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« Two wheat GA2ox family members
were previously validated as causal
genes of reduced height (Rht) loci.

« Eight new favorable haplotypes of
wheat GA2o0x genes reduce plant
height without yield penalty.

« The adaptive evolution and
application prospects of these
favorable haplotypes were evaluated.
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ABSTRACT

Introduction: Gibberellins are essential phytohormones that regulate plant growth and development.
Gibberellin 2-oxidases (GA2o0xs) deactivate bioactive gibberellin isoforms and many GA2ox genes have
been validated as key regulators of agronomic traits in model plants and crops. However, there are
few studies on GA2ox genes in wheat, one of the most important staple crops.

Objective: This study aims to identify favorable alleles of wheat GA20x genes (TaGA2o0xs) and assess their
application in wheat improvement.

Methods: We developed an efficient pipeline that integrates population genomics, transgene, transcrip-
tome and evolutionary analyses to systemically dissect genetic effects of TaGA2o0x variations on agro-
nomic traits.

Results: We identified 40 TaGA2o0xs by genome-wide in silico cloning, defined 25 C19-type and 15 C20-
type members based on sequence similarity and specified TaGA2ox family expansion by genomic

E-mail addresses: Sunwheat@nwafu.edu.cn (D. Sun), flu@genetics.ac.cn (F. Lu), hezhonghu02@caas.cn (Z. He), caoshuanghe@caas.cn (S. Cao).

! These authors contributed equally to this work.

https://doi.org/10.1016/j.jare.2025.08.025

2090-1232/© 2025 The Author(s). Published by Elsevier B.V. on behalf of Cairo University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Please cite this article as: Y. Bian, J. Dong, L. Li et al., Genome-wide characterization and adaptive evolution of favorable gibberellin 2-oxidase alleles con-
tributing to wheat agronomic traits, Journal of Advanced Research, https://doi.org/10.1016/j.jare.2025.08.025



https://doi.org/10.1016/j.jare.2025.08.025
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:Sunwheat@nwafu.edu.cn
mailto:flu@genetics.ac.cn
mailto:hezhonghu02@caas.cn
mailto:caoshuanghe@caas.cn
https://doi.org/10.1016/j.jare.2025.08.025
http://www.sciencedirect.com/science/journal/20901232
http://www.elsevier.com/locate/jare

Y. Bian, J. Dong, L. Li et al.

Journal of Advanced Research xxx (xXxx) xxXx

polyploidization, duplication and translocation events. Functional TaGA2oxs were predicted by spa-
tiotemporal expression assays, genetic meta-analysis and genome microsynteny-based phylogeny. We
retrieved 52 major haplotypes at 19 TaGA2o0x loci based on genome resequencing data for representative
wheat cultivars and developed diagnostic molecular markers. In addition to previously-validated favor-
able haplotypes Rht12b and Rht24b that reduce plant height and have no yield penalty, eight new favor-
able haplotypes of TaGA2oxs were identified by marker-trait association analysis. Among them,
TaGA20x8-B1-1_hap1, TaGA20x8-B1-2_hap1 and TaGA20x8-B1-3_hap1 formed a tandem duplicate gene
cluster associated with reduced plant height and increased grain yield. TaGA20x8-B1-2 as proof of concept
was functionally validated to modulate major agronomic traits by transgene assays; its downstream
genes and effect on gibberellin homeostasis were also identified by transcriptome, enzyme activity and
hormone quantitative analyses. We further traced the origin, spread and distribution of favorable haplo-
types to clarify their evolutionary history and application prospects.

Conclusion: These findings not only provide valuable genetic resources and molecular tools for wheat
improvement but also broaden genetic insight into gibberellin-mediated wheat morphogenesis, acclima-

tion and yield formation.

© 2025 The Author(s). Published by Elsevier B.V. on behalf of Cairo University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Gibberellin (GA) is an important phytohormone regulating mul-
tiple growth and developmental processes, including stem and
root elongation, floral induction, grain development and seed ger-
mination [1,2]. Accordingly, GA modulates agronomic traits in
crops through its biosynthesis, catabolism and signal transduction.
DELLA is a core factor in the GA signal transduction pathway and
has been specified functionally [3,4]. Wheat (Triticum aestivum L.)
Green Revolution (GR) genes Rht-B1b and Rht-D1b encode trun-
cated DELLA proteins [5,6]. GA biosynthesis and catabolism are
also crucial for plant growth and development. Three classes of
enzymes GA 20-oxidase (GA200x), GA 3-oxidase (GA3ox) and GA
2-oxidase (GA20x) play key roles in maintaining GA homeostasis
[7]. GA200x is a rate-limiting enzyme that catalyzes a series of
intermediate steps in GA production. The GR gene semi-dwarf 1
(sd1) in rice is a loss-of-function allele of OsGA200x2 that reduces
lodging and increases yield [8]. GA3ox catalyzes the final step in
production of bioactive GA [9]. By contrast, GA20x catalyzes the
deactivation of bioactive GA isoforms or their precursors through
a 2p-hydroxylation reaction. GA2ox genes are divided into C19-
clade and C20-clade subfamilies according to the catalytic sub-
strates [10]. Enhanced expression of C19-GA20x genes usually
causes vegetative and reproductive abnormalities, such as severe
dwarfing and sterility, whereas C20-GA2o0x overproduction moder-
ately decreases bioactive GA levels, generally resulting in appropri-
ate dwarfing phenotypes with improved yield potential [11-13].
Wheat has lagged far behind model species, such as rice and Ara-
bidopsis, in genome assembly due to a large (~16 Gb), hexaploid
and complex genome that contains more than 85 % repetitive
sequences [14]. Low-efficiency transformation technology in
wheat hinders functional research ten years ago [15]. The advent
of high-quality genomic assembly, high-throughput genotyping
and high-efficiency transgene technologies and resultant databases
permits comprehensive characterization of the variations of the
wheat GA2o0x genes (TaGA2oxs) and systemic dissection of their
genetic effects on agronomic traits. A few genetic studies of
TaGA2oxs have also been conducted. The widely-used favorable re-
duced height (Rht) genes, Rht12b and Rht24b, encode TaGA20xA13
and TaGA20xA9, respectively, and have no adverse effect on yield
in wheat [16-18]. In all, GA20xs are an important gene family mod-
ulating plant stature and yield potential. However, the effects of
most TaGA2o0xs on agronomic traits are largely unknown.

During recent years, reference genome assembles of many
wheat accessions were released, including Chinese Spring, Zang
1817, Fielder, Kenong 9204, Aikang 58 and more than 10 elite
wheat cultivars from the 10 + Genome Project [14,19-23]. Release

of the wheat reference genome and decreasing costs of high-
throughput resequencing allow researchers to investigate genomic
variations across hundreds of accessions [19,24-27]. Additionally,
genome-resequencing information is organized and integrated into
the SnpHub with a portal to retrieve allelic variations of target
genes  (https://wheat.cau.edu.cn/Wheat_SnpHub_Portal)  [28].
Here, we performed a comprehensive identification of TaGA2o0xs
by a genome-wide homology search. The allelic variations of
TaGA2oxs were retrieved from the genome-resequencing databases
and their haplotypes (a group of variation sites inherited together)
were also defined. We further analyzed the genetic effects of major
haplotypes on agronomic traits and accordingly determined favor-
able variations. A TaGA2o0x was exemplified as a representative to
validate function in modulating GA homeostasis and agronomic
traits by transgene, hormone quantification and transcriptome
assays. We also traced the origin and spread of desirable haplo-
types and uncovered their sequential dynamic distribution in Chi-
nese core wheat germplasms. These outcomes provide breeding
selection signatures and molecular tools for wheat improvement,
and an efficient procedure that integrates population genomics,
transgene assays and evolutionary analysis to genome-wide iden-
tify favorable alleles of genes of interest.

Materials and methods
Plant materials and growth conditions

A natural population including 166 elite wheat cultivars from
the Huang-Huai River region, the largest wheat growing area in
China, was used to analyze the genetic effects of TaGA20x haplo-
types. The soil types of planting sites in the Huang-Huai River
region are brown or sandy ginger black soils. Wheat was irrigated
once at each of the three stages, pre-overwintering, stem elonga-
tion and grain filling. The agronomic traits of this population,
including plant height, heading date, yield components (spike
number per m?, grain number per spike, and thousand grain
weight), and grain yield, were investigated in six environments
reported by previous study [29].

