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Maintaining high and stable yields has become an increasing challenge in wheat breeding due to climate change. Although
Squamosa-promoter binding protein (SBP)-box genes have important roles in plant development, very little is known about the
actual biological functions of wheat SBP-box family members. Here, we dissect the functional conservation, divergence, and
exploitation of homoeologs of two paralogous TaSPL wheat loci during domestication and breeding. TaSPL20 and TaSPL21 were
highly expressed in the lemma and palea. Ectopic expressions of TaSPL20/21 in rice exhibited similar functions in terms of
promoting panicle branching but had different functions during seed development. We characterized all six TaSPL20/21 genes located
across the three homoeologous (A, B, and D) genomes. According to the functional analysis of naturally occurring variants in
20 environments, four favorable haplotypes were identified. Together, they reduced plant height by up to 27.5%, and TaSPL21-6D-
Hapll increased 1000-grain weight by 9.73%. Our study suggests that TaSPL20 and TaSPL21 homoeologs underwent diversification in
function with each evolving its own distinctive characteristics. During domestication and breeding of wheat in China, favorable
haplotypes of each set were selected and exploited to varying degrees due to their large effects on plant height and 1000-grain weight.

Wheat (Triticum aestivum) is a global food crop pro-
viding calories and protein for 30% of the human
population (Tanno and Willcox, 2006; Mayer et al.,
2014). Due to climate change over recent decades, po-
tential global wheat production was reduced by 5.5%
relative to what would have occurred in its absence
(Lobell et al., 2011). Thus, high and stable yield is al-
ways a major objective in wheat breeding.

Squamosa-promoter binding protein (SBP)-box genes
play important roles in plant phase transition and
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flowering (Schwarz et al., 2008; Wang et al., 2009, 2014),
leaf development (Shikata et al., 2009; Usami et al.,
2009), plant architecture (Wang et al., 2005; Chuck et al.,
2010; Jiao et al., 2010; Miura et al., 2010), fruit devel-
opment (Manning et al., 2006), organ size (Wang et al.,
2008), gibberellin signaling (Zhang et al., 2007), grain
quality, and yield (Wang et al., 2012; Si et al., 2016).
Squamosa-promoter binding protein-like (SPL) genes, first
identified in Antirrhinum majus, were named SBP1 and
SBP2 based on their ability to bind the promoter of the
floral meristem identity gene SQUAMOSA (Klein et al.,
1996). Since then, a large number of SPL family mem-
bers have been functionally characterized in many plant
species, including Chlamydomonas reinhardtii (Kropat
et al., 2005), Physcomitrella patens (Riese et al., 2008),
Arabidopsis (Arabidopsis thaliana; Cardon et al., 1997),
maize (Zea mays; Wang et al., 2005), rice (Oryza sativa; Jiao
et al., 2010), tomato (Solanum lycopersicum; Manning
et al., 2006), Populus x canadensis (Wang et al., 2011), and
Betula pendula (Lénnenpaa et al., 2004). In rice, OsSPL13
positively regulates cell size in the grain hull resulting in
enhanced grain length and yield (Si et al., 2016); OsSPL14
regulates plant architecture by controlling shoot
branching during vegetative growth and panicle de-
velopment (Jiao et al., 2010; Miura et al., 2010); and
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overexpression of OsSPL16 promoted cell proliferation
and grain filling, resulting in increased grain width and
yield (Wang et al., 2012). However, apart from bio-
informatics and gene expression information (Zhang
et al., 2014a; Wang et al., 2015), very little is known
about the biological functions of SBP-box family mem-
bers in common wheat. Ten wheat TaSPL genes have
been cloned and classified into five groups (G1-G5;
Zhang et al., 2014a). Among them, TaSPL20 and TaSPL21
(hereafter referred to as TaSPL20/21) in G1 do not cluster
with OsSPL13/14/16 and are abundantly expressed in the
shoot apical meristem and spike (Zhang et al., 2014a).

