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Abstract

The Q gene is a key domestication gene in wheat (Triticum aestivum) that regulates free-threshing habit, spike morphology, height, and
other critical agronomic traits. However, the precise molecular mechanisms underlying its function remain unclear. In this study, we
identified a Q allele with a missense mutation (G to A) in the fifth exon of the Q gene, resulting in reduced plant height and spike
length. Further investigation revealed that this mutation causes a Gly-229-Ser amino acid substitution, which enhances Q protein
stability. Furthermore, we discovered that Q directly binds to the promoter region of Gibberellin 3-oxidase 2 gene (TaGA30x2) and
represses its expression. Moreover, Q interacts with both REDUCED HEIGHT1 (RHT1) and GIBBERELLIN INSENSITIVE 2 (TaGID2), which
may disrupt GID2-triggered RHT1 degradation. Collectively, these findings reveal the dual roles of Q in regulating both GA
biosynthesis and signaling, providing insights into the molecular mechanisms through which Q modulates plant height and spike

length in wheat.

Introduction

The Q gene plays an important role in the domestication of wheat,
as it governs traits such as the fully tough rachis, free-threshing,
and spike density. In addition to those domestication traits, Q
also regulates important agronomic traits such as height, spike
length, yield, quality, and heading date (Muramatsu 1963 ;
Simons et al. 2006; Zhang et al. 2011, 2022; Xie et al. 2018; Xu et
al. 2018; Zhao et al. 2018 ). However, the studies on the underlying
molecular mechanisms remain to be elucidated.

The Q gene encodes an APETALA2 (AP2) transcription factor
(AP2LS5) that contains 2 tandem AP2 domains (Simons et al.
2006). Its N-terminal EAR motif (LDLNVE) can recruit the tran-
scription co-repressor TOPLESS (TaTPL) to achieve transcriptional
inhibition (Liu etal. 2018). A substitution of G to A at position 2,123
in the eighth exon leads to a single V3291 amino acid change and a
synonymous mutation at the microRNA172 (miR172) target sitein
the tenth exon, resulting in the hyper-functionalization of 5Aq to
5AQ (Simons et al. 2006; Zhang et al. 2011). The hexaploid wheat
genome carries 3 functionally differentiated homologous copies
of Q gene, with both 5AQ and 5Dq expected to produce functional
Q/q proteins, while 5Bq is classified as a pseudogene encoding
truncated proteins lacking the AP2 DNA-binding domain (Zhang
et al. 2011). Q might regulate the free-threshing trait of wheat by
suppressing the expression of lignin-related genes such as
Knotted Arabidopsis thaliana7 (TaKNAT7), TaMYB46, and Belll-like

homoeodomain (TaBLH6), thereby reducing cell wall hardness
(zhang et al. 2020). Furthermore, Q interacts with Lax Paniclel
(TaLAX1) to antagonistically regulate the expression of the lignin
synthesis gene TaKNAT7-4D. Consequently, overexpression of
TaLAX1 leads to a spelt-like spike resembling q (He et al. 2021).

Studies have primarily focused on the miR172 pathways to in-
vestigate how Q regulates height and spike length (Zhang et al.
2011; Debernardi et al. 2017; Greenwood et al. 2017; Liu et al.
2018; Xu et al. 2018). Mutations in the miR172 binding site of Q°,
Q%, and 5Dq’ (Rht23) resulted in dwarfism, compact spike, in-
creased 1000-grain weight, grain protein content, and bread-mak-
ing quality (Chen et al. 2015; Xu et al. 2018; Zhao et al. 2018; Guo et
al. 2022). Additionally, mutations in the AP2 domain also impact
its function. mq194, q’ and Q*! with mutations in the AP2-R1 do-
main of Q exhibit a morphological switch from square spikes to
spelt spikes and increased height (Simons et al. 2006; Madsen
and Brinch-Pedersen 2020; Chen et al. 2022 ). Furthermore, muta-
tions or insertion of a 161 bp fragment in the fifth exon of Q-e5t
and Q' led to the deletion of the AP2-R2 domain resulting in in-
creased spike length and height (iang et al. 2019; Zhang et al.
2022).

Gibberellins (GAs) are vital in regulating seed germination,
stem elongation, epidermoid development, flower organogenesis,
and fruit ripening (Binenbaum et al. 2018; Wu et al. 2021). GA syn-
thesis involves the conversion of geranylgeranyl pyrophosphate
into kaurene and GA;, in the plastids and endoplasmic reticulum
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(Sun et al. 1992; Yamaguchi et al. 1998; Helliwell et al. 2001; Fleet
et al. 2003). Subsequently, GA4, is converted to GA; through the
early-13-hydroxylation pathway, while GA, is synthesized
through the non13-hydroxylation pathway. These conversions
are catalyzed by GA13 oxidase (GA130x), GA20 oxidase (GA200x)
and GA3 oxidase (GA3ox) in the cytoplasm (Chiang et al
1995; Phillips et al. 1995; Varbanova et al. 2007). To date, over
130 different GAs have been identified in plants. Among these,
GA, is a bioactive 13-H GA, while GA; is less active 13-OH GA
(Magome et al. 2013).

In terms of GA signal perception and transduction, active GA
binds to its receptor GID1 (Gibberellin Insensitive Dwarf1), facili-
tating the interaction between GID1 and the growth-repressing
transcription factor (TF) DELLA. This interaction enables DELLA
to be ubiquitinated by the SCF (Skp, Cullin, F-box) ubiquitin ligase
complex, leading to its subsequent degradation in the 26S protea-
some (Sasaki et al. 2003; Murase et al. 2008; Shimada et al.
2008; Harberd et al. 2009). This degradation process relieves the
growth-restraining effects of DELLA proteins and allows for GA-
mediated growth and development (Dill et al. 2004; Fu et al.
2004; Ueguchi-Tanaka et al. 2005). Defects in GA biosynthesis
and/or signaling pathways lead to reductions in height and silique
length (Hu et al. 2008).

The “Green Revolution” in rice and wheat is closely linked to
GA, as mutations in gibberellin-related genes result in reduced
height and enhanced yield (Peng et al. 1999; Sasaki et al.
2002). Rht1 encodes a DELLA protein, and its dominant mutations
(Rht-B1b and Rht-D1b) confer the DELLA protein resistant to deg-
radation, resulting in the accumulation of DELLA protein in
wheat. This accumulation ultimately leads to the semi-dwarf
phenotype (Peng et al. 1999; Zhang et al. 2014). In barley, disrup-
tions in the targeting of miR172 to HUAP2 can lead to a decreased
responsiveness to GA-induced stem growth (Patil et al.
2019). However, the relationship between Q, which is involved
in height and spike length, and the GA pathway is still poorly
understood.

In this study, we characterized a Q mutant harboring a G229S
mutation caused by a G to A substitution, which exhibited re-
duced height and spike length. Through investigating this Q allele,
we elucidated that Q could negatively regulate GA biosynthesis by
directly binding to the GCC motifs in the GA30x2 promoter and
may also block GA signaling by competitively interacting with
GID2 and suppressing RHT1 degradation in wheat.

