doi: 10.1104/
pp.18.01454

Bradley, D., Ratcliffe, O., Vincent, C., Carpenter, R., and Coen, E. (1997).
Inflorescence commitment and architecture in Arabidopsis. Science 275, 80-83.
doi: 10.1126/science.275.5296.80

Conley, T. R, Park, S. C,, Kwon, H. B, Peng, H. P., and Shih, M. C. (1994).
Characterization of cis-acting elements in light regulation of the nuclear gene encoding
the a subunit of chloroplast isozymes of glyceraldehyde-3-phosphate dehydrogenase
from Arabidopsis thaliana. Mol. Cell. Biol. 14, 2525-2533. doi: 10.1128/mcb.14.4.2525-
2533.1994

Danilevskaya, O. N., Meng, X., and Ananiev, E. V. (2010). Concerted modification of
flowering time and inflorescence architecture by ectopic expression of TFLI-like genes
in maize. Plant Physiol. 153, 238-251. doi: 10.1104/pp.110.154211

Dong, L., Lu, Y., and Liu, S. (2020). Genome-wide member identification, phylogeny
and expression analysis of PEBP gene family in wheat and its progenitors. Peer J. 8,
€10483. doi: 10.7717/peerj.10483

Gao, X. Q.,, Wang, N, Wang, X. L,, and Zhang, X. S. (2019). Architecture of wheat
inflorescence: Insights from rice. Trends Plant Sci. 24, 802-809. doi: 10.1016/
j-tplants.2019.06.002

Gauley, A., and Boden, S. A. (2021). Stepwise increases in FT1 expression regulate
seasonal progression of flowering in wheat (Triticum aestivum). New Phytol. 229, 1163
1176. doi: 10.1111/nph.16910

Gupta, A, Hua, L, Zhang, Z., Yang, B, and Li, W. (2022). CRISPR-induced
miRNA156-recognition element mutations in TaSPL13 improve multiple agronomic
traits in wheat. Plant Biotechnol. J. doi: 10.1111/pbi.13969

Hagen, G., and Guilfoyle, T. (2002). Auxin-responsive gene expression: genes,
promoters and regulatory factors. Plant Mol. Biol. 49, 373-385. doi: 10.1023/
A:1015207114117

Hanano, S., and Goto, K. (2011). Arabidopsis TERMINAL FLOWERI is involved in
the regulation of flowering time and inflorescence development through transcriptional
repression. Plant Cell 23, 3172-3184. doi: 10.1105/tpc.111.088641

Hyles, J., Vautrin, S., Pettolino, F., MacMillan, C., Stachurski, Z., Breen, J., et al.
(2017). Repeat-length variation in a wheat cellulose synthase-like gene is associated
with altered tiller number and stem cell wall composition. J. Exp. Bot. 68, 1519-1529.
doi: 10.1093/jxb/erx051

Inoue, T., Higuchi, M., Hashimoto, Y., Seki, M., Kobayashi, M., Kato, T., et al.
(2001). Identification of CREI as a cytokinin receptor from Arabidopsis. Nature 409,
1060-1063. doi: 10.1038/35059117

Jensen, C. S., Salchert, K., and Nielsen, K. K. (2001). A TERMINAL FLOWERI-like
gene from perennial ryegrass involved in floral transition and axillary meristem
identity. Plant Physiol. 125, 1517-1528. doi: 10.1104/pp.125.3.1517

Jiang, K., Liberatore, K. L., Park, S. J., Alvarez, J. P., and Lippman, Z. B. (2013). Tomato
yield heterosis is triggered by a dosage sensitivity of the florigen pathway that fine-tunes shoot
architecture. PloS Genet. 9, €1004043. doi: 10.1371/journal. pgen.1004043

Jiao, Y., Wang, Y., Xue, D., Wang, J., Yan, M,, Liu, G,, et al. (2010). Regulation of
OsSPL14 by OsmiR156 defines ideal plant architecture in rice. Nat. Genet. 42, 541-544.
doi: 10.1038/ng.591

Kaneko-Suzuki, M., Kurihara-Ishikawa, R., Okushita-Terakawa, C., Kojima, C.,
Nagano-Fujiwara, M., Ohki, L, et al. (2018). TFL1-like proteins in rice antagonize
rice FT-like protein in inflorescence development by competition for complex

Frontiers in Plant Science

10.3389/fpls.2023.1142779

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1142779/

full#supplementary-material

formation with 14-3-3 and FD. Plant Cell Physiol. 59, 458-468. doi: 10.1093/pcp/
pcy021