Wheat (2n = 6x = 42; genomic code AABBDD) un-
derwent two separate allopolyploidization events
(Marcussen et al., 2014; Mayer et al., 2014); the first
combined the genomes of two wild diploid species,
Triticum urartu (2n = 2x = 14; AA) and probably Aegilops
speltoides (2n = 2x = 14; BB), resulting in the allotetra-
ploid Triticum dicoccoides (2n = 4x = 28; AABB). Wild
emmer was domesticated to cultivated emmer (Triti-
cum dicoccum), which subsequently hybridized with the
diploid grass species Aegilops tauschii (2n = 2x = 14; DD)
to form modern hexaploid wheat. Thus, in addition
to paralogous genes (paralogs) that arise by duplica-
tion and characterize diploid species, the hexaploid
wheat genome contains triplicated orthologous genes
(homoeologs) from the ancestral diploid species. These
genes either retained their original functions or under-
went functional divergence, including silencing, through
mutation (Wendel, 2000; Pfeifer et al., 2014). Up to 46% of
homoeologs in hexaploid wheat have been silenced,
neofunctionalized, or subfunctionalized over 1.5 million
years of evolution (Pont et al., 2011).

Here, we address an interesting question about the
biological functions and fates of homoeologs of paralo-
gous genes TaSPL20 and TaSPL21 in modern hexaploid
wheat genotypes. In addition, where and how different

haplotypes of the paralogous series TaSPL20 and
TaSPL21 underwent variation during domestication
and breeding were also investigated in this study. We
found both TaSPL20 and TaSPL21 were highly expressed
in lemmas and paleas during early wheat spike devel-
opmental stages. Ectopic expressions of TaSPL20 and
TaSPL21 in rice exhibited similar functions in terms of
promoting panicle branching but had different func-
tions during seed development. We characterized the
three homoeologs of each gene, located on group
6 and group 7 chromosomes, respectively. Functional
analyses of naturally occurring variants at each locus
suggested that the evolutionary histories of the two
gene sets were quite different. During domestication
and breeding of wheat, favorable haplotypes of each
set were selected and exploited due to their large effects
on plant height (PH) and 1000-grain weight (TGW).

RESULTS

TaSPL20 and TaSPL21 Are Highly Expressed in the Lemma
and Palea during Early Spike Development

TaSPL20/21 are abundantly expressed in shoot api-
cal meristems and young spikes, and show tissue-
specific expression patterns associated with spike
development (Zhang et al., 2014a). To monitor their
detailed expression patterns based on conserved re-
gions among each set of homoeologs, we sampled
stamens, pistils, lemmas, paleas, and pedicels from
wheat spikes with lengths of 3, 4, 6, 8, and 10 cm, and
at the flowering stage. Both TaSPL20 and TaSPL21
members displayed specific expression patterns in
lemmas and paleas at early spike development (3—6 cm
spikes), suggesting that both groups may regulate
wheat spike development (Fig. 1A).
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SBP-box genes encode a plant-specific family of
transcription factors and contain bipartite nuclear local-
ization signals. Based on coding regions of the D genome
members, we determined the subcellular localizations of
TaSPL20 and TaSPL21 in wheat protoplasts and living
onion epidermal cells by transient expression. GFP sig-
nals were observed in entire cells of the controls, whereas
TaSPL20-GFP and TaSPL21-GFP fusion proteins were
exclusively localized in the nuclei, indicating that
TaSPL20 and TaSPL21 function as transcription factors
(Fig. 1B).

Ectopic Expression of TaSPL20 and TaSPL21 in Rice
Promotes Panicle Branching and Influences
Seed Development

We generated transgenic rice lines containing TaSPL20/
21 coding regions from the D genome under control of
ubiquitin promoter in order to assess TaSPL20 and
TaSPL21 functions. Under field conditions, five and three
representative homozygous lines overexpressing TaSPL20