Transgenic recipient Fielder and overexpression lines were
grown at Shijiazhuang in Hebei province. The Fielder and trans-
genic lines were planted in 2 m eight-row plots and 0.3-m row
spacing, with 60 seeds per row. The randomized complete blocks
design with three replications was employed. Field management
was performed according to local practice. Plant height was mea-
sured from the ground to spikes (awns excluded) at grain fill stage
(Feekes 11.4). Heading date was recorded at complete emergence
of spikes and represented as days from sowing to heading (Feekes
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10.5). Spike number per plant (SN) was estimated by counting
spikes after harvest. For grain number per spike (GNS), thousand
grain weight (TGW), grain length and grain width, 20 randomly
selected spikes were harvested in each plot with three replications,
and these traits were measured using the SC-G Seed detector
(WSeen Co. Ltd, Hangzhou).

Identification of TaGA20x members in wheat

Eleven OsGA20x members were reported in a previous study
(Table S1) [30]. OsGA20x protein sequences were retrieved from
the China Rice Data Center (https://www.ricedata.cn/gene/) and
RGAP 7 (https://rice.uga.edu/) database and used as queries to search
the International Wheat Genome Sequencing Consortium (IWGSC)
RefSeq v1.1 protein database using Blastp (https://plants.ensembl.
org/Triticum_aestivum/Tools/Blast?db=core). Putative TaGA20x pro-
teins were identified with an E-value threshold of 1e-5 [31-33].
Then, unique TaGA2oxs were used for further analysis by removing
redundant sequences. The Pfam (version 37.3) (https://pfam.xfam.
org) database was employed to verify wheat GA2oxs with DIOX_N
(PF14226) and 20G-Fell_Oxy (PF03171) domains. The same method
had also been applied to identify GA20xs in genomes from different
wheat varieties.Physical positions of TaGA2o0xs in chromosomes were
identified according to the IWGSC RefSeq v1.1, and their distribution
in chromosomes were visualized using MapChart v2.3 [34].

Phylogenetic and synteny analysis of GA20xs

GA2o0xs in maize, Brachypodium distachyon and barley were
retrieved from EnsemblPlants version 56 (https://plants.ensembl.
org/index.html; Table S1). Sequences of GA2oxs in Arabidopsis
were downloaded from TAIR (https://www.arabidopsis.org). Multi-
ple alignment of GA20x sequences was performed using the Clus-
talW program with default parameters. A phylogenetic tree was
constructed by the NJ (neighbor-joining) method with 1000 boot-
strap repetitions in MEGA 7.0 [35]. GA2ox members in wheat were
numbered according to their orthologous relationships with
0OsGA2o0x members and were named following the updated guide-
line of gene nomenclature [36]. We identified orthologous GA20x
genes across species by genome collinearity. The collinearity pro-
gram in the Triticeae-GeneTribe (https://wheat.cau.edu.cn/TGT/in-
dex.html) with setting number of neighboring genes at 10 was
employed to perform regional synteny analysis [37]. GeneTribe
refers to the similarity of a gene pair using the BLAST score ratio
method [38]. The criteria defining the duplicated-gene events are
that the length of the alignment sequence covers at least 80 % of
the longest gene and the similarity of the aligned regions exceeds
70 % [39].

In silico expression analysis

Transcriptomic data used to analyze the expression patterns of
TaGA2oxs in different tissues and growth stages of Chinese Spring
were downloaded from the WheatOmics 1.0 database (https://
202.194.139.32/expression/wheat.html) [40]. In this database, the
division of growth stages adopted the Zadoks scale for wheat
[41]. Uniformed corrective logy(TPM + 1) (TPM, transcripts per mil-
lion) values of each TaGA2ox in different tissues and stages were
displayed on a heatmap using using TBtools-II v2.152 [42].

Co-localization analysis of TaGA2o0xs and quantitative trait loci (QTL)
for agronomic traits

Genetic loci for plant height and yield component traits from
linkage mapping and association analysis were summarized previ-
ously [43,44]. We also collected information of genetic loci for
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heading date [45-51]. Physical locations of genetic loci were
delimited by the closest linked markers or genetic intervals accord-
ing to the IWGSC RefSeq1.0 (https://plants.ensembl.org/index.
html) [14]. The genes of interest are defined as overlapping with
QTL for agronomic traits if they are co-localized in the physical
interval of less than 10 Mb following previous reports [43,44].
QTL overlapping or adjacent to TaGA2oxs were shown by
MapChart v2.3 [34].

Polymorphic site calling based on genome resequencing data

Genome resequencing information of 137 wheat cultivars was
used to identify allelic variations of TaGA2oxs (https://wheat.cau.
edu.cn/WheatUnion/; Table S2) [19,25]. Sequence variations in
genomic regions spanning 1.5-kb upstream and 500-bp down-
stream of open reading frames (ORFs) were retrieved and analyzed.
To identify causal, their variations causing missense mutation, pre-
mature stop, frameshift or splicing mutations in ORFs, and
upstream promoter region and polyadenylation signal sites were
used to define haplotypes.

Marker development and genotyping assays

The function ‘Design & Check’ in WheatOmics 1.0 (https://202.
194.139.32/PrimerServer) [40] was used to design gene-specific
primers with 60-65 °C annealing temperature for sequence-
tagged site (STS) and target sequencing (GBTS) markers. PCR was
performed in 20 pl reaction volumes containing 10 pl of Taq
2 x PCR Mix plus Dye (Cat#RK20608, ABclonal, Wuhan), 1 pul of
each primer (10 pmol/L) and 150 ng of genomic DNA using an
ABI Thermal Cycler (Gene Co., Ltd, Shanghai). PCR programs
include three steps: an initial denaturation at 95 °C for 5 min, 37
amplification cycles of 40 s at 95 °C, 40 s at 60 °C and 30-60 s at
72 °C, and a final extension at 72 °C for 5 min. The resultant DNA
fragments of STS markers were separated in 1.5 % agarose gels to
detect polymorphisms in fragment length. For GBTS markers, the
amplified products were sequenced at the Sangon Biotech Institute
(https://www.sangon.com/) using specific sequencing primers
(Table S3).

The flanking sequences of polymorphic sites were obtained
from WheatOmics 1.0 (https://202.194.139.32/getfasta/index.
html) [40] and submitted to PolyMarker (https://www.poly-
marker.info/) to design the primers of kompetitive allele-specific
PCR (KASP) markers. Allele-specific primers were tailed with the
sequences 5'-GAAGGTGACCAAGTTCATGCT-3’ or 5'-GAAGGTCG
GAGTCAACGGATT-3’, complementary to FAM-labeled and HEX-
labeled probes, respectively. Primer mixtures contained 12 pl of
each allele-specific primer (100 pmol/L), 30 pl of common primer
(100 pmol/L), and 46 pl of ddH,0. KASP assays were performed in
3 wl mixtures including 100 ng of dried genomic DNA, 1.5 pl of
2 x KASP master mix (Cat#AQP-002L, JasonGen, Beijing), 1.5 pl
of double-distilled H,O and 0.0336 pl of KASP primer mixture.
PCR was conducted as follows: initial denaturation at 94 °C for
10 min, and 10 cycles of 94 °C for 20 s and touchdown at 65 °C
decreasing by 0.8 °C per cycle for 60 s, followed by 40 cycles of
94 °C for 20 s, and 57 °C for 60 s. Fluorescence of samples was
detected on a PHERAstarplus (BMG Labtech GmbH, Ortenberg, Ger-
many) and analyzed using KlusterCaller v4.1.1.24078 (LGC, Hod-
desdon, UK).

Vector construction and genetic transformation

The full-length coding sequence (CDS) of TaGA20x8-B1-2 from
wheat cultivar Chinese Spring (TaGA20x8-B1-2_hap1) was cloned
into the wheat overexpression vector pUbiTCK303 with maize
ubiquitin promoter [52]. The resultant construct was transformed
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into Agrobacterium tumefaciens strain EHA105 by the chemical
transformation method (https://www.weidibio.com/display.php?
id = 302) [53]. Genetic transformation was implemented by infect-
ing immature embryos of wheat cultivar Fielder with strain
EHA105 carrying the given construct [54]. Primers for identifying
transgene-positive lines are listed in Table S3.