Results

Identification of an allele of Q

By screening the ethyl methane sulfonate mutant library of a
Chinese wheat landrace Wangshuibai (WSB), we identified a mu-
tant mw164 exhibiting reduced height and spike length (Fig. 1A;
Supplementary Fig. S1, A and B). Compared with WSB, the pe-
duncle length, height, spike length and spikelet number per spike
of mw164 were reduced by 13.4%, 18.4%, 39.5%, and 14.29% (Fig. 1,
B and C; Supplementary Fig. S1, C and D, Table S1), respectively,
while the spikelet density was increased by 44.8%
(Supplementary Fig. S1E). Microscopic analysis revealed that the
shortened peduncle and spike in mw164 were primarily due to a
reduction in cell lengths rather than a decrease in cell counts
(Fig. 1, Dand E).

In order to identify the gene responsible for the reduced height
and spike length, we conducted crosses between mw164 and 2 dif-
ferent wheat cultivars, WSB and Nanda2419 (ND2419), which ex-
hibit distinct spike length. The spike length in the 242 plants of the

(mw164 x ND2419) F, population and the 102 plants of the (mw164
x WSB) BC,F, population both displayed trimodal distribution
(Supplementary Fig. S1, F and G), implying that a single locus reg-
ulates the spike morphologies in a dose-dependent manner.
Bulked segregant analysis initially mapped this locus to the region
harboring Xbarc319 on chromosome 5A (Supplementary Fig. S1H),
which was named QSpl-5A. The log of the odds value of this locus
peaked at Xcaps-Q, a cleaved amplified polymorphic sequence
(CAPS) marker designed from a G/A single nucleotide polymor-
phism (SNP) in the 3'-UTR region of the Q (AP2L5) gene
(Supplementary Fig. S1I).

By genotyping of the individuals, Qspl-5A was further narrowed
to a region flanked by Xbarc319 and Xgwmb595 in the mw164 x
ND2419 F, population (Supplementary Fig. S1J). To identify the re-
sponsible gene in this region, we re-sequenced WSB and mw164
using a BGISEQ-500 platform with 12-fold coverage. Seven poly-
morphic CAPS/dCAPS/SNP markers were developed in this region
(Supplementary Fig. S2A). A genetic map was constructed using
the 102 BC,F, plants derived from mw164 x WSB (Supplementary
Fig. S2B). With the help of the critical recombinants
(Supplementary Table S2), Qspl-5A was finely mapped to a
1.41 mb interval flanked by SNP65131 and CAPS65272, which con-
tained 33 high-confidence genes according to Chinese Spring
(CS) reference genome v2.1 (Fig. 1F; Supplementary Table S3).
There are 20 SNPs located within the SNP65131-CAPS65272
interval between WSB and mw164. Of these, 19 SNPs are situated
within the intergenic regions, while only SNP11 (G to A) is located
within the fifth exon of TraesCS5A03G1116700 (Q) (Supplementary
Table S4). The mutation from G to A (Fig. 1F) results in Gly changed
to Ser at position 229 (G229S) in the AP2-R2 domain of
Q (Supplementary Fig. S3A). Subsequently, a diagnostic marker
Kasp-Q was developed based on the G/A SNP (Supplementary
Fig. S3B) and utilized to examine its linkage with spike length
in 2 separated populations. All the (mw164xND2419) F, and
(mw164 x WSB) BC,F, individuals exhibiting mutant phenotypes
carried the site mutation (Fig. 1, G and H; Supplementary
Table S5). These findings suggest that the mutated Q°?** is a po-
tential candidate gene responsible for the reduced height and
spike length.

QG229$

reduces height and spike length by
enhancing the protein stability and homodimer
formation

To further confirm the role of the G229S mutation in reducing
height and spike length of mw164, we performed guided editing
to create the exact same G to A mutation in Q gene in wheat culti-
var Kenongl199 (KN199). The height and the spike length of PE-
Q°??S lines were decreased by 17.0% and 32.1%, respectively
(Fig. 1, I to L; Supplementary Table S1), which is consistent with
mutant phenotype of mw164. We also checked whether the muta-
tion affected gene expression and found no significant difference
in the expression level of Q between young spikes of mw164 and
WSB (Supplementary Fig. S3C). Additionally, protein structure
predictions for the Q and Q%2 proteins indicated that the amino
acid change at position 229 within the AP2-R2 domain altered the
tertiary structure but did not affect the secondary structure
(Supplementary Fig. S3, D and E), suggesting the mutation may af-
fect protein level and/or functions but not transcriptional level.
We then also overexpressed the Q and Q°??°® driven by the
Ubiquitin promoter in wheat cultivar Kenong199 (KN199), respec-
tively. Both Q/Q“?**overexpression lines (pUbi:Q and pUbi:
Q°?*%) showed reduced height and spike length, while the
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Figure 1. Phenotype characterization of mw164 mutant and map-based cloning of QSpl-5A. A) Phenotypes of the height and spike length in WSB and
mw164 mutant at the milky stage. Scale bar, 20 cm (left) and 2 cm (right). B, C) Statistical analysis of height and spike length in WSB and mw164 mutant.
The values are means +SD (n=5). WSB, the Chinese wheat landrace WSB. D) Median longitudinal sections through the rachises and peduncles at the
booting stage (W8.5-W9) in WSB and mw164 mutant. Scale bar, 200 um. Arrowheads indicate the proximal end of the epidermal. The red dots mark the
3rd to 5th parenchyma selected for quantification analysis. E) Average cell length of peduncle and rachis in the WSB and mw164 mutant. The values are
means + SD (n=4, each n consists of 8 cells measured as a group). F) Map-based cloning of QSpl-5A. The QSpl-5A locus was mapped between the markers
Xbarc319 and Xgwm595 on chromosome 5AL. It was then fine mapped to a 1.41 mb interval flanked by markers SNP65131 and CAPS65272 using
recombinants. The number of recombinants between the molecular markers and QSpl-5A is indicated. Black arrows indicate the orientation and order
of the annotated high-confidence genes in the mapping region. The structure of the Q gene (TraesCS5A03G1116700) and a partial sequence comparison
between WSB and mw164 are also shown. Rectangles represent exons. The red line denotes the G/A SNP, which is found in the fifth exon of Q gene. G, H)
Comparisons of the spike length among 3 groups in the (mw164 x ND2419) F, population (G), as well as in the (mw164 x WSB) BC,F, population (H). I)
Sanger sequencing chromatograms of the To mutant harboring the desired prime edits in Q gene. The protospacer-adjacent motif sequence is
highlighted in blue. The desired edits are highlighted in red. J) Comparison of height and spikes among KN199 and PE-Q%?**® transgenic wheat. Scale bar,
10 cm (left) and 2 cm (right). K, L) Statistics of the height and spike length of KN199 and PE-Q“?**® transgenic wheat. The values are means + SD (n=6). M)
Comparison of height and spikes among KN199, pUbi:Q and pUbi:Q“?**® transgenic wheat. Scale bar, 20 cm (left) and 2 cm (right). N, O) Statistics of the
height and spike length of KN199, pUbi:Q and pUbi:Q“***® transgenic wheat. The values are means + SD (n=5). P) Median longitudinal sections through
the rachises and peduncles at the booting stage (W8.5-W9) in KN'199, pUbi:Q and pUbi:Q®??*® transgenic wheat. Arrowheads indicate the proximal end of
the epidermal. The red dots marks the 3rd to 5th parenchyma selected for quantification analysis. Scale bar, 200 um. Q) Average cell length of peduncle
and rachis in the KN199, pUbi:Q and pUbi:Q“?**® transgenic wheat. The values are means + SD (n=4, each n consists of 8 cells measured as a group). R)
Comparison of height and spike length among KN199 and 5AQ-knocked out (KO-5AQ) mutant. Scale bar, 20 cm (left) and 2 cm (right). S to U) Statistics of
plant height, spike length and spikelet density of KN199 and KO-5AQ mutant. The values are means + SD (n=5). In box plots, box edges depict upper and
lower quartiles, whiskers denote 1.5x interquartile range, and center line indicates median. In B-C, E, K-L, and S-U, Student’s t-test was performed. In G-
H, N-O, and Q, 1-way ANOVA was performed. P <0.05, *"P <0.01; ns, not significant.
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Figure 2. Q%%?S enhances the stability and dimer formation of Q protein. A, B) Transcription and protein level analyses of Q and Q“?**° in representative
transgenic plants. 2, 4, 8 and 1, 6, 20 represent independent pUbi:Q and pUbi:Q“**** lines, respectively. GAPDH was utilized as the internal control. The
values are means + SD (n=3). C) Cell-free degradation assay shows that the relatively higher stability of GST-Q%**°° protein compared with GST-Q
protein. The B-Actin in the samples indicates that roughly equal amounts of total plant extracts were used. D) Direct binding of Q and Q%?** to the
GA30x2 promoter in EMSAs. The biotin-labeled probes (P2) containing GCC-box motifs were derived from GA30x2 promoter. Competition was
performed with 50-fold and 100-fold wild-type probes. The arrow represents the probe-protein complexes. E) The DLR assay shows that both Q and