A

TaSPL20/21 Associate with Yield-Related Traits

(TaSPL20-OE) and TaSPL21 (TaSPL21-OE) were obtained
for detailed analysis (Figs. 2 and 3; Supplemental Fig. S1).
Compared to wild type, lines possessing TaSPL20-OE
(L1-L5) and TaSPL21-OE (L1-L3; Fig. 2A) produced
more primary branches (21-34%; Fig. 2C), more sec-
ondary branches (19-23%; Fig. 2D), higher grain num-
bers (24-27%; Fig. 2E), and longer panicles (8%; Fig. 2F).
Since two of eight transgenic lines (TaSPL20-OE line
5 and TaSPL21-OE line 1) showed slightly increased tiller
numbers (Fig. 2G), TaSPL20 and TaSPL21 maybe weakly
regulated tiller numbers during vegetative stage besides
their functions in panicle branching during reproductive
development.

The potential functions of TaSPL20 and TaSPL21
during seed development were also investigated. TaSPL20-
OE lines produced larger seeds (Fig. 3A) as measured by
increased TGW (Fig. 3D), seed surface area (Fig. 3E), grain
length (Fig. 3, B and F), and grain width (Fig. 3, C and G)
compared to wild type. TaSPL21-OE lines displayed dif-
ferent seed phenotypes; seed size (Fig. 3, A and E) was
unchanged and TGW (Fig. 3D) was significantly reduced.

Figure 2. Analysis of panicle morphologies of
TaSPL20-OF and TaSPL21-OE lines. A, Com-
parison of panicle morphologies; B, rela-
tive expression levels of TaSPL20 and TaSPL21
in transgenic rice lines; C, primary panicle
branching; D, secondary panicle branching; E,
grain number per main panicle; F, panicle
lengths; and G, tiller numbers were measured.

WT, Wild type; L1, L2, L3, L4, and L5 refer to
transgenic lines. The error bars denote = s;
*P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 3. Analysis of grain size in five TaSPL20- A
OE and three TaSPL21-OE rice lines. A to C,
Appearance of the grains in wild-type and
transgenic rice plants. Comparisons of TGW (D),
seed area (E), grain length (F), and grain width
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The results thus indicated that both TaSPL20 and TaSPL21
affected panicle branching during reproductive develop-
ment in a similar way, but their effects on seed develop-
ment were different.

Chromosome Mapping, Naturally Occurring Variants, and
Development of Functional Markers for TaSPL20 and
TaSPL21 Homoeologs

Using the D genome coding regions of TaSPL20 and
TaSPL21 as queries, the 5" and 3’ flanking regions of the
respective homoeologs were identified by BLASTN
searches against the draft genome databases of the A
(Ling et al., 2013) and D (Jia et al., 2013) genome pro-
genitors and wheat variety Chinese Spring (Wilkinson
et al., 2012). Genome-specific primer pairs for TaSPL20
(TaSPL20-7A, -7B, and -7D) and TaSPL21 (TaSPL21-6A,
-6B, and -6D) homoeologs were designed based on
polymorphisms in the genome sequences. The genomic
fragments, including 5’ and 3’ flanking regions, were
2827, 2720 and 4740 bp, and 3463, 2089 and 4322 bp,
respectively (Fig. 4B). The chromosomal locations of
TaSPL20 and TaSPL21 homoeologs were determined

1180
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using Chinese Spring nullisomic-tetrasomic lines, a se-
ries of lines with each missing one pair of chromosomes
that is replaced by an extra pair of homoeologous
chromosomes. TaSPL20 homoeologs were located on
group 7 chromosomes (7A, 7B, and 7D; Fig. 4A), and
TaSPL21 homoeologs were located on group 6 chro-
mosomes (6A, 6B, and 6D; Fig. 4A).