Enzyme activity assays and quantitative analysis of GA isoforms

Stems at jointing stage (Feekes 7.0) were promptly frozen in liq-
uid nitrogen and used to measure GA2o0x activity with a Plant
GA2oxidases ELISA KIT following the manufacturer’s instruction
(BORG Biotech, Zhengzhou). The absorption values of the reaction
mixtures were measured at 450 nm. Each sample was analyzed
with three biological replicates. The contents of GA isoforms in
stem internodes of TaGA20x8-B1-2 overexpression (TaGA20x8-B1-
2-0E) lines and Fielder were determined following the procedures
described in a previous study [17]. Three biological replicates were
used for each sample.

Quantitative PCR (qPCR) and RNA sequencing (RNA-seq) assays

The stem internodes (Feekes 7.0) and developing grains (Feekes
10.5.4) of Fielder and the TaGA20x8-B1-2-0E3 transgenic line were
harvested and promptly frozen in liquid nitrogen. RNA extraction
was performed using an RNA-prep Pure Plant kit following manu-
facturer’s recommendations (Cat#DP441, Tiangen). Approximately
1 pg of RNA was used as template to synthesize first-strand cDNA
with a PrimeScript RT Reagent kit (Cat#RR036B, Takara, Japan).
gPCR was conducted with three biological replicates for each sam-
ple using 2 x Universal SYBR Green Fast qPCR Mix (Cat#RK21203,
ABclonal, Wuhan) in a Bio-Rad CFX system (https://www.bio-rad.
com/). The wheat Actin gene was used as an internal control. Rela-
tive expression of genes of interest calculated using the 2-24¢T
method [55].

Three biological replicates of the same stem internode samples
were used for RNA-seq. RNA extraction, library construction and
sequencing were carried out by Smart Genomics Company
(https://smartgenomics.net/). A total of 10 Gb of sequencing data
for each sample was obtained from the Illumina platform. Raw
reads were first filtered through fastp with default parameters to
get clean reads [56]. Clean reads were aligned to the IWGSC
RefSeqv1.1  (https://plants.ensembl.org/Triticum_aestivum/Info/
Index) [14] using HISAT2 v2.0.5 (https://daehwankimlab.github.
io/hisat2) [57]. Reads were counted using FeatureCounts v1.5.0
[58] and the FPKM (fragments per kilobase million) value was cal-
culated based on the length and the number of reads of each gene.
Differential expression analysis was performed using the DESeq2
(1.16.1) R package (https://bioconductor.org/packages/release/
bioc/html/DESeq2.html) [59]. Differentially expressed genes
(DEGs) were defined by an adjusted P value < 0.05 and |log,(fold
change)| >=1. GO (Gene Ontology) was used to define pathways
involving the gene of interest using clusterProfiler 4.0. Normalized
log, (FPKM + 1) values of DEGs were shown on a heatmap using
TBtools-1I v2.152 [42].

Network and phylogenetic analysis of haplotypes

The wheat materials used for the analysis of haplotypic origin
and spread were 306 landrace accessions with worldwide origin
and 96 tetraploid accessions, and their variation information are
available in VMap1.0 (https://ngdc.cncb.ac.cn/gvm/getPro-
jectDetail?project=GVM000082) [60] and VMap2.0 (https://ngdc.
cncb.ac.cn/gvm/getProjectDetail?project = GVM000720) [61]. One
hundred and eight Chinese wheat cultivars released between
1920 and 2020 (Table S4) with re-sequencing information
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(https://www.ncbi.nlm.nih.gov/bioproject/PRINA597250/) [25]
were used to investigate changes in distribution of target haplo-
types over time.

The haplotype network of target genes was constructed based
on variation information for the above 306 landrace and 96 tetra-
ploid accessions by popArt v1.7[62]. Phylogenetic analysis of hap-
lotypes was achieved using the vcf2phylip v2.0 package (https://
zenodo.org/records/2540861) with —r parameters.

Statistical analysis

Student’s t-tests were performed to define the significance of
differences in given traits between contrasting pairs of haplotypes
in the natural population or between transgenic lines and Fielder
(negative control). Multiple comparisons (Duncan’s multiple range
test, P < 0.05) were performed to analyze the significance among
more than two haplotypes after running the Analysis Of Variance
(ANOVA) using SAS v9.4 (https://support.sas.com/en/documenta-
tion/install-center/94/installation-guide-for-windows.html).
Stable haplotype-trait associations for further analysis were those
significantly detected in at least three environments and best lin-
ear unbiased estimation (BLUE) value.

Results
Genome-wide identification and phylogenetic analysis of TaGA20xs

The TaGA2oxs were described in a previous study [63] using the
genomic resources at that time. To identify TaGA2oxs in a newly
released genome, a genome-wide search was performed in IWGSC
RefSeq1.1 by blastp in EnsemblPlants version 56 (https://plants.en-
sembl.org/Triticum_aestivum/Tools/Blast) using 11 0OsGA2o0x
members as queries (Table S1). Forty wheat GA2oxs with complete
domains were retrieved and documented according to orthologous
relationships with OsGA2oxs and chromosomal positions in the
wheat genome (Figs. 1a and S1; Table S1). Phylogenetic analysis
according to formulated subfamilies in rice [30] classified the
TaGA2oxs into three subgroups, C19-clade I, C19-clade II and
C20-clade, each having 19, 6 and 15 members, respectively. The
expanded numbers of TaGA20x members of in wheat (40) relative
to their respective orthologs in rice (11), maize (14), barley (11)
and Brachypodium distachyon (12), were attributed to genome
polyploidy and duplication. Most TaGA2ox genes (TaGA2o0x1,
TaGA2o0x2, TaGA20x3, TaGA20x4, TaGA20x6, TaGA20x7, TaGA20x9,
TaGA20x10, TaGA20x11 and TaGA20x12) are present as single copy
in the wheat sub-genomes (A, B and D). No TaGA2ox gene with
genome-specific distribution was detected. TaGA20x12-A1 was
transferred from 4AL to the terminal end of 4AS caused by chromo-
some inversion events. We also found a chromosome translocation
event where TaGA20x13-A1 (Rht12/TaGA20xA13) was transferred
from chromosome arm 4AL to arm 5AL. Notably, tandem duplica-
tion events generated 2, 3 and 2 members at TaGA20x8-Al,
TaGA20x8-B1 and TaGA20x8-D1, respectively. TaGA20x13-B1 locus
included two tandem-duplication members. Genome synteny
revealed that the wheat orthologs of OsGA20x8 included seven
members generated from two tandem duplication events: the first
duplication occurred before formation of temperate grasses and
the second in the wheat B subgenome progenitor (possibly Aegilops
speltoides, the closest species to the wheat B subgenome) (Fig. 1b;
Table S5) [64]. TaGA20x12 genes are unique GA2ox family mem-
bers of Triticeae crops and thus should originate from some of their
progenitors that are currently unknown (Fig. 1c¢). TaGA20x13 genes,
another unique group of members in the wheat A and B subge-
nomes, were generated before the first polyploidization event,
where spontaneous chromosome doubling of a hybrid of T. urartu
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Fig. 1. Genome-wide identification and characterization for wheat gibberellin 2-oxidase genes (GA2oxs) (a) Phylogenetic tree of GA20ox homologs in six species.
Information for GA2oxs from Arabidopsis thaliana (At), Zea mays (Zm), Oryza sativa (Os), Brachypodium distachyon (Bd), Hordeum vulgare (Hv), Triticum aestivum (Ta) is
provided in Table S2. The GA2ox members in Triticum aestivum are named according to their chromosomal location and orthologous relationship with rice counterparts.
Expansion of GA2o0xs in Triticum aestivum are labeled with red or green dots. Functionally validated GA2oxs in different species are underlined. Three subfamilies of GA20xs
are highlighted in different colors. (b-d) Collinearity analyses of TaGA20x8 (b) TaGA20x12 (c) and TaGA20x13 (d) across some gramineous species including Oryza sativa (Os),
Brachypodium distachyon (Bd), Hordeum vulgare (Hv), Aegilops speltoides (Aes), Triticum turgidum (Tt) and Triticum durum (Td), Triticum urartu (Tu), and Aegilops tauschii (Aet).
Information for GA20x8 homologs is provided in Table S5. (e) Identification of TaGA20x13 in D subgenomes across wheat cultivars and Aegilops tauschii (Aet) using
phylogenetic tree (left) and synteny analysis (right). Homologous GA20x12 members are regarded as an outgroup. Information for TaGA20x13 homologs is listed in Table S5. (f)

Gene structure analysis of 40 wheat GA2oxs based on phylogenetic relationships (left) and exon-intron patterns (right). The gene with annotation errors in the exon-intron
pattern is labeled by the asterisk (*).