Kong, X., Wang, F., Geng, S., Guan, ], Tao, S., Jia, M., et al. (2022). The wheat AGL6-
like MADS-box gene is a master regulator for floral organ identity and a target for

spikelet meristem development manipulation. Plant Biotechnol. J. 20, 75-88.
doi: 10.1111/pbi.13696

Kuzay, S., Lin, H,, Li, C,, Chen, S., Woods, D. P., Zhang, J., et al. (2022). WAPO-A1 is
the causal gene of the 7AL QTL for spikelet number per spike in wheat. PloS Genet. 18,
€1009747. doi: 10.1371/journal.pgen.1009747

Li, K, Debernardi, J. M., Li, C., Lin, H., Zhang, C,, Jernstedt, J., et al. (2021).
Interactions between SQUAMOSA and SHORT VEGETATIVE PHASE MADS-box
proteins regulate meristem transitions during wheat spike development. Plant Cell 33,
3621-3644. doi: 10.1093/plcell/koab243

Li, F., Han, X, Guan, H., Xu, M. C, Dong, Y. X,, and Gao, X. Q. (2022). PALD
encoding a lipid droplet-associated protein is critical for the accumulation of lipid
droplets and pollen longevity in arabidopsis. New Phytol. 235, 204-219. doi: 10.1111/
nph.18123

Li, C, Lin, H,, Chen, A,, Lau, M., Jernstedt, J., and Dubcovsky, J. (2019). Wheat
VRN1, FUL2 and FUL3 play critical and redundant roles in spikelet development and
spike determinacy. Development 146, dev175398. doi: 10.1242/dev.175398

Liang, X., Bie, X, Qiu, Y., Wang, K,, Yang, Z., Jia, Y., et al. (2022). Development of
powdery mildew resistant derivatives of wheat variety fielder for use in genetic
transformation. Crop J. doi: 10.1016/j.¢j.2022.06.012

Liu, J., Cheng, X., Liu, P., and Sun, J. (2017). miR156-targeted SBP-box transcription
factors interact with DWARF53 to regulate TEOSINTE BRANCHEDI and BARREN
STALKI expression in bread wheat. Plant Physiol. 174, 1931-1948. doi: 10.1104/
pp-17.00445

Liu, C, Teo, Z. W., Bi, Y., Song, S., Xi, W., Yang, X, et al. (2013). A conserved genetic
pathway determines inflorescence architecture in Arabidopsis and rice. Dev. Cell 24,
612-622. doi: 10.1016/j.devcel.2013.02.013

Medvecka, E., and Harwood, W. A. (2015). Wheat (Triticum aestivum 1.)
transformation using mature embryos. Methods Mol. Biol. 1223, 199-209.
doi: 10.1007/978-1-4939-1695-5_16

Miura, K., Ikeda, M., Matsubara, A., Song, X. J., Ito, M., Asano, K,, et al. (2010).
OsSPL14 promotes panicle branching and higher grain productivity in rice. Nat. Genet.
42, 545-549. doi: 10.1038/ng.592

Nakagawa, M., Shimamoto, K., and Kyozuka, J. (2002). Overexpression of RCNI and
RCN2, rice TERMINAL FLOWER 1/CENTRORADIALIS homologs, confers delay of
phase transition and altered panicle morphology in rice. Plant J. 29, 743-750.
doi: 10.1046/j.1365-313x.2002.01255.x

Park, S. C., Kwon, H. B., and Shih, M. C. (1996). Cis-acting elements essential for
light regulation of the nuclear gene encoding the a subunit of chloroplast
glyceraldehydes 3-phosphate dehydrogenase in Arabidopsis thaliana. Plant Physiol.
112, 1563-1571. doi: 10.1104/pp.112.4.1563

Saghai-Maroof, M. A., Soliman, K. M., Jorgensen, R. A, and Allard, R. W. (1984).
Ribosomal DNA spacer-length polymorphisms in barley: mendelian inheritance,
chromosomal location, and population dynamics. Proc. Natl. Acad. Sci. U.S.A. 81,
8014-8018. doi: 10.1073/pnas.81.24.8014

Shang, Q., Wang, Y., Tang, H., Sui, N., Zhang, X., and Wang, F. (2021). Genetic,
hormonal, and environmental control of tillering in wheat. Crop J. 9, 986-991.
doi: 10.1016/j.¢j.2021.03.002

Si, Y., Lu, Q, Tian, S., Niu, J., Cui, M., Liu, X,, et al. (2022). Fine mapping of the tiller
inhibition gene TIN5 in Triticum urartu. Theor. Appl. Genet. 135, 2665-2673.
doi: 10.1007/s00122-022-04140-w

