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Abstract

The utilization of stabilized DELLA proteins Rht-B1b and Rht-D1b was crucial for increasing wheat (Triticum aestivum) prod-
uctivity during the Green Revolution. However, the underlying mechanisms remain to be clarified. Here, we cloned a gain-of-
function allele of the GSK3/SHAGGY-like kinase-encoding gene GSK3 by characterizing a dwarf wheat mutant. Furthermore,
we determined that GSK3 interacts with and phosphorylates the Green Revolution protein Rht-B1b to promote it to reduce
plant height in wheat. Specifically, phosphorylation by GSK3 may enhance the activity and stability of Rht-B1b, allowing it to
inhibit the activities of its target transcription factors. Taken together, we reveal a positive regulatory mechanism for the Green

Revolution protein Rht-B1b by GSK3, which might have contributed to the Green Revolution in wheat.

Introduction

During the “Green Revolution” in the 1960s, unprecedented
increases in wheat yield were achieved via the introduction
of the Reduced height (Rht)-B1b and Rht-D1b semidwarfing
alleles to reduce plant height (Peng et al. 1999; Van De
Velde et al. 2021). The gain-of-function alleles Rht-B1b and
Rht-D1b encode functional DELLA proteins, which act as
repressors of gibberellin (GA) signaling (Peng et al. 1999).
The N-termini of DELLA proteins contain the conserved
DELLA and TVHYNP motifs, which are needed for the bind-
ing of these proteins with the GA receptor GIBBERELLIN
INSENSITIVE DWARF1 (GID1) (Ueguchi-Tanaka et al. 2005;
Murase et al. 2008). This GID1/DELLA binding enables the
DELLA protein to be recognized by the GID2/SLEEPY F-box
component of an SCF ubiquitin E3 ligase, resulting in the deg-
radation of the DELLA protein in the presence of bioactive

GAs (Sasaki et al. 2003; Dill et al. 2004; Harberd et al. 2009;
Hirano et al. 2010). In hexaploid wheat, DELLA proteins are
encoded by 3 homoeologous Rht-1 genes, with the wild-type
alleles designated as Rht-Ala, Rht-B1a, and Rht-D1a (Peng
et al. 1999). The Rht-1 semidwarfing alleles resulting from
a mutation in Rht-Bla or Rht-D1a are named Rht-B1b
and Rht-D1b and contain a base substitution leading to a
stop codon within the DELLA region (Peng et al. 1999). A re-
cent study showed that Rht-B1b and Rht-D1b produce
N-terminally truncated DELLA proteins generated by transla-
tional reinitiation, which are stabilized by the lack of an intact
DELLA motif, leading to reduced plant height (Van De Velde
et al. 2021).

DELLAs are destabilized not only by the canonical
GID1-SCF*"V<P2 pathway but also by SCF™F' and COP1
E3 ubiquitin ligases (Blanco-Tourinan et al. 2020a; Yan
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IN A NUTSHELL

Background: For wheat (Triticum aestivum), plant height is a crucial agronomic trait because high plants are prone to
lodging (falling over). During the Green Revolution in the 1960s, the unprecedented wheat yield increases were
achieved through the introduction of Reduced height (Rht)-B1b and Rht-D1b semidwarfing alleles, which confer in-
creased harvest index and improved lodging resistance. Rht-B1b and Rht-D1b alleles produce N-terminal truncated
DELLA proteins generated by translational reinitiation, which are stabilized by lacking an intact DELLA motif, leading
to reduced plant height. The DELLA proteins are well known as negative regulators of gibberellin signaling in plants.
However, the molecular basis of how the Green Revolution proteins Rht-B1b and Rht-D1b act to reduce plant height
in wheat remains to be clarified.

Question: How is the stabilized Rht-B1b protein activated or regulated to reduce plant height in wheat?

Findings: We cloned a gain-of-function allele of GSK3 gene through characterization of a dwarf wheat mutant. The
GSK3 kinase was shown to interact with and phosphorylate Rht-B1b to promote it to reduce wheat plant height. The
phosphorylation by GSK3 may enhance the activity and stability of Rht-B1b. Moreover, GSK3-mediated plant growth
repression requires DELLA proteins. Overall, we uncover an activation mechanism for the Green Revolution protein
Rht-B1b, which not only needs to be stabilized but also needs to be activated by direct phosphorylation via GSK3 to
exert its function in reducing wheat plant height.

Next steps: We plan to generate more wheat mutants with modified plant architecture by CRISPR/Cas9 or ethyl me-
thyl sulfide (EMS) mutagenesis and elucidate the regulatory network of wheat plant architecture, which will provide

Dong et al.

new insights and elite genes for wheat improvement.

et al. 2020). In addition to ubiquitination, other posttransla-
tional modifications, such as phosphorylation, glycosylation,
and SUMOylation, also modulate the stability and activity of
DELLA proteins. Rice (Oryza sativa) EARLY FLOWERING 1
(ELT), a homolog of the protein kinase casein kinase | (CKI),
phosphorylates the N-terminal domain of the DELLA protein
SLR1 to prevent its GA-mediated degradation, whereas
EL1-mediated phosphorylation of its C-terminal domain sus-
tains SLR1 activity (Dai and Xue 2010). On the other hand,
Arabidopsis (Arabidopsis thaliana) TYPE-ONE PROTEIN
PHOSPHATASE 4 (TOPP4) dephosphorylates the DELLA pro-
teins GAl and RGA upon interaction, which is required to de-
stabilize both DELLAs (Qin et al. 2014). In addition, the
glycosylation of DELLAs adjusts their activities. For example,
O-GlcNAcylation by  SECRET  AGENT  (SEC) and
O-fucosylation by SPINDLY (SPY) antagonistically modulate
DELLA function: O-GlcNAcylation decreases the binding cap-
acities of DELLA proteins to transcription factors (TFs), where-
as O-fucosylation promotes the sequestration of TFs by
DELLAs (Zentella et al. 2016, 2017; Blanco-Tourinan et al.
2020b). The modification of DELLAs via SUMOylation also ap-
pears to modulate their activity and stability under stress con-
ditions (Conti et al. 2014; Blanco-Tourinan et al. 2020b).
Brassinosteroid (BR) is another important growth-
promoting phytohormone that regulates some key agronomic
traits, including plant height, leaf angle, grain size, and tillering
(Tong and Chu 2018). BRI1-EMS SUPPRESSOR1 (BES1) and
BRASSINAZOLE-RESISTANT1 (BZR1) are master TFs of BR sig-
naling that control BR-regulated gene expression (He et al.
2002; Wang et al. 2002; Yin et al. 2002; Yu et al. 2011). The
GSK3/SHAGGY-like kinase BRASSINOSTEROID INSENSITIVE
2 (BIN2) and its homologs are crucial negative regulators of

BR signaling, which inactivate BES1 and BZR1 by direct phos-
phorylation (Li et al. 2001; He et al. 2002; Li and Nam 2002; Yin
et al. 2002).