(AA) and the unknown B subgenome progenitor species (https:// emmer (T. turgidum ssp. dicoccoides, AABB) (Fig. 1d). Additionally,
www.sciencedirect.com/topics/agricultural-and-biological- a tandem duplication event formed two TaGA20x13 genes in the
sciences/aegilops-speltoides) [65] gave rise to allotetraploid wild B subgenome, probably originated from Aegilops speltoides
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(Fig. 1d; Table S5). However, TaGA20x13 is absent in the D subge-
nome, indicating that the gene might be lost from this subgenome
during its evolution or was absent due to sequencing. To confirm
our hypothesis, TaGA20x13-A1 (Rht12/TaGA20xA13) was used as a
query to search against the genome databases of Aegilops tauschii,
the progenitor of wheat D subgenome. Indeed, a TaGA20x13 ortho-
log, temporarily named AetGA2o0x13, was detected in Aegilops
tauschii, (Table S5). We further performed homologous search
against the de novo genome assembly of wheat cultivars using Aet-
GA20x13 as a query. Some wheat cultivars, such as Aikang 58, Jag-
ger and Renan, and Triticum spelta accession PI190962, have
TaGA20x13 genes in chromosome 4D, indicating that the counter-
part was absent in the IWGSC Chinese Spring reference genome
(Fig. 1e; Table S5).

TaGA2o0xs have diverse exon-intron structures with exon num-
bers ranging from one to three (Fig. 1f). TaGA20x11-B1 and
TaGA20x11-D1 both have only one exon, but TaGA20x11-A1 has an
intron according to the Chinese Spring RefSeq v1.1. We supposed
that TaGA20x11-A1 should have no intron. We validated that
TaGA20x11-A1 is intronless in Chinese Spring using reverse tran-
scription PCR with the primers spanning the annotated intron, thus
revealing an error in the annotation of this gene (Figs. S2a-c). The
TaGA20x4, TaGA20x8, TaGA20x11 and TaGA2o0x12 genes each con-
tained two exons, and the remaining TaGA2o0xs had three (Fig. 1f).
The TaGA20x12 and TaGA20x13 genes, located in homoeologous
group 4 chromosomes and having the highest identity in protein
sequence among TaGA2ox members, likely arose from segmental
duplications. However, TaGA20x12 and TaGA2o0x13 have different
exon-intron patterns, suggesting their independent evolutionary
relationship. Like OsGA20x2 and ZmGA2o0x2, TaGA20x2-B1 contains
a long first intron, providing more opportunity for rearrangement
between exons or playing an important role in transcriptional regu-
lation [11,66,67]. We further performed a comprehensive collinear-
ity analysis for GA2ox to identify the orthologous genes across
different species (Table S6). We also conducted the genome-wide
identification of TaGA2oxs in the pangenomes of wheat and found
that there are copy number variations (CNVs) at TaGA20x8-B1,
TaGA20x8-D1 and TaGA20x13-D1 loci (Table S7).

Functional implication of TaGA20xs based on function-validated
orthologs, spatio-temporal expression patterns and genetic meta-
analysis

Two TaGA2ox members in wheat, TaGA20x9-A1 (Rht24/
TaGA20xA9) and TaGA20x13-A1 (Rht12/TaGA20xA13), have been
identified as causal genes for control of plant height [16,17]. Both
Rht12 and Rht24 belong to the C20-clade, suggesting that the sub-
family is important for wheat plant morphogenesis (Fig. 1a;
Table S8). The functions of most GA2o0x genes in Arabidopsis are
well-defined [68-73]. Likewise, rice GA20x genes are functionally
validated, except for OsGA20x10 and OsGA2o0x11 [13,74-84]. A
few GA2ox genes (HvGA2o0x1, HvGA20x3, HvGA20x6, HvGA20x8-2
and HvGA20x9) in barley, a wheat relative, were verified to modu-
late GA homeostasis and agronomic traits [85,86]. The summary of
GA20x gene information in model plants and crops in Table S8, pro-
vides clues regarding functional roles of wheat orthologs.

Since spatio-temporal expression provides fundamental infor-
mation for understanding gene function in plant growth and devel-
opment, we performed the in silico expression analysis of
TaGA2oxs. Transcriptome datasets of Chinese Spring with high-
quality de novo reference genome assembly were used to profile
the expression patterns of TaGA2oxs in five tissues, including roots,
stems, leaves, spikes and grains at three developmental stages
(https://202.194.139.32/expression/wheat.html) [40]. The major-
ity of TaGA2o0xs exhibited high expression levels in at least one
tested tissue, but had diverse spatio-temporal expression patterns.
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TaGA20x3, TaGA20x4, TaGA20x7, TaGA20x9 and TaGA20x10 genes
were highly expressed in most tissues, indicating that they were
widely involved in vegetative and reproductive development.
TaGA20x6 had higher transcript abundance in developing spikes,
whereas TaGA20x8 genes were highly expressed in both spikes
and stems (Fig. 2a; Table S9). TaGA20x4-A1 had much higher tran-
script level in roots than the orthologous genes in B and D subge-
nomes. Likewise, compared to TaGA20x13-A1 (Rht12/TaGA20xA13)
and TaGA2o0x13-B1-1, TaGA20x13-B1-2 showed higher expression
activity in leaves during late stages. These results suggested that
the TaGA2oxs function in modulating agronomic traits through
specific spatio-temporal expression.

To further determine the potential functions of TaGA2o0xs in
modulating agronomic traits, we co-localized these genes with
reported genetic loci for plant height (PH), thousand grain weight
(TKW), kernel number per spike (KNS), spike number per m?
(SN), and heading date (HD). Twenty-six TaGA2oxs overlapping
with, or adjacent to (<10 Mb), loci for agronomic traits formed
21 clusters (named Cluster 1-21) according to physical locations
in the IWGSC RefSeq 1.1 (Fig. 2b; Table S10) [14]. Notably, 18
TaGA20xs in 14 clusters co-located with genetic loci for plant
height (Fig. 2b; Table S10). In accordance with previous studies,
Rht12, Rht24 and their respective orthologs (Clusters 15-19) had
good genomic synteny with QTL for PH (Fig. 2b) [17,18]. Nine
TaGA2o0xs (TaGA20x2-B1, TaGA20x2-D1, TaGA20x8-B1-1, TaGA20x8-
B1-2, TaGA20x8-B1-3, TaGA20x11-1D1, TaGA20x13-A1/Rht12/
TaGA20xA13, TaGA20x13-B1-1 and TaGA20x13-B1-2) were tightly
linked with loci for yield components. TaGA20x7-A1 and
TaGA20x11-D1 were close to QTL for HD. Overall, the genetic meta-
analysis indicated that TaGA2ox members had wide functional
diversity and pleiotropic effects on agronomic traits.