QGZZQS

strongly suppresses the luciferase activity of GAL4-LUC. Relative luciferase activity was measured using p35S:GAL4-BD-YFP as control. The

values are means + SD (n = 3). (F) Y2H assays shows that the dimmer Q“??° and Q“?**, Q and Q, q and q. Empty vector was used as negative control. SD-
L/W/H/A indicates the yeast medium without Leu, Trp, His and Ade. G) LCI assay for the dimmer of Q and Q“?*?°, nLUC and cLUC empty vector was used
as negative control and the quantification of Q were shown in the right. The values are means + SD (n=3). H) In vitro pull-down assay shows that Q-His
pulls down more GST-Q%%?%° than GST-Q (upper). The lower shows that roughly equal amounts of Q-His, GST-Q, GST-Q“?*?> and GST (negative control)
proteins were used. In A, E, and G, 1-way ANOVA was performed. P <0.01; ns, not significant.

phenotypes of pUbi:Q%?**® were more severe (Fig. 1M;
Supplementary Fig. S4, A to E and Table S1). Specifically, the
height of pUbi:Q and pUbi:Q“***S was decreased by 15.7% to
23.1% and 39.3% to 58.1%, the spike length by 20.5% to 28.6% and
38.3% to 50.7%, and spikelet density was increased by 35.8% to
45.6% and 65.7% to 74.2%, respectively (Fig. 1, N and O).
Consistent results were obtained from field experiments, showing
that the height of pUbi:Q and pUbi:Q%?**> decreased by 19.6% to
30.6% and 33.8% to 44.7%, respectively, while the spike length de-
creased by 33% to 41.7% and 60.4% to 64.8%. Additionally, the spi-
kelet density increased by 62.8% to 81.3% and 135% to 158%,
respectively (Supplementary Fig. S4, C to F). Similarly, the length
of peduncle cells reduced by 18.7% and 35.3% and the length of ra-
chis cells reduced by 23.5% and 47.0% in pUbi:Q and pUbi:Q“?**
plants, respectively (Fig. 1, P and Q). To accurately verify the function
of Q, we generated 5AQ-knocked out mutants (KO-5AQ) by perform-
ing CRISPR/CasS9-mediated gene editing in KN199. The phenotypic
analysis revealed that KO-5AQ mutants exhibited increased height
and spike length compared with KN199; however, the spikelet den-
sity was reduced (Fig. 1, R to U; Supplementary Fig. S4, G and H
and Table S1). This confirms that the point mutation (G to A) in the
fifth exon of the Q gene is indeed responsible for the reducing height
and spike length by enhancing Q’s function.

Notably, although Q expression in the pUbi:Q“?**° lines was
lower than in the pUbi:Q lines (Fig. 2A), the accumulation of
Q®%?%S protein remained significantly higher (Fig. 2B), suggesting
enhanced stabilities of Q%?*°°. Consequently, we evaluated the

stabilities of both Q and Q%??°® through cell-free degradation as-
says. The GST-Q proteins gradually degraded in KN199 protein ex-
tracts with increasing incubation time, while the degradation of
GST-Q%??°S proteins was moderately slower (Fig. 2C). The degra-
dation of GST-Q was effectively blocked by the 26S proteasome in-
hibitor MG132 (Fig. 2C). Previous studies have reported Q as a
transcriptional repressor (Liu et al. 2018). Q contains conserved
AP2 domains that recognize and bind the GCC-box (AGCCGCC)
and GCC-like box (xCCxCC) (Cheng et al. 2018; Yang et al
2024). To investigate whether the G229S mutation also affect the
DNA binding and transcriptional regulatory activities, we per-
formed an electrophoretic mobility shift assay (EMSA) and a dual-
luciferase reporter (DLR) assay. The results of the DLR and EMSA ex-
periments indicate that the transcriptional activity and DNA bind-
ing activity of Q9%?°° were not likely affected (Fig. 2, D and E).
Consistent with previous studies demonstrating the ability of Q
to form homodimers (Simons et al. 2006; He et al. 2021), our yeast
two-hybrid (Y2H) and luciferase complementation imaging (LCI) as-
says confirmed these findings. Through LCI and Y2H experiments,
we found that the dimers formed by Q%***° and Q“***, Q and
Q%??%5 Q and Q, and q and q gradually decreased (Fig. 2, F and G),
suggesting the G229S mutation could enhance the formation of ho-
modimers. Furthermore, by performing immunoprecipitation with
anti-His antibodies on His-Q/GST-Q%?** and His-Q/GST-Q com-
plexes, we observed that the Q%?*°S protein was more effectively
pulled down compared with the Q protein (Fig. 2H), indicating an en-
hancement in the formation of homodimers or heterodimers.
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Because the G229S mutation is located within the AP2-R2 do-
main, we aimed to identify the domains responsible for the interac-
tion by dividing the Q protein into 3 segments based on the
distribution of conserved domains (Supplementary Fig. S5A). Q-
middle, which contains the AP2 domain, showed strongest dimeri-
zation capability, followed with Q-C-terminal, which contains the
second ethylene-responsive element binding factor-associated am-
phiphilic repression (EAR2) domain. However, Q-N-terminal, which
contains the first EAR1 domain, did not show any dimerization abil-
ity (Supplementary Fig. S5B). Collectively, these results indicated
that the G229S mutation could enhanced protein stability and ho-
modimerization, while may bringin limited effects on DNA binding
and transcriptional activities.