We analyzed the entire genomic fragment of each
gene in 37 cultivars showing wide variations in tiller
number and spike-related traits to detect sequence
variations (Supplemental Table S1; Zhang et al., 2015b).
Three haplotypes of TaSPL20-7A were characterized by
eight variations, the first three of which preceded the
ATG start codon. A cleaved amplified polymorphic se-
quence (CAPS) marker was developed based on InDell
(insertion and deletion, InDel) and SNP5 to identify the
three haplotypes simultaneously (Fig. 4C). As no nucleo-
tide variation was detected in the genomic region of
TaSPL20-7B, this locus was excluded from further re-
search. Two and three SNPs occurred in the 5’ flanking
regions of TaSPL20-7D (Fig. 4D) and TaSPL21-6A (Fig. 4E),
respectively. A derived cleaved amplified polymorphic
sequence (dCAPS) marker and a CAPS marker were
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Figure 4. Chromosome location, gene structure, haplotypes, and functional markers of TaSPL20-7A, TaSPL20-7D, TaSPL21-6A,
TaSPL21-6B, and TaSPL21-6D. A, TaSPL20 homoeologs were located on group 7 chromosomes (left), and TaSPL2 T homoeologs
were located on group 6 chromosomes (right) using Chinese Spring nullisomic-tetrasomic lines. B, Schematic diagram of TaSPL20
and TaSPL21homoeologs. Gene structures of TaSPL20-7D, TaSPL21-6A, and TaSPL21-6D were determined by aligning genomic
sequences and corresponding coding sequences; TaSPL20-7A and TaSPL21-6B were predicted by FGENESH (Softberry, http://
www.softberry.com). Exons are indicated by black boxes; flanking regions and introns are indicated by solid lines. C, Three
haplotypes were identified for TaSPL20-7A. A CAPS marker was developed based on InDel and SNP5 with restriction endo-
nuclease Ncol, which cleaved the sequence only when the SNP5 site was G. After enzyme digestion, the main PCR products of
Hapl, Hapll, and Haplll were 294, 215, and 229 bp, respectively. D, Three haplotypes were identified for TaSPL20-7D. dCAPS
marker was developed based on SNP1, which cleaved the sequence only when the SNP1 site was C. A CAPS marker was de-
veloped based on SNP2 with restriction endonuclease BamHI, which cleaved the sequence only when the SNP2 site was C. E,
Three haplotypes were identified for TaSPL27-6A. One CAPS marker was developed based on SNP2 using restriction endonu-
clease Bgll, which cleaved the sequence only when the SNP2 site was C. The other CAPS marker was developed based on SNP3
with restriction endonuclease BseDl/Secl, which cleaved the sequence only when the SNP3 site was G. F, Three haplotypes were
identified for TaSPL21-6B. Haplotypes were detected by direct sequencing. G, Three haplotypes were identified in TaSPL21-6D.
One CAPS marker was developed based on SNP1 using restriction endonuclease Ncol, which cleaved the sequence only when
the SNP1 site was C. The second CAPS marker was based on SNP2 using restriction endonuclease Avall, which cleaved the
sequence only when the SNP2 site was G. M, DNA marker. The sizes of PCR products are shown on the left.

developed for TaSPL20-7D based on SNP1 and SNP2 (Fig.
4D), and two CAPS markers were developed for TaSPL21-
6A based on SNP2 and SNP3 (Fig. 4E). Three haplotypes
in TaSPL21-6B formed by 10 SNPs and three InDel (six
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preceded the ATG start codon) were detected by direct
sequencing (Fig. 4F). Two SNPs in the 5’ flanking regions
of TaSPL21-6D formed three haplotypes (Fig. 4G). Two
CAPS markers were developed based on SNP1 and SNP2
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(Fig. 4G). Thus, based on functional markers or direct se-
quencing, we distinguished haplotypes of all TaSPL20 and
TaSPL21 homoeologs.

Homoeolog-Specific Functions of TaSPL20 and TaSPL21
Affecting Yield-Related Traits

In order to investigate the effects of different
TaSPL20/21 haplotypes, we performed an association
analysis of each haplotype and six yield-related traits
(PH; number of spikes per plant, NSP; spike length, SL;
total number of spikelets per spike, TNSS; number of
grains per spike, NGS; and TGW) using 262 accessions
(population 1; Supplemental Table S2). We used a
general linear model to account for population struc-
ture (Q). The accessions in population 1 represented cul-
tivars mainly from two major Chinese wheat production

Figure 5. Haplotype analysis of TaSPL20 and A

areas, the northern Winter Wheat and Yellow and Huai
River Valleys Facultative Wheat Zones.