Identification of favorable haplotypes of TaGA20xs

Genome resequencing databases of 117 Chinese modern culti-
vars and 20 introduced cultivars in Wheat-SnpHub (https://
wheat.cau.edu.cn/Wheat_SnpHub_Portal/) were used to identify
allelic variations of TaGA2oxs (Table S2). Polymorphic sequence
sites in genomic regions from 1.5 kb upstream to 500 bp down-
stream of TaGA2ox open reading frames (ORFs) were retrieved
and analyzed. Fifty-two haplotypes among 19 TaGA2o0xs were iden-
tified (Table S11). Gene-specific markers were developed to dis-
criminate contrasting haplotypes (Table S3). Considering that
major haplotypes usually have been subjected to artificial selection
or/and natural domestication pressure, and thus are potentially
valuable for wheat breeding, we selected haplotypes with frequen-
cies of more than 15 % in our natural population for further analy-
sis. To evaluate the genetic effects of these haplotypes, we
performed marker-trait association analysis for PH, HD, grain yield
and yield component traits (Table S12) [29]. Only TaGA20x haplo-
types with significant effects on agronomic traits are described
below, due to the complexity of allelic variations and genetic
effects. Allelic variations and genetic effects of Rht12 and Rht24
identified in this study were consistent with the results reported
previously [17,18], and not included herein. We totally identified
eight new favorable TaGA2ox haplotypes at five loci. Seven favor-
able haplotypes (TaGA20x6-B1_hap1, TaGA20x8-B1-1_hapl,
TaGA20x8-B1-2_hapl, TaGA20x8-B1-3_hapl, TaGA20x9-B1_hapl,
TaGA20x9-B1_hap2 and TaGA20x10-A1_hap3) reduce plant height
without yield penalty. TaGA20x8-A1-1_hap2 significantly enhances
grain yield and has little effect on plant height.

TaGA20x6-B1

Two single nucleotide polymorphisms (SNPs) in exons and one
SNP in the downstream region of TaGA20x6-B1 were detected and
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Fig. 2. Spatio-temporal expression patterns (a) of wheat gibberellin 2-oxidase genes (TaGA2o0xs) and their co-location (b) with genetic loci for agronomic traits (a)
Transcriptome dataset of Chinese Spring in the WheatOmics 1.0 database (http://202.194.139.32/expression/wheat.html) was used to profile expression patterns of TaGA20x
genes in five tissues (roots, stems, leaves, spikes, and grains) at three developmental stages; Z, Zadoks growth stages. (b) Numbers 1-21 in chromosomes are highlighted to

indicate clusters of TaGA2o0xs and loci for agronomic traits.

formed two haplotypes. A KASP marker 6-B1-KASP + 1276 devel-
oped according to an exonic SNP was used to genotype the natural
population. TaGA20x6-B1_hap1 was associated with significantly

reduced plant height compared to TaGA20x6-B1_hap2 (Fig. 3a;
Table S12). Cultivars carrying TaGA20x6-B1_hap1 had higher grain
yield and yield components than those with TaGA20x6-B1_hap2,
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albeit not significantly. These results indicated that TaGA20x6-
B1_hap1 might be a favorable haplotype for wheat breeding.

TaGA20x8-A1-1

One SNP detected in each of the upstream and downstream
regions of TaGA20x8-A1-1 defined two haplotypes. A KASP marker
8-A1-1-KASP-104 was developed to genotype the natural popula-
tion. TaGA20x8-A1-1_hap?2 significantly decreased SN but enhanced
the other two yield components TGW and KNS; notably, this hap-
lotype empowered significantly increased grain yield (Fig. 3b;
Table S12). Thus, TaGA20x8-A1-1_hap2 is a favorable haplotype.
The high frequency of TaGA20x8-A1-1_hap2 (70.4 %) in the natural
population suggested that this desirable haplotype had been sub-
jected to positive selection.

TaGA20x9-B1

One SNP and three insertion/deletion sites (InDels) in the
upstream region, and two missense SNPs in the first exon of
TaGA20x9-B1 were detected and defined four haplotypes (Fig. 3c).
A GBTS marker 9-B1-GBTS-524-346-121 + 64 to diagnose the hap-
lotypes simultaneously distinguished four polymorphic sites. The
three major haplotypes (TaGA20x9-B1_hap1, TaGA20x9-B1_hap2
and TaGA20x9-B1_hap3) had frequencies of 21.7 %, 49.4 % and
21.2 %, respectively. Genetic effect analyses showed that hapl
and hap2 were associated with significantly reduced plant height
compared to hap3. Cultivars carrying hap1 or hap2 have compara-
ble grain yield as those with hap3 (Fig. 3c; Table S12). Taken
together, TaGA20x9-B1_hap1 and TaGA20x9-B1_hap2 are favorable
alleles and were widely used in wheat breeding.

TaGA20x10-A1

Three InDels and one SNP in the upstream region, one SNP in
the first exon, and two SNPs in the downstream region of
TaGA20x10-A1 formed five haplotypes TaGA20x10-A1_hap1-5 with
the frequencies of 6.5 %, 3.2 %, 71.4 %, 1.3 % and 17.5 %, respectively,
in the natural population. Among them, TaGA20x10-A1_hap3 and
TaGA20x10-A1_hap5 were major haplotypes associated with signif-
icant differences in PH, KNS and SN. Cultivars carrying TaGA20x10-
A1_hap3 had higher KNS but lower SN than those with TaGA20x10-
Al_hap5, suggesting that TaGA20x10-1A modulates the trade-off
between SN and KNS. Notably, TaGA20x10-A1_hap3 contributes to
reduced plant height and enhanced yield potential compared to
TaGA20x10-A1_hap5 (Fig. 3d; Table S12). Thus, TaGA20x10-
Al_hap3 is a favorable allele and has been undergone artificial
selection.

Genetic dissection of tandem duplicated TaGA20x8-B1 genes

We previously identified QTL QPH.caas.1BL for PH at the end of
chromosome arm 1BL in a Doumai x Shi 4185 recombinant inbred
line (RIL) population [47]. It spanned three tandemly duplicated
genes, TaGA20x8-B1-1 ~ 3, according to gene annotation in IWGSC
RefSeq 1.1 [14]. We identified the polymorphic sites spanning the
TaGA20x8-B1 cluster based on the genome re-sequencing data of
parents [87,88] and designed gene-specific markers (Table S13).
Genetic mapping confirmed that the TaGA20x8-B1 genes were in
the genetic region of QPH.caas-1B, suggesting they were the candi-
date genes in the QTL (Fig. 4a; Table S14). We further comprehen-
sively detected their variations using resequencing databases in
the wheat SnpHub (https://wheat.cau.edu.cn/Wheat_SnpHub_Por-
tal/) [28]. Four SNPs in the exons and two SNPs in the downstream
region of TaGA20x8-B1-1 were detected and defined four haplo-
types. A GBTS marker 8-B1-1-GBTS + 1172 + 1244 + 1621 + 1637
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designed to genotype the four SNPs in the second exon and down-
stream region distinguished the four haplotypes. Genotyping anal-
ysis showed that TaGA20x8-B1-1_hap2 was a rare allele with a
frequency of 2.0 % in the natural population, whereas hap1, hap3
and hap4 had frequencies of 39.7 %, 30.8 % and 27.5 %, respectively
(Fig. 4b). Six polymorphic sites in the ORF (1), upstream (3) and
downstream (2) regions of TaGA20x8-B1-2, defined four haplo-
types. There was an InDel at —265 bp in the upstream region of
TaGA20x8-B1-2 detected by genome resequencing data
(Table S15). We developed an STS marker 8-B1-2-STS-265 to con-
firm the InDel. However, Sanger sequencing results showed that
three alleles at the —265 site are detected with three types of
inserts, CATGG, CGGGG or a 211-bp fragment, respectively
(Fig. 4c). We also developed two GBTS markers 8-B1-2-GBTS-971
and 8-B1-2-GBTS + 1142 + 1410 + 1526 to diagnose the four hap-
lotypes. Genotyping of the natural population showed that
TaGA20x8-B1-2_hap1 and TaGA20x8-B1-2_hap2 were major haplo-
types with frequencies of 35.3 % and 60.3 %, respectively. Only
one SNP causing a missense mutation was identified in the first
exon of TaGA20x8-B1-3, and formed two haplotypes. Genotyping
with GBTS marker 8-1B1-3-GBTS + 479 developed to identify the
two haplotypes showed that TaGA20x8-B1-3_hap2 was a predomi-
nant haplotype with a frequency of 68.0 % in the natural popula-
tion (Fig. 4d). Marker-trait association analysis displayed that
TaGA20x8-B1-1_hap1, 2_hap1 and 3_hap1 each was associated with
significantly reduced PH and increased grain yield compared to the
respective contrasting haplotype (Fig. 4b-d; Table S12). These
favorable haplotypes were present in 31.9---39.7 % of tested
accessions, all lower than their contrasting haplotypes, suggesting
they had not been subjected to positive selection and therefore
have potential application in breeding. Linkage disequilibrium
(LD) analysis in the natural population for genetic effects showed
that the polymorphic sites in the TaGA20x8-B1 cluster define a
strong haplotype block (Fig. S3a). We further conducted a combi-
national haplotype analysis for the gene cluster and defined twelve
clustering haplotypes (c_hap1-12). Among them, three major hap-
lotypes c_hap1, c_hap7 and c_hap10, had distribution frequencies of
35.5 %, 27.4 % and 22.6 %, respectively (Fig. S3b). Genetic analysis
showed that c_hap1 was a favorable allele compared to other clus-
tering haplotypes (Figs. S3c-h).