Q repressed GA biosynthesis through directly
targeting GA30x2

In wheat, although the Rht-D1b and Rht-B1b alleles (Flintham et al.
1997), as well as the overexpression of Rhtl, do not affect spike
length, knockout of Rht-B1b gene can increase spike length (Song
etal. 2023; Xu et al. 2023). The overexpression lines of Q/Q°?* ex-
hibit typical GA-deficient phenotypes, including dwarfism and
shortened spikes (Fig. 1J; Supplementary Fig. S4, A to E), while
the relationship between Q and GA is still not clear. Therefore,
we investigated the effects of exogenous application of GAs on
phenotypic changes of Q/Q%?** overexpression plants. In the
greenhouse, 50 UM GA; was sprayed on the leaves of KN199,
pUbi:Q and pUbi:Q%**** wheat from vernalization until heading.
We discovered that the application of GA; could partially restore
both the height and spike length deficiencies of Q/Q%?**S overex-
pression lines (Fig. 3, A and B; Supplementary Fig. S6, A and B).
Specifically, there was an increase of 8.9% in height and 9.3% in
spike length for KN199. The height and spike length of the pUbi:
Q lines were restored to 99.0% and 98.4 of the untreated KN199,
while the height of the pUbi:Q“?*°° lines also reached 85.4% and
74.8% of the untreated KN199. Furthermore, GA; treatment of
the pUbi:Q%??** lines resulted in the restoration of height and spike
length to levels comparable to those observed in untreated pUbi:Q
lines (Fig. 3C). Additionally, the spikelet densities were decreased
by 17.7% and 22.8% in Q and Q“%*°° overexpression lines, respec-
tively (Fig. 3D). Moreover, the content of GA;, GA4 (synthesized
by TaGA30x2) was significantly decreased in spikes (W3.5 stage)
and peduncles of Q/Q®??°S overexpression lines (Fig. 3E), as well
as in the wm164 mutant (Supplementary Fig. S6C). These results
suggest that the semi-dwarf phenotypes in Q/Q%??*® overexpres-
sion lines were partially attributed to the deficiency of GA
biosynthesis.

We subsequently examined the transcription levels of GA syn-
thesis genes, including GA30x2, TaKS1, TaKO2, TaGA20o0x1,
TaGA200x2, TaGA200x3, in spikelets, rachises and peduncles of
Q/Q°??% overexpression lines (Supplementary Fig. S6, D to F).
Only the transcription levels of GA30x2 showed significant de-
crease in all the 3 tissues of Q/Q%?** overexpression lines com-
pared with KN199 (Fig. 3F), as well as in the wm164 mutant
(Supplementary Fig. S6G). Meanwhile, we found that the expres-
sion level of GA30x2 was significantly elevated in KO-5AQ
(Supplementary Fig. S6H). The expression of the KS1 gene was up-
regulated in the rachises and peduncles of both Q/Q%?%%
overexpression lines compared with KN199; however, the other
5 genes showed downregulation specifically in the rachis
(Supplementary Fig. S6, D to F). Through RNA-seq analysis, we
found no difference in the expression levels of the GA2-oxidase
gene TraesCS6A02G221900 (TaGA20x-A9), TraesCS6B02G259200
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(TaGA20x-B9), TraesCS6D02G213100 (TaGA20x-D9) in the young
spikes of WSB and mw164. In contrast, the expression levels of
these genes were slightly elevated in the young spikes of pUbi:Q
compared with those of KN199 and KO-5AQ. However, there
was no difference in the expression of the GA2-oxidase genes
TraesCS3A02G537300  (TaGA20x-A11),  TraesCS3B02G603000
(TaGA20x-B11), and TraesCS3D02G542800 (TaGA20x-D11) between
the young spikes of KN199 and KO-5AQ (Supplementary Fig. S6I).

We then analyzed the TFs binding motifs within the promoter
region of GA30x2, which identified 4, 6, and 8 Q binding motif
CCGNC in the GA30x2 promoter regions in A, B, and D subge-
nomes, respectively (Fig. 3G). The binding between Q proteins
and those motifs were validated by EMSA experiments except
PS5 (Fig. 3H). Through dual-luciferase systems, we found that
both Q and Q%?**S could repress the expression of the reporter
gene. It was worth noting that Q and Q%?*°S exhibit a stronger re-
pression effect on the GA30x2-D1 promoter, a moderate effect on
the GA30x2-B1 promoter, and a weaker effect on the GA30x2-A1
promoter (Fig. 3I), indicating regulatory differentiations among
the subgenomes. To further investigate the in vivo binding, we
conducted chromatin immunoprecipitation (ChIP) assays with
anti-GFP beads, and confirmed that the P1, P2, P3, and PS5 regions
of the GA30x2 promoter were significantly enriched in both Q/
QC?295.GFP overexpression lines (Fig. 3]).

To further validate that GA30x2 is indeed a target gene of Q, we
generated pUbi:GA30x2 transgenic wheat in KN199, utilizing
the complete coding sequence (CDS) of GA30x2 driven by
Ubiquitin promoter. Compared with KN199, the height and spike
length of pUbi:GA30x2 lines were not significantly different
(Supplementary Fig. S6, J to M). However, overexpression of
GA30x2 similarly rescued both traits: in the pUbi:Q line, height
and spike length were restored to 92.2% and 70.3% of KN199,
and in the pUbi:Q“***° line, to 74.9% and 59.4%, respectively
(Fig. 3, K to M; Supplementary Table S1). These results align
with the trend observed under GAs treatment and revealed that
Q inhibited GA biosynthesis via directly repressing the expression
of GA30x2.

Stabilization of RHT1 enhanced through
competitive interaction between Q and TaGID2

Considering that the exogenous application of GA3 and the over-
expression of GA30x2 do not fully restore the semi-dwarf and
compact spike phenotypes of Q/Q“??*> overexpression lines
(Fig. 3, A and B), we speculated that Q may also be involved in
GA signaling pathways in wheat. We found that the abundances
of both Q and Q%?**® proteins remained unchanged after treat-
ment with 50 uM GAs (Supplementary Fig. S7A).