In this study, we cloned a gain-of-function allele of GSK3 by
characterizing a dwarf wheat mutant. Importantly, we found
that the GSK3/SHAGGY-like kinase GSK3 phosphorylates and
promotes the Green Revolution protein Rht-B1b to reduce
plant height. Furthermore, we show that phosphorylation by
GSK3 helps Rht-B1b repress the activities of downstream TFs
that regulate plant height. Therefore, we uncovered a positive
regulation mechanism for the Green Revolution protein
Rht-B1b via GSK3-mediated phosphorylation.

Results

Cloning of the GSK3 gene

In a screening for regulators of plant architecture in wheat,
we identified a dwarf mutant named gsk3 (see gene cloning
information below) from an ethyl methyl sulfide (EMS) mu-
tant library in the wheat cultivar YZ4110 background
(Figs. 1A and S1, A and C). Compared with YZ4110,
both the internode length and cell length were reduced
and the grains were semispherical in the gsk3 mutant
(Supplemental Fig. S1, D and F). Moreover, the gsk3 mutant
was insensitive to exogenous BR treatment in both leaf angle
and primary root elongation assays (Supplemental Fig. S2),
suggesting that BR signaling might be affected in the gsk3
mutant. Genetic analysis of a BC,F, population from a cross
between the gsk3 mutant and YZ4110 indicated that the
dwarf phenotype of gsk3 was caused by a semidominant mu-
tation in a single gene (Supplemental Fig. S3A; y* =531<
Xoos = 599).
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GSK3 is a partner of Rht-B1b

Bulked segregant analysis-based exome capture sequen-
cing (BSE-Seq) analysis using the BC4F, population showed
that TraesCS3D02G137200 is a candidate gene located on
chromosome 3D, in which 1 SNP (G/A) was identified
(Supplemental Fig. S3, B and C). TraesCS3D02G137200 en-
codes a GSK3/SHAGGY-like kinase, the homolog of the
Arabidopsis BR signaling component BIN2 (Supplemental
Fig. S4), which interacts with TaBSU1, the homolog of
the Arabidopsis BIN2 regulator BSU1 (Supplemental Fig.
S5). The G to A mutation changes the conserved TREE*®¢
domain of GSK3 to TREK®®*® in the gsk3 mutant
(Supplemental Fig. S4). gsk3-Flag transgenic lines displayed
obviously reduced plant height compared with GSK3-Flag
transgenic lines and wild-type KN199 (Supplemental Fig.
S3, D and E). Immunoblotting demonstrated that the
Glu286Lys point mutation enhances the protein stability
of gsk3 (Supplemental Fig. S3, F and G). Similarly, the
GSK3F2%°%_Flag transgenic wheat plants also displayed
a dwarf phenotype (Fig. 1B). In support of our view, two
independent studies demonstrated that the natural muta-
tion Glu286Lys in GSK3 from Indian dwarf wheat (Triticum
sphaerococcum Perc.) causes dwarf and semispherical grain
phenotypes (Cheng et al. 2020; Gupta et al. 2021).
Therefore, we cloned the GSK3 gene by characterizing a
dwarf wheat mutant.

GSK3 interacts with the Green Revolution protein
Rht-B1b

To explore whether GSK3 is related to the Green Revolution
in wheat by reducing plant height, we tested the interaction
of GSK3 and Rht-1. Yeast 2-hybrid (Y2H) assays showed that
GSK3 could interact with both wild-type DELLA protein
Rht-B1a and truncated DELLA protein Rht-B1b (Fig. 1C).
Firefly luciferase complementation imaging (LCI) assays in
Nicotiana benthamiana leaves revealed interaction signals
in samples co-expressing nLUC-GSK3/cLUC-Rht1-B1b,
whereas no signal was detected in the negative controls
(Fig. 1D). Pull-down assays showed that Rht1-B1b-GST
(but not GST alone) pulled down MBP-GSK3 protein
(Fig. 1E), demonstrating that GSK3 directly interacts with
Rht1-B1b in vitro. Finally, co-immunoprecipitation (Co-IP)
assays verified that GSK3 interacts with Rht1-B1b in vivo
(Fig. 1F). Taken together, these observations demonstrate
that wheat GSK3 interacts with the Green Revolution pro-
tein Rht1-B1b.

To comprehensively evaluate the different regions of Rht-1
protein responsible for the interaction with GSK3, we per-
formed LCl assays in N. benthamiana leaves using truncated
versions of the full-length Rht-1 protein Rht-B1a instead of
Rht-B1b. The N-terminus but not the C-terminus of
Rht-B1a interacted with GSK3 (Fig. 1G). The deletion of ei-
ther the DELLA or TVHYNP motif did not affect the inter-
action between Rht-B1a and GSK3 (Fig. 1G), suggesting
that the DELLA and TVHYNP motifs are not responsible
for the interaction of Rht-B1a with GSK3. Finally, we demon-
strated that the middle region of Rht-B1a, which is also
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present in Rht-B1b, mediates the interaction with GSK3
(Fig. 1G).