In 20 environments (4 years X 2 sites X well-watered,
drought, and heat stress conditions), there was no sig-
nificant association between TaSPL20-7A and any of the
six traits (Fig. 5A; Supplemental Table S3). TaSPL20-7D
was significantly associated with PH in all environ-
ments except E3 and E8 and weakly associated with
TGW (12 environments; Fig. 5B; Supplemental Table
S4); TaSPL21-6A was strongly associated with PH in all
environments and weakly associated with SL (10 envi-
ronments; Fig. 5C; Supplemental Table S5); TaSPL21-6B
showed weak associations with PH (12 environments),
TNSS (11 environments), NGS (10 environments; Fig.
5D; Supplemental Table S6); and TaSPL21-6D was
strongly associated with PH and TGW in 19 environ-
ments (Fig. 5E; Supplemental Table S7). For PH,
the phenotypic variation explained by TaSPL20-7D,

TaSPL21 homoeologs using agronomic trait TaS%PLZO-?A \ 4PH XNSP *SL +TNSS -NGs e TGW
data from 20 environments. NSP, Number of 15
spikes per plant; SL, spike length; TNSS, total - ;:g
number of spikelets per spike; NGS, number of = 30
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TaSPL21-6A, and TaSPL21-6D haplotypes ranged from
2.48 to 4.64%, 8.68 to 15.47%, and 2.68 to 7.26%, respec-
tively. The phenotypic variation for TGW explained by
TaSPL21-6D haplotypes ranged from 3.05% to 13.95%.

Naturally Occurring Variants of TaSPL20/21 Homoeologs
Related to PH and TGW and Functional Buffering Effects

Since TaSPL20-7D, TaSPL21-6A, and TaSPL21-6D were
strongly associated with PH, and TaSPL21-6D was
strongly associated with TGW, we compared PH or TGW
among accessions with favorable haplotypes and those
with other alleles across all 20 environments (Fig. 6, B-E).
TaSPL20-7D-Hapl, TaSPL21-6A-Hapll, and -6D-HaplIl
exhibited the lowest PH among their corresponding
haplotype sets, whereas TaSPL20-7D-Hapll, TaSPL21-6A-
Hapl, and TaSPL21-6D-Hapl were associated with tallest
PH (Fig. 6, B-D). The phenotypic differences between
contrasting groups were 9.67 to 14.71 cm for TaSPL20-7D,
13.73 to 23.21 cm for TaSPL21-6A, and 12.33 to 27.99 cm
for TaSPL21-6D. Thus, TaSPL20-7D-Hapl, TaSPL21-6A-
Hapll, and TaSPL21-6D-Haplll reduced PH by about 13.00,
18.96, and 21.68% compared to the contrasting tallest
haplotype. TaSPL21-6D-Hapll had significantly higher
TGW than TaSPL21-6D-Hapl, and the phenotypic differ-
ences between them ranged from 1.83 g to 4.96 g, or about
9.73% compared to the TGW for TaSPL21-6D-Hapl (Fig.
6E). Thus, TaSPL20-7D-Hapl and TaSPL21-6A-HapIl and
-6D-Haplll represent favorable haplotypes able to reduce
PH, and TaSPL21-6D-Hapll and -6D-Haplll (Hapll&III)
increase TGW. We also evaluated the buffering effects
on PH by TaSPL20/21 homoeologs by combinations of
favorable haplotypes (Fig. 6A). Combination of TaSPL20-
7D-Hapl with TaSPL21-6A-Hapll and -6D-Hapll&IIl re-
duced PH by up to 27.5% from 98.56 cm (those without
any favorable haplotype) to 71.48 cm (those with triple
favorable haplotypes).