Therefore, we further investigated the interaction between Q
and RHT1, TaGID1 and TaGID2. Y2H assays showed that Q
could directly interact with RHT1 and GID2, but not GID1
(Fig. 4A; Supplementary Fig. S7B), which was further confirmed
by LCI assays and bimolecular fluorescence complementation
(BIFC) assays (Fig. 4, B and C). We also performed the Co-
Immunoprecipitation (Co-IP) assays and revealed that Q and
Q%??%5 could physically interact with RHT1 in vivo (Fig. 4D). In ad-
dition, we observed a strong interaction between Q and RHT1-C-
terminal, which contains the GRAS domain, while no interactions
were detected between Q and RHT1-N-terminal, which contains
the DELLA domain and poly S/T/V domain (Supplementary Fig.
S7, C and D). We investigated the expression of Q, Rht-1, and
GID2 through WheatOmics and found that these genes are ex-
pressed in the peduncle, spike and spikelet tissue
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Figure 3. Qrepresses the transcription of GA30x2 and negatively regulate GAs biosynthesis in wheat. A, B) The height and spike length of KN199, pUbi:Q
and pUbi:Q%??°S transgenic wheat treated with or without 50 M GAs. Scale bars, 20 cm for the whole-plantimages (A) and 2 cm for spike images (B). G-D)
Statistical analysis of the height, spike length and spikelet density in KN199, pUbi:Q and pUbi:Q“?**® transgenic wheat treated with or without 50 xM GAs.
The values are means + SD (n=5). E) Measurement of GA content in mixed samples of spikes and peduncles (stage W3.5) from KN199, pUbi:Q and pUbi:
Q©%2% transgenic wheat. Error bars indicate + SD (n = 3). FW, fresh weight of mixed spike and peduncle. F) qRT-PCR results showing the expression levels
of GA30x2 genes in spikelet, rachis and peduncle of KN199, pUbi:Q and pUbi:Q??° transgenic wheat. GAPDH was used as the internal controls. The
values are means + SD (n=3). G) The schematic representation of different regions, which include the AP2 binding element (CCGNC) in the promoter of
GA30x2-A1/B1/D1. H) Direct binding of Q to the GA30x2 promoter in EMSAs. The biotin-labeled probes (P1-P6), containing GCC-box motifs, were derived
from the GA30x2 promoter, while the mutant probes, in which the GCC-box was replaced with (AAAAAA). I) Transient dual LUC reporter assays
showing that Q and Q%?**® repressed transcription of GA30x2-A1/B1/D1. YFP was used as a control. The values are means + SD (n=3). J) ChIP-PCR assay
showing enrichment of the promoter fragments of GA30x2pro bound by Q and Q“??°® in pUbi:Q and pUbi:Q“***® transgenic wheat. Anti-GFP antibodies
were used for precipitation. KN199 with anti-GFP antibodies were used as negative controls. The values are means + SD (n=3). K) The height and spike
length of the KN'199, pUbi:GA30x2, pUbi:Q/pUbi:GA30x2, pUbi:Q%???S/pUbi:GA30x2, pUbi:Q and pUbi:Q%?**. Scale bar, 20 cm (up) and 3 cm (bottom). L to M)
Statistical analysis of the height and spike length of KN199, pUbi:GA30x2, pUbi:Q/pUbi:GA30x2, pUbi:Q“?*?5/pUbi:GA30x2, pUbi:Q and pUbi:Q“?***. The
values are means + SD (n=5). In box plots, box edges depict upper and lower quartiles, whiskers denote 1.5x interquartile range, and center line
indicates median. In E-F, and I-], 1-way ANOVA was performed. In C-D, L-M, 2-way ANOVA was performed. P <0.05, P <0.01; ns, not significant.
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between RHT1 and TaGID2 in N. benthamiana. YFP-Myc was used as a control. F) Western blotting analysis shows the presence of YFP-Myc, Q-Myc and
Q%??%S_Myc in the infiltrated areas of N. benthamiana leaves. G, H) Accumulation of RHT1 (Anti-SLR1) in pUbi:Q, pUbi:Q“??°® and KO-5AQ transgenic
wheat. 2, 4, 8 and 1, 6, 20 represent independent pUbi:Q, pUbi:Q%?*** lines, respectively. I) Time-course analysis of RHT1 degradation in KN199, pUbi:Q
and pUbi:Q°??S transgenic wheat treated with 50 uM GAs. The B-Actin levels in the samples indicate that approximately equal amounts of total plant
extracts were used. J) A modelillustrating the dual suppressive roles of Q in both the biosynthesis and signaling pathways of GAs, leading to a reduction
in height and spike length in wheat. GA (gibberellin), Q, RHT1 (reduced height1), GID1 (gibberellin insensitive dwarfl) and GID2 is represented by red,
green, light purple light blue, and purple ovals, respectively. “—” and “1” indicates promotion and inhibition, respectively.
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(Supplementary Fig. S7E) (data from International Wheat Genome
Sequencing Consortium (IWGSC) 2018). Given the interactions
among Q, RHT1, and GID2, we hypothesized that Q might disrupt
the interaction between RHT1 and GID2. As expected, both Q
and Q%%?%S significantly inhibited the interaction between RHT1
and GID2 compared with YFP-Myc, with Q%*?° displaying an
even more pronounced inhibitory effect (Fig. 4, E and F).
Subsequently, we evaluated the protein levels of RHT1 and ob-
served that the Q/Q°?*®® overexpression lines and the wm164 mu-
tant exhibited higher accumulation of endogenous RHT1 protein
compared with KN199 and WSB, particularly in the pUbi:Q©??%5
lines (Fig. 4G; Supplementary Fig. S7F). In contrast, the accumula-
tion of RHT1 in KO-5AQ mutants was significantly reduced com-
pared with KN199 (Fig. 4H). Upon treatment with 50 uM GAs, the
amount of endogenous RHT1 protein was markedly reduced in
KN199, pUbi:Q and pUbi:Q**°® while more residual RHT1 protein
remained in pUbi:Q%?*** lines (Fig. 41), suggesting that Q could sup-
press the degradation of RHT1.

To further elucidate the role of Q in GA signaling pathways, we
conducted experiments using KN199, pUbi:Q, and pUbi:Q°?*** lines
under 50 uM paclobutrazol (PAC) treatment and varying concen-
trations of GAs. Treatment with 50 uM PAC resulted in a reduction

in height by 10.2%, 9.6%, and 2.1% in KN199, pUbi:Q, and pUbi:
Q°?%%5) respectively, while spike length decreased by 14.5%,
10.2%, and 5.3% (Supplementary Fig. S8). Upon application of
50 uM and 100 uM GA3, KN199 displayed the greatest height and
spike length, followed by pUbi:Q, with pUbi:Q“?*°° exhibiting the
smallest values. Compared with KN199 treated with PAC, treat-
ment with 50 yuM and 100 uM GAj; resulted in height recoveries
of 17.9% and 19.0% for KN199, —3.2% and —2.3% for pUbi:Q, and
-12.6% and —11.8% for pUbi:Q“?**, respectively. For spike length,
the recoveries were 29.6% and 31.2% for KN'199, 2.8% for both pUbi:
Q treatments, and —11.1% and —11.4% for pUbi:Q (Supplementary
Fig. S8). These results indicate that Q, particularly the Q“??° al-
lele, exhibited a reduced response to GAs, as evidenced by a de-
scending gradient of phenotypic recovery: KN199 > pUbi:Q > pUbi:
Q%??% (Supplementary Fig. S8), which also suggests that Q may
play an important role in GA signaling pathways.

Discussion

Q was initially identified as a domestication gene as its mutation
could alter the free-threshing characteristic, which facilitates
wheat harvesting (Simons et al. 2006). Besides the roles in seed
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shattering, Q also exhibits pleiotropic effects on development, in-
cluding the regulation of height, spike length, and heading date.
However, the mechanisms by which Q regulates these agronomic
traits is still elusive. Here, we identified an allele Q“**°° and pro-
posed a molecular model of Q negative regulation of GAs synthe-
sis and signaling pathway (Fig. 4]). The G to A substitution in the
fifth exon of Q did not alter its expression (Supplementary Fig.
S3C), but it enhanced its protein stability and homodimerization
ability (Fig. 2), resulting in semi-dwarf and compact spike.
Notably, the G229S mutation is located adjacent to the conserved
WEAR motif in the YRG element, which is crucial for DNA binding
(Okamuro et al. 1997). Nevertheless, the EMSA and LUC reporter
assays revealed no significant difference between Q and Q2% re-
garding their DNA binding affinity and transcriptional regulatory
activity (Fig. 2, D and E). Hence, it remains unclear whether the
G229S mutation affects the phosphorylation modification of the
Q protein, and subsequently influences its function.

Our study reveals that Q diminishes GA content in both spikes
and peduncles by inhibiting the expression of GA3ox2 (Fig. 3;
Supplementary Fig. S6). Several studies have reported that AP2/
ERF TF, such as OsRPH1 and OsAP2-39 could repress endogenous
GA levels, leading to decreased height, internode length, and
leaf sheath length in rice (Yaish et al. 2010; Ma et al.
2020). Additionally, the application of GA; has been demonstrated
to partially reverse the miR172-mediated suppression of HUAP2,
leading to shorter stems in barley (Patil et al. 2019), which suggests
a conserved relationship between AP2 TFs and GA synthesis
among various plant species.