GSK3 phosphorylates Rht-B1b

Since GSK3 is a serine/threonine kinase, we wondered
whether GSK3 can phosphorylate the Rht-1 proteins. To
this end, we used a Phos-tag approach by incubating the
MBP-GSK3 and Rht-B1a-GST proteins in kinase reaction buf-
fer. As shown in Fig. 2A, only incubation with MBP-GSK3 and
ATP generated a slowly migrating band of Rht-B1a protein in
a Phos-tag gel, indicating that Rht-B1a could be phosphory-
lated by the GSK3 kinase. Given that the N-terminus of
Rht-B1a mediates the interaction with GSK3, we speculated
that the phosphorylation sites of GSK3 might be located in
the N-terminus of Rht-B1a. We analyzed the putative GSK3
phosphorylation motifs (Ser/Thr-X-X-X-Ser/Thr; Wang
et al. 2002; Youn and Kim 2015) in the N-terminal region
of Rht-Bla. We mutated all the putative phosphorylation
Ser/Thr sites in these motifs to Ala (mimic nonphosphory-
lated form) and performed in vitro phosphorylation assays
with the mutant Rht-Bla protein. However, this mutant
Rht-B1a protein could also be phosphorylated by GSK3
(Fig. 2A).

Thus, we mutated the remaining serine residues of the
N-terminus of Rht-B1a in 2 groups (m1 and m2) (Fig. 2B).
In in vitro phosphorylation assays, Rht-B1a™' mutant pro-
tein could still be phosphorylated by GSK3, whereas
Rht-B1a™ mutant protein was barely phosphorylated by
GSK3 (Fig. 2C), indicating that the phosphorylation sites
are included in m2. Furthermore, Rht-B1a°'584/52014/5202A
mutant protein could not be phosphorylated by GSK3
(Fig. 2D), suggesting that the Ser158, Ser201, and Ser202 re-
sidues of Rht-B1a are GSK3 phosphorylation sites. As ex-
pected, GSK3 could phosphorylate Rht-B1b but not
Rht-B1b>?2AS135AST36A - \whose mutations corresponded
to those of Rht-B1a®'584/52014/5202A (Figs. 2E and S6).
Simultaneously, the Ser135 and Ser136 residues of
Rht-B1b were also identified as putative phosphorylation
sites in mass spectrometry assay using Rht-B1b-GST pro-
tein (Figs. 2F and S7). Moreover, Rht-B1b>?2A/S135A/5136A
(Rht-B1b>*) still interacted with GSK3, as did Rht-B1b, ex-
cluding the possibility that these mutations indirectly af-
fect the phosphorylation of Rht-B1b by impairing its
interaction with GSK3 (Fig. 2, G and H). In conclusion,
our results demonstrate that GSK3 can phosphorylate
the Green Revolution protein Rht-B1b.

GSK3 phosphorylates Rht-B1b to reduce plant height
During the Green Revolution in wheat, the Rht-B1b protein
(which was generated from Rht-B1a) became stabilized and
caused a semidwarfing phenotype. However, the molecular
basis for the role of Rht-B1b in reducing plant height remains
to be clarified. To evaluate the role of Rht-B1b phosphoryl-
ation by GSK3 in reducing plant height, we generated
Rht-B1b-OE and Rht-B1b**-OF (Rht-B1b****/*1354/5136A o)
transgenic wheat plants overexpressing these genes under
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Figure 1. Gain-of-function mutations of GSK3 reduce plant height, and GSK3 interacts with the Green Revolution protein Rht-B1b in wheat. A)
Reduced plant height of the gain-of-function mutant gsk3 at the heading stage compared with the wild type (YZ4110). Scale bar, 5 cm. B)
Reduced plant height of GSK3%° transgenic plants compared with the wild type (KN199). Scale bar, 10 cm. C) Y2H assay showing that GSK3 inter-
acts with Rht-1. SD/-2, SD-Trp/-Leu; SD-4, SD-Trp/-Leu/-His/-Ade. D) LCl assay showing the interaction between GSK3 and Rht-B1b. Empty vectors
were used as negative controls. E) Pull-down assay showing that GSK3 interacts with Rht-B1b in vitro. Purified MBP-GSK3 proteins could be pulled
down by Rht-B1b-GST proteins. GST was used as a negative control. Anti-MBP and anti-GST antibodies were used for immunoblotting. PD, pull
down. Asterisks indicate the specific bands. F) Co-IP assay showing that GSK3 interacts with Rht-B1b in vivo. Rht-B1b-GFP was co-expressed
with GSK3-Flag in N. benthamiana leaves. Protein extracts were immunoprecipitated with anti-GFP antibody. Immunoblots were probed with
anti-GFP and anti-Flag antibodies. G) LCl assay showing that the middle region (aa 109 to 223) of Rht-B1a mediates the interaction with GSK3.
Rht-B1a-N, aa 1 to 223; N-ADELLA, Rht-B1a-N lacking the DELLA motif (DELLA, aa 40 to 50); N-ATVHYNP, Rht-B1a-N lacking the TVHYNP motif
(TVHYNP, aa 92 to 108); Rht-B1a-M, aa 109 to 223; Rht-B1a-C, aa 224 to 621.

control of the Ubiquitin promoter. Phenotypic analyses  compared with wild-type Fielder (Fig. 3, A and B and
showed that most but not all Rht-B1b-OE transgenic plants  Supplemental Table S1). Moreover, overexpression of
displayed severely reduced plant height, while selected Rht-B1b severely repressed coleoptile growth, while
Rht-B1b**-OF transgenic plants with roughly similar expres-  Rht-B1b** had a minor effect on repressing coleoptile growth
sion levels of the transgene displayed a semidwarf phenotype  (Fig. 3, C and D).
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Figure 2. Rht-B1b is phosphorylated by GSK3. A) Protein phosphorylation assays of Rht-B1a by GSK3 using Phos-tag gel. The mutated sites of
Rht-B1a™"°% are Ser/Thr residues in the putative motifs recognized by GSK3 kinase located in the N-terminal region of Rht-B1a. B) Schematic
representation of the potential phosphorylation sites of Rht-B1a protein by GSK3. Numbers indicate the positions of amino acid residues in
Rht-B1a. C) Protein phosphorylation assays of Rht-B1a by GSK3 using Phos-tag gel. The mutated sites of Rht-B1a™' and Rht-B1a™ are shown in
B). D) Protein phosphorylation assays showing that the Ser158, Ser201, and Ser202 residues of Rht-B1a are the phosphorylation sites by GSK3.
E) Protein phosphorylation assays showing that the Ser92, Ser135, and Ser136 residues of Rht-B1b are the phosphorylation sites by GSK3. The
Ser92, Ser135, and Ser136 residues of Rht-B1b correspond to the Ser158, Ser201, and Ser202 residues of Rht-B1a, respectively. In A) and C to E),
MBP-GSK3 proteins were incubated with different mutant forms of Rht-1-GST. Proteins were detected by immunoblotting with anti-GST antibody.
Arrows indicate the phosphorylated or nonphosphorylated protein bands. F) The phosphorylated peptides of Rht-B1b determined by LC-MS/MS.
The putative phosphorylation residues are marked in red. G) Y2H assay showing that GSK3 interacts with Rht-B1b**. SD/-2, SD-Trp/-Leu; SD-4,
SD-Trp/-Leu/-His/-Ade. H) LCI assay showing that GSK3 interacts with Rht-B1b**. Empty vectors were used as negative controls. The red texts
in this figure refer to putative phosphorylation residues of Rht-B1a or Rht-B1b.