Functional validation of TaGA20x8-B1-2 as proof of concept

Since three tandem duplicated TaGA20x8-B1 genes had consis-
tent effects on multiple agronomic traits, we used TaGA20x8-B1-2
as a representative to validate their function and generated six
independent transgenic overexpression (OE) lines. Three OE lines,
OE3, OE5 and OE6 with relatively high expression levels of
TaGA20x8-B1-2, were chosen for subsequent analysis (Fig. 4e).
Enzymatic activity of total GA2oxs in stems at jointing using
enzyme linked immunosorbent assays (ELISA) confirmed that the
OE lines had significantly higher GA2ox activity than Fielder, the
negative control (Fig. 4f; Table S16). We further quantified GA iso-
forms in the internodes at the jointing stage and found that
TaGA20x8-B1-2 had significant effect on the abundance of GA iso-
forms (Fig. 4g). Overexpression of TaGA20x8-B1-2 conferred signif-
icantly lower GA4 but higher GA;, suggesting that GA4 is a key
bioactive GA isoform in stem internodes (Fig. 4g). Although there
are few biochemical studies on wheat GA metabolism, GA isoforms
have been extensively analyzed in model plants and a regulatory
network of GA metabolism and response was also proposed [75].
According the regulatory pathways of GA metabolism in model
plants, we speculated that TaGA20x8-B1-2 modulated the conver-
sion of bioactive GA4 to inactive GAs4 based on the differential
abundance of GA isoforms between the overexpression lines and
Fielder (Fig. 4g). Phenotyping showed that the OE lines had a sig-
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Fig. 3. Genetic effects of major haplotypes of TaGA20x6-B1 (a), TaGA20x8-A1-1 (b), TaGA20x9-B1 (c) and TaGA20x10-A1 (d) on agronomic traits. Blue boxes and solid lines
indicate exons and introns, respectively, in the wheat gibberellin 2-oxidase genes (TaGA20xs). In (a-d) for target TaGA2oxs, the 1.5 kb promoter and 500-bp downstream regions are
shown by orange boxes (upper panel); kompetitive allele-specific PCR (KASP) or genotyping by targeted sequencing (GBTS) markers were developed to discriminate haplotypes
and determine their frequency distribution in the natural population (middle panel); best linear unbiased estimation (BLUE) values for plant height, heading date, spike number
per m?, grain number per spike, thousand grain weight and grain yield of the panel population were used to define the genetic effects of these major haplotypes (lower panel). *,

sk

and ns, P < 0.05, P < 0.001, and not significant, respectively. For multiple comparisons, different letters on columns represent significant differences (Duncan’s test, P < 0.05).
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Fig. 4. Genetic effects and functional dissection of the TaGA20x8-B1 cluster (a) LOD contours of a QTL for plant height, spanning the TaGA20x8-B1 cluster. The horizontal
and vertical axes indicate the LOD value and genetic markers, respectively. Contours in different colors indicate LOD contours of QTL for plant height on chromosome arm 1BL
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Genetic effects of a tandem-duplication TaGA20x8-B1-1 (b), TaGA20x8-B1-2 (c) and TaGA20x8-B1-3 (d) on major agronomic traits in the natural population. In (a-d) for target
genes, the 1.5-kb promoter and 0.5-kp downstream region are shown by orange boxes (upper panel); kompetitive allele-specific PCR (KASP), sequence-tagged site (STS) or
genotyping by targeted sequencing (GBTS) markers were developed to discriminate different haplotypes and consequently determine their frequency distribution in the
natural population (middle panel); best linear unbiased estimation (BLUE) values of plant height, heading date, spike number per m?, grain number per spike, thousand grain
weight and grain yield of the panel population were used to define the genetic effects of these major haplotypes (lower panel). For multiple comparisons, different letters on
columns represent significant differences (Duncans test, P < 0.05). (e) Morphologic visualization of TaGA20x8-B1-2-OE lines (OE3, OE5 and OE6) and Fielder (FIE). Bar, 10 cm.
Statistical comparisons of enzymatic activity of total gibberellin 2-oxidases (GA2o0xs) (f), gibberellin (GA) isoform contents (g), plant height (h), heading date (i), spike number
per plant (j), grain number per spike (k), thousand kernel weight (1), grain length (m, o), grain width (n, p), and grain yield (q) between TaGA20x8-B1-2-OE lines and FIE.

nificant reduction (7.8-10.3 c¢cm) in plant height compared to
Fielder (Fig. 4h; Table S16). Moreover, the enhanced expression
of TaGA20x8-B1-2 significantly increased KNS and reduced TKW,
indicating this gene modulates trade-off between KNS and TKW
(Fig. 4k and 4i; Table S16). TaGA20x8-B1-2 overexpression also sig-
nificantly reduced grain length, suggesting that it affects grain
weight largely by controlling grain size (Fig. 4m-p; Table S16).
TaGA20x8-B1-2 has little function in regulating SN, as agreeing
with its genetic effects of its natural variations, (Fig. 4j). Except
for TaGA20x8-B1-2-0OES5, the other two OE lines had significantly
decreased grain yield compared to Fielder, suggesting that over-
production of TaGA20x8-B1-2 had an adverse effect on grain yield
(Fig. 4q; Table S16). To dissect the molecular mechanism of
TaGA20x8-B1-2 in modulating plant height, we investigated DEGs
in the stem internodes between the OE lines and Fielder at the
jointing stage and detected 131 DEGs including 116 down-
regulated and 15 up-regulated (Fig. S4a; Table S17). GO analysis
indicated that many members of the bHLH, C2H2, ERF, MYB and
WRKY transcription factor families were present among functional
categories (Figs. S4b and S4c). Several DEGs were homologs of
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EXPB11, WRKY50 and WRKY28, each of which were reported to reg-
ulate plant height (Table S17) [89-91]. TaGA20x8-B1-2 overexpres-
sion led to downregulation of homologs of WRKY24 and WRKY53,
suggesting that these genes mediated the function of TaGA20x8-
B1-2 in repression of grain size (Table S17) [92,93]. qPCR confirmed
that WRKY24  (TraesCS1A02G070400, TraesCS1B02G088900,
TraesCS1D02G072900, TraesCS3A02G347500, TraesCS3B02G379200
and TraesCS3D02G341100), and WRKY53 (TraesCS1D02G418400,
TraesCS5B02G183800 and TraesCS5D02G190700) were down-
regulated in developing grains, and WRKY28 (TraesCS7A02G508800)
and WRKY50 (TraesCS1A02G358400) were down-regulated in elon-
gating stems (Fig. S4e). These results indicate that WRKY transcrip-
tion factors are key downstream targets of TaGA20x8-B1-2.

Evolutionary history and distribution for causal variations of
TaGA2o0xs

The origin, spread trajectory and distribution of TaGA20xs were
traced to further determine their potency and prospects of the
favorable haplotypes in wheat breeding. Considering that all favor-
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able haplotypes of TaGA20xs were identified in the A and B subge-
nomes, 96 tetraploid wheat accessions including the tetraploid
progenitors of hexaploid wheat A and B subgenomes, and 306 hex-
aploid wheat landraces were selected to track origins. As landraces
adapt to local environments and farming management systems,
they can be viewed as evolving entities for studying migration
and adaptation. By contrast, modern cultivars are usually devel-
oped in intensive breeding programs aimed at improving specific
traits such as grain yield, disease resistance, and quality require-
ment. We therefore used landraces to investigate spread trajectory
and geographic distribution of favorable haplotypes. We further
investigated dynamic distribution of favorable haplotypes over dif-
ferent historical periods using a set of 108 Chinese landmark culti-
vars developed during the last century.