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2023.1142779/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2023.1142779/full#supplementary-material
https://doi.org/10.1105/tpc.114.134874
https://doi.org/10.1104/pp.18.01454
https://doi.org/10.1104/pp.18.01454
https://doi.org/10.1126/science.275.5296.80
https://doi.org/10.1128/mcb.14.4.2525-2533.1994
https://doi.org/10.1128/mcb.14.4.2525-2533.1994
https://doi.org/10.1104/pp.110.154211
https://doi.org/10.7717/peerj.10483
https://doi.org/10.1016/j.tplants.2019.06.002
https://doi.org/10.1016/j.tplants.2019.06.002
https://doi.org/10.1111/nph.16910
https://doi.org/10.1111/pbi.13969
https://doi.org/10.1023/A:1015207114117
https://doi.org/10.1023/A:1015207114117
https://doi.org/10.1105/tpc.111.088641
https://doi.org/10.1093/jxb/erx051
https://doi.org/10.1038/35059117
https://doi.org/10.1104/pp.125.3.1517
https://doi.org/10.1371/journal.pgen.1004043
https://doi.org/10.1038/ng.591
https://doi.org/10.1093/pcp/pcy021
https://doi.org/10.1093/pcp/pcy021
https://doi.org/10.1111/pbi.13696
https://doi.org/10.1371/journal.pgen.1009747
https://doi.org/10.1093/plcell/koab243
https://doi.org/10.1111/nph.18123
https://doi.org/10.1111/nph.18123
https://doi.org/10.1242/dev.175398
https://doi.org/10.1016/j.cj.2022.06.012
https://doi.org/10.1104/pp.17.00445
https://doi.org/10.1104/pp.17.00445
https://doi.org/10.1016/j.devcel.2013.02.013
https://doi.org/10.1007/978-1-4939-1695-5_16
https://doi.org/10.1038/ng.592
https://doi.org/10.1046/j.1365-313x.2002.01255.x
https://doi.org/10.1104/pp.112.4.1563
https://doi.org/10.1073/pnas.81.24.8014
https://doi.org/10.1016/j.cj.2021.03.002
https://doi.org/10.1007/s00122-022-04140-w
https://doi.org/10.3389/fpls.2023.1142779
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sun et al.

Simon, R., Igefio, M. I, and Coupland, G. (1996). Activation of floral meristem
identity genes in Arabidopsis. Nature 384, 59-62. doi: 10.1038/384059a0

Sun, J., Bie, X. M,, Wang, N,, Zhang, X. S, and Gao, X. Q. (2020). Genome-wide
identification and expression analysis of YTH domain-containing RNA-binding protein
family in common wheat. BMC Plant Biol. 20, 351. doi: 10.1186/512870-020-02505-1

Tian, C, Zhang, X, He, J., Yu, H.,, Wang, Y., Shi, B, et al. (2014). An organ boundary-

enriched gene regulatory network uncovers regulatory hierarchies underlying axillary
meristem initiation. Mol. Syst. Biol. 10, 755. doi: 10.15252/msb.20145470

To, J. P., Deruére, J., Maxwell, B. B., Morris, V. F., Hutchison, C. E., Ferreira, F. J.,
et al. (2007). Cytokinin regulates type-a arabidopsis response regulator activity and
protein stability via two-component phosphorelay. Plant Cell 19, 3901-3914.
doi: 10.1105/tpc.107.052662

Wang, Q., Kohlen, W., Rossmann, S., Vernoux, T., and Theres, K. (2014). Auxin
depletion from the leaf axil conditions competence for axillary meristem formation in
Arabidopsis and tomato. Plant Cell 26, 2068-2079. doi: 10.1105/tpc.114.123059

Wang, B., Smith, S. M., and Li, J. (2018). Genetic regulation of shoot architecture.
Annu. Rev. Plant Biol. 69, 437-468. doi: 10.1146/annurev-arplant-042817-040422

Wang, Y., Wang, J., Shi, B,, Yu, T, Qi, J., Meyerowitz, E. M., et al. (2014). The stem
cell niche in leaf axils is established by auxin and cytokinin in Arabidopsis. Plant Cell 26,
2055-2067. doi: 10.1105/tpc.114.123083

Wang, Z. P, Xing, H. L., Dong, L., Zhang, H. Y., Han, C. Y., Wang, X. C, et al.
(2015). Egg cell-specific promoter-controlled CRISPR/Cas9 efficiently generates
homozygous mutants for multiple target genes in Arabidopsis in a single generation.
Genome Biol. 16, 144. doi: 10.1186/s13059-015-0715-0

Wang, Y., Yu, H, Tian, C, Sajjad, M., Gao, C,, Tong, Y., et al. (2017). Transcriptome
association identifies regulators of wheat spike architecture. Plant Physiol. 175, 746-757.
doi: 10.1104/pp.17.00694

Frontiers in Plant Science

11

10.3389/fpls.2023.1142779

Weisshaar, B., Block, A., Armstrong, G. A., Herrmann, A., Schulze-Lefert, P.,
and Hahlbrock, K. (1991). Regulatory elements required for light-mediated
expression of the Petroselinum crispum chalcone synthase gene. Symp. Soc Exp.
Biol. 45, 191-210.