Reverse transcription quantitative PCR (RT-qPCR) and im- ~ Rht-B1b-OE plants was observed in the Phos-tag gel
munoblotting assays confirmed that the levels of Rht-B1b (Fig. 3G). However, the phosphorylated band of Rht-B1b**
were roughly similar in these transgenic lines (Fig. 3, Eand  was undetectable from Rht-B1b**-OF plants (Fig. 3G).
F). Furthermore, we performed in vivo phosphorylation as-  Taken together, these results demonstrate that phosphoryl-
says of Rht-B1b using stably transgenic wheat plants. An up-  ation by GSK3 facilitates the activity of Rht-B1b, allowing it to
shift of the phosphorylated band of Rht-B1b from reduce plant height in wheat.
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Figure 3. Rht-B1b reduces plant height with the assistance of GSK3. A) Plant heights of representative Rht-B1b-OE and Rht-B1b**-OF transgenic
plants. Rht-B1b*2A313%A43136A ¢ abeled as Rht-B1b**. Scale bar, 20 cm. B) Quantification of plant height of representative transgenic plants at
the mature stage. Error bars represent means + so (n > 10). Asterisks indicate significant differences by Student’s t test (**P < 0.01). C, D) The phos-
phorylation of Rht-B1b is required to repress coleoptile growth in wheat. The image in C) shows the coleoptile phenotypes of representative trans-
genic plants. Scale bars, 10 mm. The quantification of coleoptile lengths is shown in D). Error bars denote + sp (n > 18). **P < 0.01, Student’s t test. E,
F) Transcriptional and protein level analyses of Rht-B1b in representative transgenic plants. The transcript levels of Rht-B1b were quantified by nor-
malizing against TaGAPDH, and values represent means =+ sb (n = 3). Actin was used as a loading control. G) Phosphorylation assays showing that
the phosphorylation of Rht-B1b** was affected in vivo. Proteins were extracted from the Rht-B1b-Flag and Rht-B1b**-Flag transgenic wheat plants
and separated on the Phos-tag gel. Anti-Flag antibody was used to detect the Rht-B1b proteins. H) Inducible protein accumulation analysis of gsk3 in
the indicated Arabidopsis backgrounds. The seedlings were treated without or with 10 um B-estradiol for 6 h. Anti-HA antibody was used to detect
the gsk3 protein levels, and actin was used as a loading control. Asterisks indicate specific protein bands. I, J) Plant growth phenotypes of
PERGW-gsk3/Col-0 and pERGW-gsk3/dellag transgenic Arabidopsis plants. Seedlings were grown on 1/2 MS medium without or with 10 um
B-estradiol for 6 d. Error bars represent means + sp (n > 15). Asterisks indicate significant differences, and n.s. indicates no significant difference
by Student’s t test (**P < 0.01).
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GSK3 is a partner of Rht-B1b

GSK3-mediated growth repression genetically
requires DELLA proteins

To determine whether GSK3-mediated growth repression is
related to DELLA proteins, we generated transgenic plants
harboring pERGW-gsk3 (expressing gsk3 driven by a
B-estradiol-inducible promoter) in the Arabidopsis Col-0
and dellag quadruple mutant (gai-t6 rga-t2 rgl1-1 rgl2-1;
Achard et al. 2007) backgrounds. As shown in Fig. 3H, gsk3
levels were similar in Col-0 and dellag. In the absence of
the inducer B-estradiol, the hypocotyls of pPERGW-gsk3/dellag
were significantly longer than those of pERGW-gsk3/Col-0
grown under normal light conditions (Supplemental Fig.
S8A).

To easily observe the repressive effect of gsk3 on hypocotyl
elongation, we grew these transgenic seedlings under weak
light conditions. The plants displayed comparable hypocotyl
lengths (Fig. 3, | and J). In the presence of the inducer
B-estradiol, the induction of gsk3 dramatically repressed
hypocotyl elongation in Col-0 but not in the dellag mutant
background (Fig. 3, | and J), suggesting that GSK3-mediated
growth repression requires the functions of DELLA proteins.
As expected, the induction of gsk3 caused a BR-insensitive
phenotype in both the WT and dellag backgrounds
(Supplemental Fig. S8B). However, gsk3-induced transgenic
plants in the WT background could still respond to GA to
some extent, whereas those in the dellag background were
insensitive to GA (Supplemental Fig. S8C). These results sug-
gest that GA-induced destruction of DELLA proteins may be
predominant over the enhancement of DELLA function by
GSK3.

Phosphorylation facilitates Rht-B1b-mediated
inhibition of target TF activity

Studies in Arabidopsis showed that DELLA proteins exert
their function by suppressing the DNA-binding activities of
PHYTOCHROME-INTERACTING FACTOR (PIF) family TFs
on the target genes (de Lucas et al. 2008; Feng et al. 2008).
To evaluate the role of phosphorylation by GSK3 on
Rht-B1b function, we confirmed the physical interaction be-
tween Rht-B1b and PIF4. Pull-down assays showed that
Rht-B1b-GST proteins directly interact with MBP-PIF4 pro-
teins in vitro (Fig. 4A). We recently reported that TaPIL1, a
wheat homolog of Arabidopsis PIF4, positively regulates
plant height (Zhang et al. 2022). LCI assays demonstrated
that Rht-B1b and Rht-B1b** interacted with PIF4/TaPIL1 in
a similar manner (Fig. 4, B and C), excluding the possibility
that the mutations of Rht-B1b** affect its activity by impair-
ing protein folding.