The height of pUbi:Q and pUbi:Q“***° lines was reduced to ap-
proximately 76.9% to 84.3% and 41.9% to 60.7% of KN199, respec-
tively. Since GAs; treatment or GA30ox2 overexpression can
compensate for deficiencies in GA biosynthesis, we used the de-
gree of phenotypic restoration toward the untreated KN199 as a
proxy for GA responsiveness. Upon GAs treatment, their heights
partially recovered to 99.0% and 85.4% of untreated KN199 (Fig. 3,
Ato C), while spike length increased from 71.4%-79.5% and 49.3%—
61.7% to 98.4% and 74.8%, respectively. Overexpression of
GA30x2 similarly rescued both traits: in pUbi:Q, height and
spike length were restored to 92.2% and 70.3% of KN199, and
in pUbL:Q%?** to 74.9% and 59.4%, respectively (Fig. 3, K to M).
Additionally, in the GAs and PAC co-treatment experiment, a de-
scending trend of phenotypic recovery was observed across geno-
types: KN199 > pUbi:Q > pUbi:Q%?**S (Supplementary Fig. S8).

These results demonstrate that both Q alleles retain partial re-
sponsiveness to GAs, but their response to GAs treatment is signifi-
cantly reduced compared with KN199. Notably, pUbi:Q®??%
exhibited the weakest recovery under both GA; treatment and
GA30x2 overexpression, suggesting that the G229S mutation exac-
erbates the reduced GA responsiveness. This trend was also con-
firmed by the 2-way ANOVA showing a significant genotype-by-
treatment interaction. Therefore, we conclude that Q, particularly
the Q%?** allele, confers reduced responsiveness to GAs treat-
ment. However, it remains possible that the increased RHT1 pro-
tein accumulation observed in these lines is an indirect result of
altered endogenous GA levels rather than a direct consequence
of Q-GID2-RHT1 interaction (Fig. 4, G to I), a hypothesis that war-
rants further investigation.

Q enhances free-threshing characteristics and reduces height,
which aids in refining wheat architecture. However, an overabun-
dance of the Q protein can lead to undesirable outcomes such as
dwarfism and compact spikes, negatively impacting wheat yield.
Further investigation into whether these 2 traits operate inde-
pendently and how to adjust the Q-related pathways to control

height and spike length individually could significantly advance
the utilization of diverse Q alleles. In summary, our study has
not only deepened our understanding of how Q regulates height
and spike length but also established a connection between this
crucial domestication gene and GA pathways.

Materials and methods

The elite spring wheat variety Nanda 2419 (ND2419), systemati-
cally selected and bred from the Italian accession Mentana, and
the Chinese wheat landrace WSB, was used as a parental line
for crossing with the mwl64 mutant. Fine-scale mapping of
mw164 was performed based on 2 populations: the F, population
of mwl164xND2419 and BC,F, population of mwi64x WSB.
Genomic DNA sequences in the candidate region were compared
between mw164 and WSB. Primer sequences used for map-based
cloning in Supplementary Data Set 1 and genotyping assays were
provided in Supplementary Tables S2 and S4.

Re-sequencing and SNP calling

The genomic DNA of WSB and wml64 was extracted using a
standard CTAB method (Huang et al. 2000), and 1 ug DNA per
sample was fragmented by sonication to an average size of
300-400 bp. The libraries containing selected fragments were se-
quenced using a BGISEQ-500 platform with a paired-end read
length of 150 bp. We filtered the raw data using SOAPnuke
(Chen et al. 2018) and obtained clean reads with a sequencing
depth of 12-fold coverage.

The remaining high-quality reads were mapped to CS reference
genome v2.1 (Zhu et al. 2021) using the Burrows-Wheeler
Alignment tool (BWA, Li and Durbin 2009). The duplicated reads
were marked and removed using the Genome Analysis Toolkit
(GATK, McKenna et al. 2010). The GATK HaplotypeCaller module
was used to identify the SNPs between WSB and wm164. The genic
positions (e.g. intragenic, upstream, downstream, and intergenic)
and associated functions of all variants were further annotated
using ANNOVAR software (Wang et al. 2010) based on the CS
reference genome v2.1.

Transgene constructs

The CDS of Q, Q“?*° and TaGA30x2 were amplified and inserted into
the 110-pUbi:GFP and 110-pUbi:Myc vector, which are derived from
the PWMB111 vector backbone (Wang et al. 2022). Then the PCR
product and 110-pUbi vector were ligated to generate pUbi:Q-GFP,
pUDbi:Q°??**S-GFP and pUbi:GA30x2-Myc constructs. For CRISPR/
Cas9-based gene editing, sgRNA target sequences were designed ac-
cording to the exon sequences of 5AQ. The MT; T, vector was ampli-
fied by 1 pair of primers containing the sgRNAs and then cloned into
the CRISPR/Cas9 vector pBUE413 (Xing et al. 2014). We designed
pegRNA sequences using PlantpegDesigner (Lin et al. 2021). The
pUCS7-CmYLCV vector was amplified by pegRNA primer, pegRNA
sequence (contain the CmYLCV promoter and CaMV terminator)
was cloned into the pUC57-CmYLCV vector (Ni et al. 2023). The re-
combinant plasmids were transfected into A. tumefaciens
strain EHA105. The transgenic wheat was generated by
Agrobacterium-mediated transformation into 15-d-old immature
embryos of KN199 (Ishida et al. 2015). Relevant primer sequences
are given in Supplementary Data Set 1.

Growth conditions and GA; treatment

The F, and BC,F, populations in this study were planted in a
2.0m single-row plot spaced 0.3m apart with 20 seeds per
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row at Chinese Academy of Agricultural Sciences-Xinxiang
Experimental Station (Qiliying county, Xinxiang city, Henan prov-
ince) in the 2020 to 2021 natural growing season. The T, of Q and
Q©?%% gverexpression lines were planted in a 1.0 m single-row plot
spaced 0.3 m apart with 10 seeds per row at Chinese Academy of
Agricultural Sciences Experimental Station (Beijing, People’s
Republic of China) in the 2021 to 2022 natural growing season.
The agronomic traits including height, spike length, spikelet num-
bers per spike were measured manually before harvestin the field.
For gRT-PCR assays, phytohormone treatments, Co-IP assays
and ChIP-PCR assays, the plants of KN199, Q and Q°??*S overex-
pression wheat were grown in a greenhouse under 16 h of light
at 24 °C and 8 h of dark at 19 °C.

GA; (A600738, Sangon Biotech) was dissolved in dimethyl sulf-
oxide (DMSO). KN199, Q and Q°?*° overexpressing lines were
transplanted to a greenhouse with conditions of 16 h of light at
24 °C and 8 h of dark at 19 °C after vernalization. Every day after
dark, 5 mL of 50 uM GA; was sprayed onto the leaves of KN199,
Q and Q°??*S overexpressing plants until heading. An equal vol-
ume of DMSO was used as a mock control. Height and spike length
were measured at the heading stage. All experiments were per-
formed in 3 biological replicates.