As already mentioned, the TaGA20x8-B1 cluster was tandemly
duplicated. LD analysis in the 306 worldwide hexaploid and 96 tet-
raploid wheat accessions showed that polymorphic sites in the
TaGA20x8-B1 cluster form a strong haplotype block (Fig. 5a).
Twenty-one clustering haplotypes (c_haps) were defined, and
among them five (c_hap1, c_hap?, c_hap8, c_hap10, c_hap11) were
the same as those identified in genetic analysis (Table S18). The
c_hap1 was the desirable variation. The gene haplotype network
revealed that this haplotype was detected only in hexaploid wheat,
indicating that it evolved after hexaploidization (Fig. 5b). The
c_hap1 is a major variant in hexaploid wheat (Fig. 5¢); its frequency
increased from 44 % to 49 % during eastward expansion of lan-
draces from West Asia (WA) to East Asia (EA). By contrast, the
westward expansion to Europe resulted in a decrease to 26 %
(Fig. 5d). Among Chinese landmark wheat cultivars, the c_hap1
had a frequency of approximately 40 % during the 1920 s to
1960 s. Despite its frequent presence during that period, its fre-
quency declined thereafter (Fig. 5e). The c_hap7 and c_hap10 with
the frequencies of 31.0 % and 20.7 %, respectively, were the major
undesirable haplotypes in the cultivars released during the last
20 years and thus should be subjected to selective sweep in favor
of c_hap1 in current breeding programs using gene-specific mark-
ers (Tables S3 and S19).

The haplotype network showed that the favorable haplotype
TaGA20x6-B1_hap1 originated from wild emmer (Fig. S5a) and
was a major haplotype in domesticated emmer and free-
threshing tetraploids, demonstrating that it was subjected to arti-
ficial selection during domestication and cultural adaptation
(Fig. S5b). TaGA20x6-B1_hap1 dispersal westward to Europe and
eastward to EA resulted in similar proportions of 22 % and 21 %,
respectively, comparable to that in WA (30 %), but it was elimi-
nated during the eastward expansion from WA to Central and
South Asia (CSA) (Fig. S5c). The proportion of TaGA20x6-B1_hap1
gradually increased from 7 % during the early stages of breeding
in China (1920 s-1960 s) to 21 % during the last 20 years (2000 s
to 2020 s) (Fig. S5d), suggesting it had undergone positive selec-
tion. Although the frequency of TaGA20x6-B1_hap2 gradually
declined in Chinese landmark wheat cultivars over time, it was
always the predominant haplotype (79-93 %).

TaGA20x8-A1 is the ortholog of TaGA20x8-B1 and comprises a
gene cluster including TaGA20x8-A1-1 and TaGA20x8-A1-2. Only
TaGA20x8-A1-1_hap2 was identified as a favorable allele. Haplo-
type network showed that TaGA20x8-A1-1_hap2 was derived from
a point mutation event of TaGA20x8-A1-1_hap3 and appeared in
both wild domesticated emmer (Fig. S6a; Table S18). Although
TaGA20x8-A1-1_hap2 was not detected in the tested free-
threshing tetraploids, it was the predominant haplotype in wild
and domesticated emmer (Fig. S6b). TaGA20x8-A1-1_hap2 disap-
peared during eastward expansion to CSA, but continued eastward
dispersal increased its frequency to 14 %, equivalent to that in WA.
Notably, hap2 underwent a large increase (up to 50 %) in frequency
during the westward spread to Europe and concomitantly became
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the predominant haplotype in Europe (Fig. S6¢). Although hap2 had
a frequency of only 14 % in EA landraces, it was the predominant
haplotype with a frequency of 67 % in Chinese landmark germ-
plasms from 1920 s to 1960 s. This haplotype remained the pre-
dominant haplotype with frequencies of 67-86 % in Chinese
cultivars during subsequent periods (Fig. S6d). Collectively,
TaGA20x8-A1-1_hap2 has high frequency in wild emmer and is also
widely present in both tetraploid and hexaploid wheat, suggesting
that it has been subjected to selection during domestication and
breeding worldwide.

TaGA20x9-B1 included two favorable haplotypes, TaGA20x9-
B1_hap1 and TaGA20x9-B1_hap2. The haplotype network showed
that hap2 was the major haplotype in both wild and domesticated
tetraploid wheat, including wild, domesticated and free-threshing
emmer, suggesting it was originated from wild emmer and was
artificially selected during breeding of tetraploid wheat. By con-
trast, hap1 was presumably derived from hap2 since it was not pre-
sent in wild emmer (Fig. S7a). Both hapl and hap2 were major
haplotypes in hexaploid wheat, indicating that they were posi-
tively selected (Fig. S7b). Although the proportion of two haplo-
types decreased compared with that in WA during the westward
range expansion to Europe, the dispersal eastward to EA enhanced
the total proportion of TaGA20x9-B1_hap1 and hap2 in CSA and EA
landraces (Fig. S7c). The increasing percentage of TaGA20x9-
B1_hap2 showed its renaissance in Chinese modern breeding pro-
grams, accompanying with a decreasing frequency of TaGA20x9-
B1_hap1 (Fig. S7d).

Gene haplotype network indicated that the favorable haplotype
TaGA20x10-A1_hap3 arose after the hexaploidization because it
was only detected in hexaploid wheat (Figs. S8a-b). This haplotype
has a stable frequency among wheat landraces during the expan-
sion from WA to Europe, but was quite rare in the spread route
from WA to CSA and EA. The frequency in the early Chinese culti-
vars is relatively high (40 %), suggesting that introduced European
materials rather than Chinese landraces caused high frequency
among Chinese landmark cultivars during 1920 s-1960 s
(Fig. S8c). The proportion of TaGA20x10-A1-hap3 increased from
the early stages of breeding (1920 s- 1960 s) to the last 20 years
(2000 s to 2020 s) (Fig. S8d), and became the predominant haplo-
type with a frequency of 66 % in current Chinese wheat cultivars.

Discussion

Favorable alleles of TaGA2o0xs are important genetic resources for
wheat improvement

GA is essential for plant growth and development. Many genetic
and functional analyses have proved that GA metabolic enzymes
play an important role in regulating agronomic traits, especially
plant height. GA2oxs catabolize bioactive GA inactivation or pre-
cursor GAs depletion [1]. TaGA20x9-A1 (Rht24/TaGA20xA9) and
TaGA20x13-A1 (Rht12/TaGA20xA13) are the causal genes of RHT24
and RHT12, respectively, and their favorable alleles have been
widely used in wheat improvement [16-18]. The booming devel-
opment of wheat genome sequencing programs and genotyping
technologies facilitates identification of favorable variations of tar-
get genes. Here, we identified eight new favorable TaGA2ox alleles
using genome resequencing data and genetic effect analysis. Sev-
eral desirable haplotypes (TaGA20x6-B1_hap1, TaGA20x8-B1-
1_hap1, TaGA20x8-B1-3_hapl, TaGA20x8-B1-2_hapl, TaGA20x9-
B1_hap1, TaGA20x9-B1_hap2 and TaGA20x10-A1_hap3) reduce plant
height without negative effects on yield. Additionally, three of
them (TaGA20x8-A1-1_hap2, TaGA20x8-B1-1_hap1 and TaGA20x8-
B1-3_hapl) significantly enhance grain yield. Genetic meta-
analysis showed that these favorable genes were adjacent to the



Y. Bian, J. Dong, L. Li et al.

TeGAZor0-512 I

TecAzort-51-3 m

@ widemmer @ Domesticated emmer @ Free-threshing tetraploids

Europe (EU)