Furthermore, we employed the well-documented
PIF4-IAA19 module in a transient expression assay to evalu-
ate the effect of phosphorylation on the function of
Rht-B1b. The promoter of the PIF4 target gene IAA79 (Sun
et al. 2013) was fused to the Luciferase (LUC) gene as a report-
er, followed by transient expression in N. benthamiana proto-
plasts (Fig. 4D). As expected, PIF4 activated the expression of
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IAA19,,,,LUC, whereas co-expression of Rht-B1b reduced the
induction of IAA19,,,LUC expression by PIF4 (Fig. 4D).
Importantly, co-expression of Rht-B1b** failed to repress
the PIF4-mediated induction of IAA19,,,LUC expression
(Fig. 4D), suggesting that phosphorylation by GSK3 facilitates
Rht-B1b-mediated repression of target TF activity.

Finally, we compared the genome-wide gene expression
profiles of Rht-B1b-OF and Rht-B1b**-OF transgenic wheat
plants by transcriptome  sequencing  (RNA-seq)
(Supplemental Data Sets S1 and S2). The Rht-B1b-OE and
Rht-B1b**-OF plants displayed distinct expression patterns
of cell elongation—related genes (Fig. 4E). RT-qPCR confirmed
that some cell elongation-related genes were significantly
downregulated in Rht-B1b-OE transgenic plants, while their
expression appeared to be slightly reduced in Rht-B1b**-OF
transgenic plants vs. wild-type Fielder (Fig. 4F).

Discussion

The growth-promoting plant hormone GA destabilizes
DELLAs to promote plant growth. During the Green
Revolution, the naturally N-terminally truncated DELLA pro-
teins Rht-B1b and Rht-D1b, which are insensitive to
GA-triggered degradation, were used to generate semidwarf
wheat cultivars (Peng et al. 1999; Van De Velde et al. 2021).
However, the underlying mechanisms of how these Green
Revolution proteins reduce plant height in wheat remain un-
known. Our findings, together with recent studies (Cheng
et al. 2020; Gupta et al. 2021), indicate that EMS or natural
mutations targeting the conserved TREE motif of GSK3
caused the dwarf wheat phenotype. Here we detected a dir-
ect interaction between GSK3 and Rht-B1b and uncovered a
mechanism by which GSK3 phosphorylates the Green
Revolution protein Rht-B1b (and Rht-D1b) and enhances
its activity to reduce plant height, which might have contrib-
uted to the Green Revolution in wheat (Fig. 5).

The identification of phosphorylated residues is a crucial
step toward understanding the relevance of phosphorylation
for DELLA function. Importantly, our efforts successfully
identified Ser92, Ser135, and Ser136 in the poly-Ser/Thr/Val
region of the Green Revolution protein Rht-B1b as the phos-
phorylation sites by GSK3 (Fig. 2E). Similarly, the phosphoryl-
ation sites of rice DELLA protein SLR1 by EL1 are also located
in the poly-Ser/Thr/Val domain, and the phosphorylation of
SLR1 is important for maintaining its activity and stability
(Dai and Xue 2010). Based on our results from observing sta-
bly transgenic wheat plants, Rht-B1b-TF interaction assays,
and transient transcription activity assays, we propose that
phosphorylation by GSK3 facilitates the function of
Rht-B1b in repressing plant growth.

Additionally, semi-in vivo protein degradation assays using
the fusion proteins Rht-B1b-GST and Rht-B1b**-GST showed
that the protein stability of Rht-B1b**-GST was also reduced
compared with stabilized Rht-B1b (Supplemental Fig. S9).
Therefore, we propose that the phosphorylation of
Rht-B1b by GSK3 enhances its activity and stability. In the
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Figure 4. Phosphorylation enhances the ability of Rht-B1b to inhibit the activities of target TFs. A) Pull-down assay showing the in vitro interaction
of Rht-B1b and PIF4. GST was used as a negative control. PD, pull down. Asterisks indicate the specific bands. B) LCl assay showing that Arabidopsis
PIF4 interacts with Rht-B1b and Rht-B1b** in N. benthamiana leaves. Empty vectors were used as negative controls. C) LCl assay showing that wheat
TaPIL1 interacts with Rht-B1b and Rht-B1b>* in N. benthamiana leaves. Empty vectors were used as negative controls. D) Schematic diagrams of the
reporter and effectors used in the transient transactivation assays (upper panel). Phosphorylation by GSK3 is required for Rht-B1b to repress the
activity of target TFs (lower panel). N. benthamiana protoplasts were transfected with the reporter and different effectors. Relative LUC activities
normalized to REN activity are shown (LUC/REN). Error bars represent means =+ sb (n = 3). Asterisks indicate significant differences, and n.s. indicates
no significant differences by Student’s t test (**P < 0.01). E) Heat map of the gene expression patterns of some selected cell elongation-related genes
in Rht-B1b-OE and Rht-B1b**-OF transgenic plants based on RNA-seq data. F) RT-qPCR analysis confirming the expression patterns of cell elong-
ation-related genes shown in E). Error bars represent means =+ sp (n = 3). Asterisks indicate significant differences by Student’s t test (*0.01 <P
< 0.05 and **P < 0.01).
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Figure 5. A proposed model of the role of GSK3 in the Green Revolution in wheat. A proposed model showing that GSK3 acts as a partner of the
Green Revolution protein Rht-B1b (and Rht-D1b). Although the Rht-B1b protein derived from Rht-B1a (and Rht-D1b derived from Rht-D1a) via
natural mutation became stabilized during the Green Revolution, the activity and stability of Rht-B1b (and Rht-D1b) in reducing plant height need
to be facilitated by phosphorylation via GSK3. GA, gibberellin; BR, brassinosteroid; Rht-B1a, Reduced height (Rht)-B1a; Rht-B1b, Reduced height