TaSPL20-7D-Hapl, TaSPL21-6A-Hapll, and TaSPL21-6D-
HaplI&III Were Positively Selected in Wheat Breeding

Artificial selection leaves strong footprints in ge-
nomes, manifesting progressive accumulation of fa-
vorable haplotypes (Barrero et al., 2011). To determine
whether favorable haplotypes of TaSPL20/21 homoeo-
logs were selected during wheat breeding, we assessed
frequency changes of TaSPL20-7D-Hapl, TaSPL21-6A-
Hapll, TaSPL21-6D-Hapll, and Haplll haplotypes over
time in population 1 and two other populations. Pop-
ulation 2 consisting of 157 landraces (Supplemental
Table S8) came mainly from the Chinese wheat mini-
core collection, representing more than 70% of the ge-
netic diversity of the full Chinese germplasm collection,
and population 3 (Supplemental Table 59) was from the
Chinese wheat core collection (Hao et al., 2008, 2011).

Based on phenotypic data from population 1 in
20 environments, PH declined from landraces to mod-
ern cultivars and continually fell in modern cultivars
from pre-1960 to the 2000s. TGW showed the opposite
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trend (Fig. 7G). For PH, the relative values among
haplotypes at each locus were TaSPL20-7D-Hapl <
Haplll < Hapll (Fig. 6B), TaSPL21-6A-Hapll < Haplll <
Hapl (Fig. 6C), TaSPL21-6D-HapIll&Il < HapI (Fig. 6D);
and for TGW, the relative values were TaSPL21-6D-
Haplll&II > Hapl (Fig. 6E). Frequencies of favorable
haplotypes in populations 1, 2, and 3 for TaSPL20-7D-
Hapl (Fig. 7, A and B), TaSPL21-6A-Hapll (Fig. 7, C and
D), and TaSPL21-6D-Hapll&lIlI (Fig. 7, E and F) gradu-
ally increased from 0%/1.31%, 0%/28.57%, 20.00%/
11.46% in landraces to 19.15%/20.59%, 24.49%/52.94%,
78.72%/82.35% in the 2000s/1990s (the numbers left of
the slash refer to frequencies in population 1; those right of
a slash refer to frequencies in populations 2 and 3). The
frequencies of TuSPL20-7D-Hapll, TaSPL21-6A-Hapl, and
TaSPL21-6D-Hapl decreased in a corresponding manner.
For the TaSPL21-6A (Fig. 7, C and D) and TaSPL21-6D
(Fig. 7, E and F) loci, there were sharp increases/decreases
in frequencies from landraces to the 1960s, suggesting that
selection occurred at the very beginning of modern wheat
breeding programs. In particular, the high frequency of
TaSPL21-6D-Hapll in modern cultivars released after the
1960s suggests that this haplotype had been widely
selected in wheat breeding (Fig. 7, E and F). TaSPL21-
6D-Haplll, another important haplotype along with
TaSPL20-7D-Hapl and TaSPL21-6A-Hapll, could have
potential for wheat improvement.

Geographic Distribution of TaSPL20-7D, TaSPL21-6A, and
TaSPL21-6D Haplotypes across the 10 Chinese Wheat
Production Zones

Wheat production in China is divided into ten major
agro-ecological production zones based on ecological
conditions, variety type, and planting time (He et al.,
2001; Zhuang, 2003). The distributions of TaSPL20/21
haplotypes were investigated in both landraces (pop-
ulation 2) and modern cultivars (population 3 com-
prising 348 accessions) from each zone (Fig. 8).
Comparisons of landraces and modern cultivars across
the ten zones revealed the detailed selection histories of
TaSPL20-7D-Hapl (Fig. 8, A and B), TaSPL21-6A-Hapll
(Fig. 8, C and D), and TaSPL21-6D-Hapll&III (Fig. 8,
E and F), including their origins and expansion
paths during wheat breeding. TaSPL20-7D-Hapl first
appeared in landraces in zone IV and rapidly spread to
nearby areas (zones I, II, III, V, VIII, IX, and X) in current
modern cultivars (Fig. 8, A and B). TaSPL21-6A-Hapll
was relatively frequent in zones III, IV, and V where
autumn-planted spring wheat is grown and frequencies
generally increased in modern cultivars (Fig. 8, C and
D). TaSPL21-6D-Hapll was present in landraces only
in zone VI and TaSPL21-6D-Haplll was not detected
in landraces. TaSPL21-6D-Hapll&IIl overwhelmingly
replaced TaSPL21-6D-Hapl in modern cultivars in al-
most all zones (Fig. 8, E and F). Geographic distribution
patterns further demonstrated that favorable haplo-
types were strongly selected, but to different degrees,
across the ten production zones.
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Evolutionary Origins of the TaSPL20-7D, TaSPL21-6A, and
TaSPL21-6D Haplotypes