Wolde, G. M., Mascher, M., and Schnurbusch, T. (2019). Genetic modification
of spikelet arrangement in wheat increases grain number without significantly
affecting grain weight. Mol. Genet. Genomics 294, 457-468. doi: 10.1007/s00438-
018-1523-5

Xiong, F., Ren, J. ], Yu, Q, Wang, Y. Y,, Lu, C. C, Kong, L. ], et al. (2019).
AtU2AF65b functions in abscisic acid mediated flowering via regulating the precursor
messenger RNA splicing of ABI5 and FLC in Arabidopsis. New Phytol. 223, 277-292.
doi: 10.1111/nph.15756

Yao, F. Q, Li, X. H,, Wang, H,, Song, Y. N,, Li, Z. Q,, Li, X. G,, et al. (2021). Down-
expression of TaPINIs increases the tiller number and grain yield in wheat. BMC Plant
Biol. 21, 443. doi: 10.1186/s12870-021-03217-w

Zhang, L., He, G, Li, Y., Yang, Z,, Liu, T., Xie, X,, et al. (2022). PIL transcription
factors directly interact with SPLs and repress tillering/branching in plants. New Phytol.
233, 1414-1425. doi: 10.1111/nph.17872

Zhang, X., Jia, H., Li, T., Wu, J., Nagarajan, R, Lei, L., et al. (2022). TaCol-B5
modifies spike architecture and enhances grain yield in wheat. Science 376, 180-183.
doi: 10.1126/science.abm0717

Zhao, B, Wu, T. T,, Ma, S. S,, Jiang, D. ], Bie, X. M, Sui, N,, et al. (2020). TaD27-b gene
controls the tiller number in hexaploid wheat. Plant Biotechnol. J. 18, 513-525. doi: 10.1111/
pbi.13220

Zhu, Y., Klasfeld, S., Jeong, C. W., Jin, R., Goto, K., Yamaguchi, N,, et al. (2020).
TERMINAL FLOWER 1-FD complex target genes and competition with
FLOWERING LOCUS T. Nat. Commun. 11, 5118. doi: 10.1038/s41467-020-18782-1

frontiersin.org


https://doi.org/10.1038/384059a0
https://doi.org/10.1186/s12870-020-02505-1
https://doi.org/10.15252/msb.20145470
https://doi.org/10.1105/tpc.107.052662
https://doi.org/10.1105/tpc.114.123059
https://doi.org/10.1146/annurev-arplant-042817-040422
https://doi.org/10.1105/tpc.114.123083
https://doi.org/10.1186/s13059-015-0715-0
https://doi.org/10.1104/pp.17.00694
https://doi.org/10.1007/s00438-018-1523-5
https://doi.org/10.1007/s00438-018-1523-5
https://doi.org/10.1111/nph.15756
https://doi.org/10.1186/s12870-021-03217-w
https://doi.org/10.1111/nph.17872
https://doi.org/10.1126/science.abm0717
https://doi.org/10.1111/pbi.13220
https://doi.org/10.1111/pbi.13220
https://doi.org/10.1038/s41467-020-18782-1
https://doi.org/10.3389/fpls.2023.1142779
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Genome-edited TaTFL1-5 mutation decreases tiller and spikelet numbers in common wheat
	1 Introduction
	2 Materials and methods
	2.1 Plant materials and growth conditions
	2.2 Quantitative real-time polymerase chain reaction analysis
	2.3 In situ hybridization
	2.4 Subcellular localization analysis
	2.5 Vectors construction for CRISPR/Cas9 mediated editing and wheat transformation
	2.6 Identification of the edited mutant lines
	2.7 Off-target analysis in the edited mutant lines
	2.8 RNA sequencing and data analysis
	2.9 Construction of phylogenetic tree

	3 Results
	3.1 Expression patterns of TaTFL1-5 genes and subcellular localization of TaTFL1-5s
	3.2 CRISPR/Cas9-mediated tatfl1-5s mutation in wheat
	3.3 tatfl1-5 mutants showed decreased tillers and spikelets
	3.4 Transcripts regulated in the axillary bud initiation stage in tatfl1-5 mutant

	4 Discussion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