(Rht)-B1b; GSK3, glycogen synthase kinase 3; TF, transcription factor.

same manner, SUMOylation also regulates the stability and
activity of DELLA proteins (Conti et al. 2014; Gongalves
et al. 2020). Interestingly, the sites of O-GlcNAcylation by
SEC and O-fucosylation by SPY are also located in the nearby
regions of the poly-Ser/Thr/Val domain of RGA (Zentella
et al. 2016, 2017). These findings indicate that the poly-Ser/
Thr/Val region at the N-termini of DELLA proteins is a site
of multiple posttranslational modifications, which are vital
for the functions of DELLA proteins. However, the ability of
Rht-B1b** to reduce plant height was not completely abol-
ished, suggesting that there might be other phosphorylation
sites in Rht-B1b by other protein kinases. Alternatively, per-
haps GSK3-induced phosphorylation is one of several me-
chanisms by which Rht-B1b is posttranslationally regulated.
Taken together, the co-existence of multiple posttransla-
tional modifications likely enhances the fast and flexible ad-
justment of DELLA function.

BR and GA are the 2 most important growth-promoting
plant hormones. There is no doubt that BR and GA actively
interact to regulate plant growth and development. Two in-
dependent studies reported that BR regulates plant growth
by modulating GA metabolism in rice and Arabidopsis
(Tong et al. 2014; Unterholzner et al. 2015). In Arabidopsis,
BR and GA function interdependently via a direct interaction
between the BR-activated BZR1 and GA-destructed DELLA
transcriptional regulators (Bai et al. 2012). Here we revealed
an additional layer of the mechanism underlying the cross-
talk between BR and GA via the GSK3-DELLA module, which
advances our understanding of phytohormonal crosstalk in
crop plants.

Materials and methods

Plant materials and growth conditions
The wheat (Triticum aestivum) gsk3 mutant was crossed with
wild-type line YZ4110 to obtain the F; population, and the

BC,F, population was obtained by self-fertilization of BC4F,
plants. Wheat plants were grown in Beijing, China, under nat-
ural conditions or in growth chamber at 22 °C for 16 h (day,
~200 mol m~s~", light-emitting diodes (LED) bulbs) and
18 °C for 8 h (night). A. thaliana ecotype Col-0 was used as
the wild type. The dellag (Achard et al. 2007) mutant was
previously described. Arabidopsis seedlings were grown on
1/2 Murashige and Skoog (MS) medium containing 2% su-
crose at 22 °C in a light incubator under a 16-h light
(~100 ymol m~?s™", LED bulbs)/8-h dark photoperiod. N.
benthamiana plants were grown under a 16-h light
(~120 ymol m™?s™", LED bulbs)/8-h dark cycle in a green-
house at 24 °C for 1 mo before infiltration.

Gene cloning by BSE-Seq analysis

Leaves of plants from the BC,4F, population were collected to
construct the wild-type and mutant phenotype pools at the
heading stage for genomic DNA isolation. Each pool con-
tained 30 individuals. Genomic DNA was extracted using
the cetyltriethyl ammnonium bromide (CTAB) method
(Saghai-Maroof et al. 1984). After quality testing, exome cap-
ture and high-throughput sequencing were conducted,
which generated approximately 20 Gb of sequence data for
each pool. Given the characteristics of EMS mutagenesis, cer-
tain variations were filtered out, and the candidate gene was
identified by varBScore (Dong et al. 2020a).

Paraffin sections

The internodes below the spike were collected from wheat
plants at the heading stage, fixed in 50% ethanol, 0.9 m glacial
acetic acid, and 3.7% formaldehyde overnight at 4 °C, dehy-
drated in a graded ethanol series, infiltrated with xylene,
and embedded in paraffin (Sigma). Eight-micrometer-thick
sections were cut with a microtome (RM2245; Leica) and
transferred onto poly-L-lysine—coated glass slides, deparaffi-
nized in xylene, and dehydrated through an ethanol series
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(Ma et al. 2017). Light microscopy was performed using a
SteREO Discovery microscope observation system (AXIO
IMAGER 72, ZEISS).

BR treatment

Lamina inclination assays in response to BR treatment were
performed as previously described (Tong et al. 2009). For
the root length assays, uniform germinated seeds were se-
lected and grown in various concentrations of epibrassino-
lide (eBL, an active form of BR) (Sigma, E1641-2MG) for
~7 d (22 °C/16-h light and 18 °C/8-h dark). The angles of
lamina joint bending and the lengths of roots were measured
using ImageJ software.

RNA extraction and RT-qPCR

Total RNAs were extracted from the samples using a Plant
Total RNA Extraction kit (Zoman) according to the manufac-
turer’s instruction. Approximately 2 ug of total RNA was
used for reverse transcription with the 5x All-In One RT
MasterMix system (Applied Biological Materials). The
cDNA was diluted with water in a 1:5 ratio, and 2 uL diluted
cDNA was used for RT-qPCR with the SYBR Premix Ex Taq
Kit (TaKaRa). The PCR program comprised an initial denatur-
ation for 1 min at 95 °C and amplification by 40 cycles of 5 s
at 95 °C and 30 s at 60 °C in a StepOnePlus Real Time PCR
system. All primers used for RT-qPCR are listed in
Supplemental Table S2.

Generation of DNA constructs

For LCl assays, Rht-B1a, Rht-B1b, and TaBSU1 were cloned
into the Kpnl/Sall- or Kpnl/BamHI-digested p1300-35S-cLUC
vector (Chen et al. 2008). Similarly, GSK3, PIF4, and TaPIL1
were cloned into the Kpnl/Sall-digested p1300-35S-nLUC vec-
tor (Chen et al. 2008). To generate the Rht-B1a-GST,
Rht-B1b-GST, and Rht-B1b**-GST fusion proteins, Rht-B1a,
Rht-B1b, and Rht-B1b** were ligated into the EcoRl/
Sall-digested pGEX4T-1 vector (Dong et al. 2020b). To gener-
ate the MBP-GSK3 and MBP-PIF4 fusion proteins, GSK3 and
PIF4 were ligated into the BamHI/Sall-digested pMAL-c2X
vector (Dong et al. 2020b). The sequences encoding
Rht-B1a and Rht-B1b were mutated to different mutant
forms via nucleic acid synthesis (Tsingke) or using a
Site-Directed Mutagenesis Kit (Mei5 Biotechnology,
MF129-01). For the Co-IP assays, Rht-B1b and GSK3 were
cloned into the Xbal/BamHlI-digested p1305-35S-GFP (Dong
et al. 2021) and Xbal/Sall-digested p1300-35S-Flag vectors
(Dong et al. 2021) to generate the 35S:Rht-B1b-GFP and
358:GSK3-Flag constructs, respectively. All ligations were per-
formed using the Ligation-Free Cloning Master Mix (Biomed,
CL116) according to the manufacturer’s instructions. The
primers used to generate the DNA constructs in this study
are shown in Supplemental Table S2.