6 e Central and South Asia (CSA) East Asia (EA)

c@@f @ *he -

€]
8 e ‘%@é & () c)
[ (€]
6 eeq [ i égga
fe)

gom ass o
Foso

Som| [0 o os © West Asia (WA) [ c_hapX

[ c_hapt

000 o

@] O
c_hap23 c_hap16

Bread wheat 10 sample

Journal of Advanced Research xxx (xXxx) xxXx

Population
B wild emmer

B Domesticated emmer

[l Free-threshing tetraploids

Bread wheat

Genotype

Il Alternative homozygote

Heterozygote

Reference homozygote

Desirable Haplotype

[ c_hapt
1.00
075
06 061
3 075 e
ks c_hapX
g 050
g c_hap1
025
04 039 oeh
025
0.00
° ® ) )
A A A% i
S S S =]
o o S lQQQ

Fig. 5. Phylogeny and selection of combined favorable haplotypes (c_haps) of the TaGA20x8-B1 gene cluster (a) Linkage disequilibrium analysis of the TaGA20x8-B1 locus
comprising tandemly duplicated genes TaGA20x8-B1-1 ~ 3 in the 306 worldwide bread wheat landraces and 96 tetraploid wheat accessions. Different colored lines represent
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644,799,503 bp, 4: 644,799,988 bp, and 5: 644,799,998 bp. (b) Haplotype network of TaGA20x8-B1 genes. 306 bread wheat landraces and 96 tetraploid wheat accessions were
used to identify the c_haps of TaGA20x8-B1 and their evolutionary relationships. Each colored pie chart represents one unique haplotype and short lines between linked
haplotypes indicate the number of mutations. Sequence variation of each haplotype is shown in Table S18. (¢) The c_hap distribution of TaGA20x8-B1 in the tetraploid and
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shown in orange and gray, respectively. Landrace_EU and Landrace_WA, Landrace_EA, and Landrace_CSA represent landraces from Europe, West Asia, East Asia, and Central
and South Asia, respectively. The map was constructed using the R package rworldmap. (e) Proportions of c_hap1 and c_hapX in the Chinese landmark cultivars released

during different historical periods.

previously identified genetic loci for plant height or/and yield com-
ponent traits, suggesting that they are the causal genes for those
loci and have stable effect in different genetic backgrounds. We
further performed con-jointing analyses of these superior alleles
to determine their combinatorial effects on plant height and grain
yield as well as yield components. The cultivars with one, two,
three, five and six favorable haplotypes harbor higher proportion
(Fig. S9a). Wheat breeders have achieved plant height reduction
without adverse effects on yield using reduced height (Rht) genes.
As expected, more favorable haplotypes were associated with
decreasing PH without yield penalty, demonstrating their cumula-
tive effects on plant height (Figs. S9b-f). We also traced the origin,
spread and global distribution of these dwarfing alleles to clarify
their evolutionary history and application prospect. The majority
of desirable TaGA2ox alleles were subjected to positive selection
during artificial or/and natural domestication. These results
strongly suggest that the eight favorable haplotypes have impor-
tant application value for breeding. Therefore, TaGA20xs are an
important gene pool for wheat improvement, and their desirable
alleles provide alternative genetic resources and molecular tools
for plant height control.

Numerous rare TaGA2o0x variants were detected in the natural
population and some genes co-located with or were adjacent to
genetic loci for agronomic traits (Fig. 2b and Table S11), but their
genetic effects were not evaluated due to lack of statistical power.
In near future, their genetic dissection should be performed using
bi-parent mapping populations or additional natural populations,
which may mine more new valuable alleles for wheat improve-
ment. We also detected CNVs at TaGA20x8-B1 and TaGA20x8-D1
and TaGA20x13-D1 by gene synteny analyses across pan-genomes
and found the CNVs ranging from one to five (Table S7). However,
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the phenotypes of those wheat accessions in same environments
are not available. Thus, it is necessary to conduct long-read assem-
blies to study loci with duplicated genes. In future, we intend to
identify genetic effects of the CNVs at TaGA2o0xs based on genome
long-read assemblies of a natural population.

The gain of function mutants in TaGA20xs can cause appropri-
ately reduced bioactive GAs and plant height, which is beneficial
for wheat genetic improvement in breeding. As such, moderate
upregulation of TaGA2ox expression is helpful to generate semi-
dwarf wheat cultivars with high yield stability and potential
because appropriately reduced plant height can enhance lodging
resistance and harvest index. In fact. the gain of function variations
in the promoter region conferred higher expression level of
TaGA2oxs and moderate reduction in plant height [17,18].

Functional diversity of TaGA2oxs provide cues to dissect the
mechanism underpinning plant morphogenesis and yield formation

TaGA2o0x genes harbor the common function of transforming
bioactive GA isoforms into inactive ones. However, genetic effect
analysis showed their diverse effects on agronomic traits. For
TaGA20x2-B1, there were five variations in the promoter, including
three InDels and two SNPs and two exonic variations causing mis-
sense mutation (Table S11), but the potential functional variations
had no obvious genetic effects in the tested materials (Table S11).
Eight superior alleles had significant genetic effects on agronomic
traits compared to their contrasting alleles. Seven of these alleles
were associated with significantly reduced plant height, but they
had different effects on grain yield. Among them, TaGA20x6-
B1_hapl, TaGA20x8-B1-2_hapl, TaGA20x9-B1_hapl, TaGA20x9-
B1_hap2, and TaGA20x10-A1_hap3 had little effect on grain yield,
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whereas TaGA20x10-A1_hap3 significantly increased KNS and
decreased SN, suggesting it is a regulator of trade-off between
the two yield components. TaGA20x8-B1-1_hap1 and TaGA20x8-
B1-3_hap1 significantly enhanced grain yield but had different
effect on yield components. TaGA20x8-B1-1_hap1 improved grain
yield by influencing KNS and SN, whereas TaGA20x8-B1-3_hap1
promoted grain yield by increasing SN.

TaGA20x8-B1-2 overexpression decreased the abundance of
bioactive GA isoform GA4, but increased the abundance of GA; in
stem internodes. We previously determined the effect of
TaGA20x9-A1 (Rht24/TaGA20x-A9) on GA isoforms and found that
its overexpression reduced the abundance of bioactive GA isoforms
GA;, GA; and GA; in stem internodes. Thus, TaGA20x members
maybe catalyze different substrates to maintain GA homeostasis.
We compared DEGs in transcriptome analysis between
TaGA20x8-B1-2-OE and TaGA20x9-A1-OE lines in equivalent
spatio-temporal internodes and genetic backgrounds (common
transgenic recipient Fielder) [17]. TaGA20x9-A1 overexpression
caused drastically differential expression of 26,635 genes, whereas
only 131 were differentially expressed between TaGA20x8-B1-2-OE
lines and Fielder. Although TaGA20x8-B1-2 and TaGA20x9-Al
caused the differential expression of 56 common genes, most of
DEGs are unique in specific overexpression lines (Fig. S4d;
Table S20), suggesting that TaGA20x members control their own
specific downstream genes to modulate agronomic traits. In all,
TaGA2o0x genes have diverse functions in regulating agronomic
traits and the resultant genetic information facilitates broadening
knowledge of mechanisms underlying GA-mediated plant morpho-
genesis, environmental adaptation and yield formation.

Conclusion

Advent of genome sequencing and high-throughput genotyping
technologies stimulated us to undertake a systemic characteriza-
tion of TaGA2ox genes. Forty TaGA2ox genes were identified in
wheat, and their expansion and function were specified. We
retrieved major haplotypes of TaGA20x genes and developed diag-
nostic markers. Eight new favorable haplotypes were associated
with reduced plant height and without yield penalty were identi-
fied. Among them, tandemly duplicated TaGA20x8-B1-1_hapl,
TaGA20x8-B1-2_hap1 and TaGA20x8-B1-3_hap1 were validated as
causal dwarfing allele of genetic locus QPH.caas.1BL for plant
height. We further traced origin, spread and geographical distribu-
tion of the favorable haplotypes to clarify their evolution and
implications for breeding. A large number of rare allelic variations
were also identified and their breeding values remain to be deter-
mined in the specific populations. Overall, these findings provide a
group of valuable gene resources and molecular tools for wheat
breeding, and cues to uncover the genetic mechanism underlying
gibberellin-mediated plant morphogenesis, yield formation and
adaptation. An efficient pipeline that integrates population geno-
mics, transgene assays and evolutionary analysis was also devel-
oped to identify gene family-scale favorable alleles and assess
their application in wheat improvement.
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