Histological observations

The rachises and peduncles at the booting stage (W8.5-W9) of
WSB, mw164, KN199, Q and Q“**** overexpression wheat lines
were fixed in FAA solution, embedded in paraffin, longitudinally
sectioned, stained with 0.1% Toluidine blue O, and observed using
a Axio Imager Z2 (Carl Zeiss). Cell lengths of each sample were
measured on 3 serial sections of the rachis and peduncle.

gRT-PCR analysis and RNA-seq assays

Total RNAs were extracted from leaves, spikelets, rachises, pe-
duncles at the booting stage (W5-W6) of WSB, mw164, KN199, Q
and Q°?** overexpression wheat using the TRIzol reagent
(Invitrogen, 15596-026), the full-length cDNAs were reverse-tran-
scribed using FastKing RT Kit (TIANGEN; KR116), according to the
manufacturer’s protocol. Subsequent gRT-PCR was performed
using TB Green Premix Ex Taqll (TaKaRa) and LightCycler96
(Roche), with each qRT-PCR assay being replicated at least 3 times
with 3 independent RNA preparations. TaGAPDH gene transcript
was used as the internal control. Relevant primer sequences are
given in Supplementary Data Set 1.

For RNA-sequencing analysis, the young spikes (W3.5) of WSB,
mw164, KN199, pUbi:Q, and KO-5AQ samples were collected at W3.5
stage, and total RNAs were extracted using TRIzol Reagent. The
RNA-Seq library was constructed by Berry Genomics (Beijing,
China), and sequenced with [llumina NovaSeq 6000 platform. All se-
quencingdata were 150 bp paired-end reads. For data quality control,
we used fastpv0.21.0, and reads were aligned to CSreference genome
v1.0 using hisat2 (https://daechwankimlab.github.io/hisat2/) with
default parameters. BAM files were sorted using SAMtools v1.3.1,
read counts was quantified using FeatureCounts, and Transcripts
Per Million values were calculated using TPMCalculator. The RNA-
seq data generated in the current study are available in the Gene
Expression Omnibus database (https://www.ncbi.nlm.nih.gov/geo)
under accession number GSE298823.

Luciferase transient transcriptional repression
assay

The GAL4 reporter plasmid contains the Firefly luciferase (LUC)
gene fused with GAL4 binding site, the p35S:REN (the Renilla
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luciferase) reporter plasmid as the internal control. The CDS of
Q, Q°??°S and YFP were amplified and fused into the p35S:GAL4-
BD vector to construct the effecter plasmids, respectively. The ef-
fector and reporter plasmids were co-transformed in N. benthami-
ana protoplasts, and the p355:GAL4-BD-YFP vector was used as a
control. The DLR assay system (Promega, E1910) was used to
measure firefly LUC and REN activities. For each transformation,
10 ug of reporter plasmid and 10ug of effector plasmid were
used. Relative REN activity was used as an internal control, and
LUC/REN ratios were calculated. At least 3 measurements were
performed for each assay. Relevant primer sequences are given
in Supplementary Data Set 1.

Western blotting assays

Total proteins were extracted using 2x Laemmli buffer (125 mm
Tris-HCl pH 6.8, 4% SDS, 20% glycerol, 0.001% Bromophenol
blue) (Laemmli 1970), and electrophoretically separated by 8%
or 10% SDS-PAGE and transferred to Amersham Protran NC (GE,
10600002). Proteins were detected by immunoblot using the anti-
bodies: anti-SLR1 (1:2000, ABclonal, A16279), anti-GFP (1:2000,
Roche, 11814460001), anti-Myc (1:5000, Roche, 11667149001), B-
Actin (1:5000, CWBIO, CW0264 m), anti-GST (1:3000, CWBIO,
CWO0084), and anti-His (1:3000, CWBIO, CW0286), anti-mouse
IgG (1:75000, Sigma, A9044-2ML), anti-Rabbit IgG (1:5000, phytoab,
PHY6000), respectively.

In vitro pull-down

The CDS of Q and Q°?*® was amplified and inserted into the
pGEX4T-1 or pET28a vector. The recombinant GST-Q, GST-
Q%2 and His-Q protein were expressed in Escherichia coli BL21
(DE3) (Transgen, CD701-01), and then purified and immobilized
on BeaverBeads GSH (Beaver, 70601-5) and BeaverBeads IDA-
Nickel (Beaver, 70501-5) following the manufacturer’s instruc-
tions. Equal amounts of eluted GST-Q, GST-Q%??°S and His-Q pro-
teins were incubated with BeaverBeads IDA-Nickel in the column
buffer (20 mwm Tris-HCl pH 8.0, 200 mm NaCl, 1 mwm EDTA, 10 mum
PMSF) at 4 °C for 2 h. Then, the beads were washed 5 times with
washing buffer (20mwm Tris-HCl pH 8.0, 200 mm NaCl, 1mwum
EDTA), followed boiling with 2x Laemmli buffer. Supernatants
were electrophoretically separated by 10% SDS-PAGE and sub-
jected to immunoblotting using anti-GST, and anti-His, anti-
mouse IgG antibodies. Relevant primer sequences were given in
Supplementary Data Set 1.

Cell-free protein degradation assays

Three-week-old seedlings of KN199 were harvested. The total pro-
teins were extracted with lysis buffer [50 mm Tris-HCl pH 8.0,
50 mmM MES, 1 mm MgCl,, 10 mm EDTA, 5 mm DTT, 10 mm PMSF,
1x proteinase inhibitor cocktail (Roche, 04693132001) and 10 uM
ATP (Invitrogen, 18330019)]. For the degradation assays, the puri-
fied GST-Q and GST-Q%?? (about 500 ng) were incubated in 50 uL
of wheat total protein extract (containing about 200 ug total pro-
teins). The samples were harvested from the mixtures for a series
of incubation times at 28 °C, and processed for western blot anal-
ysis to determine the abundances of GST-Q, GST-Q%%?%, Western
blotting was performed using anti-GST, anti-p-Actin and anti-
mouse IgG antibodies. The B-Actin in the samples indicating the
roughly equal amounts of total plant extracts were used.

Y2H assays

The CDS of Q, Q%% q, Rht1, GID1, GID2, and truncated Q were
amplified and cloned into pGBKT7 (Baits) or pGADT7 (Preys),
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respectively. The different combinations of prey and baits were
co-transformed into yeast strain AH109. Positive clones were
transferred to SD-Trp/Leu and SD-Trp/Leu/His/Ade on solid me-
dium to detect the interactions. The combinations of prey and
PGBKT7 were used as the negative control. Relevant primer se-
quences were given in Supplementary Data Set 1.

LCI assays

The LCI assays were performed in N. benthamiana leaves. The CDS
of Q, Q%%°, Rhtl, and GID2 were amplified and cloned into
pCAMBIA1300-355:nLUC or pCAMBIA1300-35S:cLUC vectors to gen-
erate fusion constructs, respectively (Chen et al. 2008). The re-
combinant plasmids were transformed into A. tumefaciens strain
GV3101 separately, and then combinations and the p19 co-in-
fected into N. benthamiana leaves. The injected leaves were
sprayed with 1 mwm luciferin (Promega, E1601) and the LUC signals
were captured 48 h later using a cooled CCD imaging apparatus
(Berthold, LB985). The assay was repeated at least 3 times and 8
independent leaves were used for each experiment. Relevant pri-
mer sequences were given in Supplementary Data Set 1.

EMSA

The GST fused Q and Q?%°S protein were expressed in Escherichia
coli BL21 (DE3) (Transgen, CD701-01), and then purified with
BeaverBeads GSH (Beaver, 70601-5) following manufacturer’s in-
structions. The GA30x2 promoter probes containing the GCC-
box were labeled and 5'biotin modification was synthesized in
Beijing Genomics institution. EMSAs were performed as
LightShift Chemiluminescent EMSA Kit (Thermo, 20148). Each ex-
periment was independently replicated 3 times.