Firefly LCI assays
The LCl assays to detect protein interactions were performed
in N. benthamiana leaves as described previously (Dong et al.

Dong et al.

2020b). Briefly, Agrobacteria harboring the indicated con-
structs were co-infiltrated into N. benthamiana leaves, and
the infiltrated leaves were analyzed for LUC activity at 48 h
after infiltration using a NightSHADE LB 985 in vivo plant im-
aging system (Berthold, Bad Wildbad, Germany).

Y2H assays

For the Y2H assays, the Rht-Bla, Rht-B1b, Rht-B1b**, and
GSK3 genes were cloned into the Ndel/EcoRI-digested
pGADT7 (Dong et al. 2020b) or Ndel/EcoRI enzymes digested
pGBKT7 vector (Dong et al. 2020b), respectively. These con-
structs were transformed into yeast (Saccharomyces cerevi-
siae) strain AH109 and grown on SD-Trp/-Leu medium.
The interactions were assessed by dropping the yeast cells
on SD-Trp/-Leu/-His/-Ade medium.

Protein extraction, immunoblotting, and Co-IP assays
Total proteins were extracted from the samples using extrac-
tion buffer [125 mm Tris-HCI (pH 6.8), 4% SDS, 20% glycerol,
0.001% bromophenol blue, and 2% B-mercaptoethanol]. The
protein samples were boiled for 5 min and centrifuged for
10 min, and the supernatant was separated on an SDS-
PAGE gel. For the immunoblotting assays, anti-Flag
(1:3,000; ABclonal, AE005), anti-HA (1:2,000; Roche,
11867423001), and anti-ACT (1:5,000; CWBIO, CW0264)
antibodies were used.

For the semi-in vivo protein stability assays of Rht-B1b and
Rht-B1b**, the leaves of YZ4110 were collected and ex-
tracted in protein extraction buffer [50 mm Tris-MES (pH
8.0), 0.5 m sucrose, T mm MgCl,, 10 mm EDTA, 5 mm DTT,
1 mm phenylmethylsulfonyl fluoride (PMSF), 10 um ATP,
and 1X protease inhibitor]. Approximately 5ug of
Rht-B1b-GST or Rht-B1b**-GST proteins was mixed with
YZ4110 extracts and incubated for the indicated time. The
samples were boiled for 5 min and analyzed by immunoblot-
ting with anti-GST (1:3,000; CWBIO, CW0144) antibody.

For the Co-IP assays of Rht-B1b and GSK3, the
Rht-B1b-GFP and GSK3-Flag proteins were transiently co-
expressed in N. benthamiana leaves. The infiltrated leaves
were collected at 48 h after infiltration and ground in liquid
nitrogen, followed by protein extraction in lysis buffer
[50 mm Tris-HCl (pH7.5), 150 mm NaCl, 5 mm EDTA (pH
8.0), 0.2% Triton X-100, 0.2% NP-40, 20 ym MG132, 0.6 mm
PMSF, and 1X protease inhibitor]. The extracts were centri-
fuged at 4 °C for 20 min, and the supernatant was incubated
with anti-GFP magnetic beads (MBL, D153-10) overnight.
The magnetic beads were washed 5 times with lysis buffer,
resuspended in 2Xx SDS loading buffer, and analyzed by im-
munoblotting with anti-GFP (1:2,000; Roche, 11814460001)
and anti-Flag antibodies.

Pull-down assays

The GST, Rht-B1b-GST, MBP-GSK3, and MBP-PIF4 fusion
proteins were expressed in Escherichia coli strain BL21. The
bacterial cells were induced with 0.4 mm isopropyl
[-p-1-thiogalactopyranoside (IPTG) at 18 °C for 14 h. The
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GST-tagged and MBP-tagged recombinant proteins were
purified using glutathione resin (GenScript) and amylose re-
sin (NEB), respectively. For the pull-down assays of GSK3/
Rht-B1b and PIF4/Rht-B1b, the indicated fusion proteins
were incubated with glutathione resin for 2 h in 1X PBS buf-
fer (CWBIO, CW0040S). The GST-bound resin was washed 5
times with 1X PBS buffer, resolved by SDS-PAGE, and de-
tected using anti-MBP (1:3,000; CWBIO, CW0288) and
anti-GST (1:3,000; CWBIO, CW0144) antibodies.

Generation of transgenic/hybrid plants

To generate GSK3-Flag and gsk3-Flag transgenic wheat plants,
the coding sequences of GSK3 and gsk3 were cloned from
wild-type YZ4110 and the gsk3 mutant. The coding sequence
of GSK3 or gsk3 was fused with Flag tag and subsequently
ligated into the Smal/Spel-digested pWMBT110 vector (Liu
et al. 2020). These constructs were transformed into
Agrobacterium tumefaciens strain EHA105 and introduced
into wheat cultivar KN199. To generate Rht-B1b-OE and
Rht-B1b**-OF transgenic wheat plants, Rht-B1b-Flag or
Rht-B1b**-Flag was ligated into the pWMB110 vector. These
constructs were transformed into A. tumefaciens strain
EHA105 and introduced into wheat cultivar Fielder. The
transgenic wheat plants were generated by an A.
tumefaciens-mediated transformation method using the
licensed protocol “PureWheat”.