To obtain further insights on the origins of the
TaSPL20-7D, TaSPL21-6A, and TaSPL21-6D haplo-
types, we evaluated these loci in diploid, tetraploid,
and hexaploid wheat and related species. These
included 37 accessions of common wheat and 26 ac-
cessions of wild wheat species, viz. seven T. urartu
(AA-genome), nine T. dicoccoides (AABB-genome), and
10 Ae. tauschii (DD-genome) accessions. The nucleotide
diversities () across the entire TaSPL20-7D region were
0.01120 and 0.00024 in Ae. tauschii and common wheat,
respectively (Fig. 9A), and the entire TaSPL21-6D re-
gion 0.00333 and 0.00012 in Ae. tauschii and common
wheat (Fig. 9C). Thus, compared to Ae. tauschii m values
at TaSPL20-7D and TaSPL21-6D in common wheat
were significantly less, reflecting the bottleneck effect of
the second polyploidization.

The 7 values for the entire TaSPL21-6A region were
0.00000, 0.00013, and 0.00039 in T. urartu, T. dicoccoides,
and common wheat, respectively (Fig. 9B). In seven
AA-genome accessions across the full 3463 bp length,
we detected no sequence variation, indicating that
TaSPL21-6A was very conserved in T. urartu. However,

Plant Physiol. Vol. 174, 2017

wide variations were found between the sequences in
T. urartu and common wheat (Fig. 9D), and there were
only minor differences between those in T. dicoccoides
and common wheat (Fig. 9E). These findings suggest
TaSPL21-6A underwent strong selection at the first
wheat ployploidization event.

In regard to polymorphic sites at TaSPL21-6A in com-
mon wheat we detected one haplotype (Haplll-like) in
T. urartu, and two haplotypes (HapIl-like and HapIll-like) in
T. dicoccoides. The favorable TaSPL21-6A-Hapll haplotype
likely arose after the first wheat ployploidization event.
Similarly, for TaSPL20-7D and TaSPL21-6D, we detected
only the TaSPL20-7D-Haplll-like and TaSPL21-6D-Hapl-
like alleles in Ae. tauschii. In this case, the favorable hap-
lotypes TaSPL20-7D-Hapl and TaSPL21-6D-Hapll&IIl
likely arose after the second ployploidization event.

DISCUSSION

SBP-box genes exist only in plants and originated
before the divergence of the green algae and ancestors
of land plants (Guo et al., 2008). Following differentia-
tion of developmental characteristics in land plants,
SBP-box genes might possess ancient and neofunctional
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Figure 8. Geographic distributions of TaSPL20- A
7D, TaSPL21-6A, and TaSPL21-6D haplotypes
in Chinese wheat landraces (157 accessions)
and modern cultivars (348 accessions) across
the 10 Chinese wheat ecological production
zones. Distributions of TaSPL20-7D (A),
TaSPL21-6A (C), and TaSPL21-6D (E) haplo-
types in 348 modern cultivars. Distributions
of TaSPL20-7D (B), TaSPL21-6A (D), and
TaSPL21-6D (F) haplotypes in 157 landraces. |,
Northern Winter Wheat Zone; 1l, Yellow and
Huai River Valleys Facultative Wheat Zone; IlI,
Middle and Lower Yangtze Valleys Autumn-
Sown Spring Wheat Zone; IV, Southwestern
Autumn-Sown Spring Wheat Zone; V, Southern
Autumn-Sown Spring Wheat Zone; VI, North-
eastern Spring Wheat Zone; VII, Northern
Spring Wheat Zone; VIII, Northwestern Spring
Wheat Zone; IX, Qinghai-Tibetan Plateau
Spring-Winter Wheat Zone; X, Xinjiang Winter-
Spring Wheat Zone. The maps were generated
using Mapinfo Professional software.