BiFC assays

The CDS of Q, Rht1 and GID2 were amplified and cloned into p35S:
CYFP or p35S:nYFP vectors (YFP, yellow fluorescent protein) to gen-
erate fusion constructs, respectively. The recombinant plasmids
were transformed into A. tumefaciens strain GV3101 separately.
Co-transfection of constructs into N. benthamiana leaves. The
YFP signal was captured using a confocal microscope (Laser at
514 nm, laser intensity at 20%, collection bandwidth from 510 to
620 nm, gains from 900 to 1200) after 48 h (Carl Zeiss, LSM8&80).
The assay was repeated at least 3 times and 4 independent leaves
were used for each experiment. Relevant primer sequences are
given in Supplementary Data Set 1.

Co-IP assays

For Co-IP experiments, total proteins were extracted from KN199, Q
and Q%??*® overexpression wheat leaves at tillering stage with a lysis
buffer (50 mwm Tris-HCl PH 7.5, 150 mm NaCl, 10 mm MgCl,, 5 mum
EDTA, 0.1% Triton X-100, 0.2% NP-40, 10 mm PMSF, 20 uM MG132,
1x proteinase inhibitor cocktail). Lysates were incubated with
magnetic beads conjugated with an anti-GFP-tag antibody
(MBL, M153-10) at 4 °C for 6 h. The magnetic beads were then
washed 5 times with washing buffer (50 mwm Tris-HCl PH 7.5,
150 mm NaCl, 10 mm MgCl,, Smwm EDTA, 0.1% Triton X-100,
0.2% NP-40). Immunoprecipitates were electrophoretically separated
and specific proteins detected by immunoblotting with anti-GFP,
anti-SLR1, anti-mouse IgG, anti-Rabbit IgG antibodies, respectively.

Luciferase transient expression assay

The 2.5 kb promoter sequences of GA30x-A2/B2/D2 were amplified
and cloned into a pGreenll-0800-LUC/REN vector, respectively
(Hellens et al. 2005). For the construction of the effectors,

Q, Q°??%5 and YFP were cloned into the p2GW?7 vector (Niu et al.
2015). The effector and reporter plasmids were co-transformed
in N. benthamiana protoplasts, the p2GW7-YFP vector was used
as a control. The DLR assay system (Promega, E1910) was used
to measure firefly luciferase and renilla luciferase activities. For
each transformation, 10 ug of reporter plasmid and 3 ug of effector
plasmid were used. Relative REN activity was used as an internal
control, and LUC/REN ratios were calculated. At least 3 measure-
ments were performed for each assay.

ChIP-PCR assay

ChIP assays were performed as described (Gendrel et al
2005). Two grams of each sample of KN199, Q and Q°?**® overex-
pression wheat leaves were collected at tillering stage. Samples
were immediately fixed with 1% (v/v) formaldehyde under vac-
uum 2 times (15 min/time) at 25 °C, then terminated by adding
0.25wm glycine under vacuum for 5min at 25 °C. The samples
were ground to powder in liquid nitrogen and suspended in ex-
traction buffer I (50 mm HEPES pH7.5, 150 mm NaCl, 1 mm EDTA,
0.1% Triton X-100, 10% glycerol, 1x proteinase inhibitor cocktail,
5 mu B-mercaptoethanol), then mixed gently at 4 °C for 30 min.
The suspension was centrifuged at 1500 x g at 4 °C for 20 min.
The nuclei were resuspended in extraction buffer II (50 mm
HEPES pH7.5, 150 mm NaCl, 1 mm EDTA, 0.1% Triton X-100, 10%
glycerol, 1x proteinase inhibitor cocktail) and centrifuged at
1500 x g at 4 °C for 20 min, and this step was repeated 3 times.
The nuclei were resuspended in nuclear lysis buffer (50 mm
HEPES pH7.5, 150 mm NaCl, 1 mm EDTA, 0.1% Triton X-100, 10%
glycerol, 1% SDS, 1x proteinase inhibitor cocktail), then the chro-
matin was ultrasonically fragmented on ice to an average size of
500 bp. Immunoprecipitations were performed with an anti-GFP
beads (MBL, M153-10) overnight at 4 °C. The immunocomplex
was successively washed by low-salt wash buffer (50 mm HEPES
pH7.5, 150 mm NaCl, 1 mm EDTA), high-salt wash buffer (50 mum
HEPES pH7.5, 500 mum NaCl, 1 mum EDTA), LiCl wash buffer (0.25 M
LiCl, 0.5% NP-40, 1 mm EDTA, and 10 mm Tris-HCl pH 8.0), and
TE buffer (10 mwm Tris-HCl pH 8.0 and 1 mm EDTA) and then was
eluted with elution buffer (1% SDS and 0.1 m NaHCOs). The DNA
fragments were resuspended in sterilized water for gPCR. gPCR
was performed using TB Green Premix Ex Taqll (TaKaRa) and
LightCycler96 (Roche). KN199 was used as the negative control.
The percentage of IP DNA toits corresponding input DNA was rep-
resented as enrichment for each target. Relevant primer sequen-
ces were listed in Supplementary Data Set 1.

Quantitative analysis of endogenous GAs

Quantification of GAs in the WSB, wm164, KN199, Q and Q¢%?°°
overexpression wheat was performed as described previously
with 3 biological replicates (Liu et al. 2012). At W3.5 stage, 1 g of
mixed spike and peduncle tissues was collected separately from
WSB, wm164, KN199, Q and Q%??* overexpression wheat plants.
Samples were immediately ground into powder in liquid nitrogen,
then homogenized in 1 mL of 70% methanol by vortexing. The
mixture was incubated at 4 °C with vortexing every 10 min for 3
cycles, followed by overnight incubation at 4 °C. The ?H,-GA,,
’H,-GA4, *H,-GAqo, “Ho-GAyo as internal standards. UPLC-MS/MS
analysis was performed using purified extracts on an ABI 4000Q-
TRAR LC-MS system (Applied Biosystems, USA).

Statistical analysis

Student’s t-tests were performed using Microsoft Office Excel;
ANOVA analyses were performed using the GraphPad Prism 9.0.


http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf183#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf183#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf183#supplementary-data
http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koaf183#supplementary-data

Statistical analyses with P-values can be found in Supplementary
Data Set 2.

Accession numbers

Sequence data from this study can be found in the WheatOmics 1.0
(http://wheatomics.sdau.edu.cn) under the following accession
numbers: Q (AP2L5): TraesCS5A03G1116700; q: TraesCS5D03G1069300;
Rhtl: TraesCS4A03G0701300; GID1:TraesCS1A03G0655800; GID2:
TraesCS3A03G0116000; GA30x2: TraesCS3A03G0268400, TraesCS3B
03G0336700, TraesCS3D03G0261200; KS1: TraesCS2A03G1015500,
TraesCS2B03G1337500, TraesCS2D03G0955700; KO2: TraesCS7A03G
0885500, TraesCS7B03G0729700, TraesCS7D03G0850500; GA20
0x1: TraesCS4A03G0796400, TraesCS5B03G1356500, TraesCS
5D03G1210400; GA200x2: TraesCS3A03G0950800, TraesCS3B03
G1087000, TraesCS3D03G0884400; GA200x3: TraesCS3A03G0937
900, TraesCS3B03G1067800, TraesCS3D03G0870200; GAPDH:
TraesCS6A03G0586800, TraesCS6B03G0715800, TraesCS6DO03
G0485700.
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