To generate GSK32%° _Flag transgenic wheat plants, the se-
quence encoding mutated GSK3%°F was fused with Flag tag
and subsequently ligated into the pUbi:cas vector (Yan et al.
2021). The GSK3"%*K_Flag construct was transformed into
1-mo-old embryogenic calli of KN199 by particle bombard-
ment (Bio-Rad, Hercules, CA; Vasil and Vasil 2006).

To generate B-estradiol-inducible pERGW-gsk3/Col-0 and
pPERGW-gsk3/dellag transgenic plants, the coding sequence
of gsk3 was ligated into the entry vector pQBV3 (Yang
et al. 2021) and then introduced into pERGW (Liu et al.
2017) by the Gateway cloning strategy. The binary constructs
were introduced into the Col-0 or dellag mutant background
by A. tumefaciens strain GV3101-mediated transformation
to generate the indicated transgenic plants (Clough and
Bent 1998).

In vitro and in vivo phosphorylation assays

For the in vitro phosphorylation assays, 1 yg MBP-GSK3 fu-
sion proteins were incubated with 2 pg Rht-B1a-GST/
Rht-B1b-GST or mutant proteins in 20 uL kinase reaction
buffer [25 mm Tris-HCI (pH7.5), 12 mm MgCl,, T mm DTT,
and 1 mm ATP] at 37 °C for 1 h. The reactions were boiled
in 5% SDS loading buffer and separated by 8% SDS-PAGE
in gels containing 50 ym Phos-tag (NARD, AAL-107) and
100 pym MnCl,. The gel was washed 3 times using transfer buf-
fer with 1 mm EDTA and once using transfer buffer without
EDTA, each for 10 min. The gel was blotted onto a mem-
brane and the fusion proteins were detected using
anti-GST antibody.
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Approximately 0.1-g leaves of transgenic wheat plants
were ground in liquid nitrogen and incubated in 300 pL ex-
traction buffer (150 mm KCl, 50 mm HEPES, 1 mm DTT,
0.4% Triton X-100, 1X protein inhibitor, and 1Xx Phostop)
for 30 min on ice. The extracts were centrifuged at 4 °C for
30 min, and the supernatant was mixed with 5X SDS loading
buffer. After boiling for 5 min, the samples were separated by
8% SDS-PAGE in a gel containing 50 ym Phos-tag and 100 pym
MnCl,.

Mass spectrometry

To prepare samples for mass spectrometry, 10 g
Rht-B1b-GST and 5 pug MBP-GSK3 recombinant proteins
were incubated in 100 pL kinase reaction buffer at 37 °C
for 1 h. The reactions were boiled in 5X SDS loading buffer
and separated by 8% SDS-PAGE in a gel containing 50 ym
Phos-tag and 100 ym MnCl,. The in-gel proteins were re-
duced with dithiothreitol (10 mm DTT/100 mm NH,HCO;)
and alkylated with iodoacetamide (200 mm IAA/100 mm
NH4HCO;). LC-MS/MS analysis was performed on a Q
Exactive mass spectrometer (Thermo Fisher Scientific)
coupled to an Easy-nLC liquid chromatography system
(Thermo Fisher Scientific). For protein identification, the fol-
lowing options were used: peptide mass tolerance: 20 ppm;
fragment mass tolerance: 0.1 Da; enzyme: trypsin; missed
cleavage: 2; fixed modification: carbamidomethyl (C); and
variable modification: Phospho (STY).

RNA sequencing and data analysis

The coleoptiles of Fielder, Rht-B1b-OF, and Rht-B1b>*-OE plants
were collected at the 1-leaf stage, and total RNA was extracted
from the samples using TRIzol reagent (Invitrogen) according
to the manufacturer’s instructions. For each genotype plant, 5
coleoptiles were collected to extract RNA, and 3 biological
replicates were employed. cDNA libraries were generated
and sequenced on the Illumina NovaSeq 6000 platform
(lumina Inc, USA) to generate more than 10 Gb raw data
for each library. The raw reads were cleaned to remove
low-quality reads and adapters with Fastp (v0.12.4). The
RNA-seq reads were mapped to the reference genome
IWGSC RefSeq v2.1 using HISAT?2. Differential expression
analysis was performed using the DESeq2 (1.34.0) package
in R. Differentially expressed genes (DEGs) were identified
with log, (fold change)>1 and P <0.05. Morpheus
(https://software.broadinstitute.org/morpheus) was used
to construct heat maps.

Transient transcription dual-luciferase assays

The promoter of IAA19 (1,907 bp) was cloned into the Kpnl/
BamHI-digested pGreenll 0800-LUC vector (Yang et al. 2021)
as a reporter. The REN gene under the control of the cauli-
flower mosaic virus 35S promoter in the pGreenll 0800-LUC
vector was used as the internal control. PIF4, Rht-B1b, and
Rht-B1b** were cloned into the p2GW7 (Yang et al. 2021)
vector by the Gateway cloning strategy as effectors.
Transient transcription dual-luciferase (dual-LUC) assays
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were performed in N. benthamiana protoplasts isolated from
3- to 4-wk-old plants grown under long-day conditions (16-h
light/8-h dark) as described previously (Yoo et al. 2007). The
protoplasts were transfected with a total of 15 ug DNA and
incubated in the dark for 18 h. The luciferase activity of these
protoplasts was analyzed using the Dual-Luciferase Reporter
system (Promega, E1910) according to the manufacturer’s
instruction.

Statistical analysis

All statistics were calculated using the SPSS Statistics software.
To determine statistical significance, we employed Student’
with Dunnett’s multiple comparison test. A value of P < 0.05
was considered to indicate statistical significance. All sample
sizes and significance thresholds are indicated in the figure le-
gends. Student’ Supplemental Tables S3 and S4, respectively.

Accession numbers

Wheat and Arabidopsis gene sequence data from this study can
be found in the Ensembl Plants data library under the following
accession numbers: Rht-B1, TraesCS4B02G043100; TaGSK3,
TraesCS3D02G137200;  TaPIL1-5A,  TraesCS5A02G376500;
TaPIL1-5B, TraesCS5B02G380200; TaPIL1-5D, TraesCS5D02G38
6500; TaBSU1-1B, TraesCS1B02G107000; BIN2, At4G18710;
PIF4, At2G43010; and 1AA19, At3G15540.
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