Modern

evolutionary patterns (Zhang et al., 2015a). In seed
plants, SBP-box genes have various degrees of simi-
larity between different family members because of
duplications at both the gene and genome levels (Riese
et al., 2007). Based on the phylogenetic tree and ex-
pression patterns, TaSPL20 and TaSPL21 are considered
to be paralogous genes. The functions of homoeologous
genes at the TaSPL20/TaSPL21 loci were characterized
at two levels, the protein level (transgenic over-
expression lines) and nucleotide level (haplotypes). We
described the effects of selection and application of fa-
vorable haplotypes on PH and TGW during wheat
domestication and breeding.

AtSPL3, AtSPL4, and AtSPL5, closely related mem-
bers in Arabidopsis, promote vegetative phase change
and flowering (Wu and Poethig, 2006). AtSPL9 and
AtSPL15, considered to be paralogous genes, act re-
dundantly in regulating plastochron length, juvenile-
to-adult phase transition, and organ size (Schwarz
et al., 2008; Wang et al., 2008). Loss of AtSPL2 function
slightly enhanced the phenotype of atspl9 atspl15 dou-
ble mutants (Schwarz et al., 2008). Another pair of
paralogs, AtSPL10 and AtSPL11, control leaf shape and
epidermal traits (Shikata et al., 2009). Duplicated SBP-
box gene pairs have also been found in rice, such as
OsSPL3 and OsSPL12, OsSPL4 and OsSPL11, OsSPL5
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and OsSPL10 (Guo et al., 2008; Zhang et al., 2014a). In
common wheat, we found that TaSPL20 and TaSPL21
were highly expressed in the lemma and palea during
early spike development (Fig. 1A), and their proteins
were exclusively localized in the nucleus (Fig. 1B). Ec-
topic expression analysis of TaSPL20 or TaSPL21 in rice
showed similar functions by increasing the number of
primary branches (21-34%; Fig. 2C), secondary branches
(19-23%; Fig. 2D), grain number (24-27%,; Figure 2E), and
panicle length (~8%; Fig. 2F). Overexpression of TaSPL20
produced larger seeds, whereas overexpression of
TaSPL21 did not. TaSPL20 and TaSPL21 were located
on group 7 and 6 chromosomes, respectively (Fig. 4A).
Their proteins share conserved functions in promoting
branching at the reproductive stage but display diver-
gent functions during seed development.

A key factor in wheat becoming a global food crop
was its adaptation to a wide range of environmental
conditions, largely attributed to its allohexaploid ge-
nomic plasticity and wide genetic variation (Feldman
and Levy, 2012). Allopolyploidization events in wheat
did not lead to functional dominance of one subgenome
over the others (Mayer et al., 2014). Instead, it under-
went functional or genetic diploidizaiton in two
ways; the first was rapid genomic change (revolutionary
change) through generating genetic or epigenetic
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Figure 9. Nucleotide diversities () in TaSPL20-7D (A), TaSPL21-6A (B), and TaSPL21-6D (C) haplotypes between diploid,
tetraploid, and hexaploid species. Seven AA-genome (T. urartu), 9 AABB-genome (T. dicoccoides), 10 DD-genome (Ae. tauschii),
and 37 common wheat accessions were used. D, 7 at TaSPL20-7D in the T. urartu and common wheat gene pools; E, 7 at

TaSPL20-7D in T. dicoccoides and common wheat gene pools.

alterations during or soon after allopolyploidi-
zation; the second was slow genome change (evo-
lutionary change) through subfunctionalization
(evolution of partitioned functions among ances-
tral alleles or homoeoalleles), neofunctionalization
(evolution of novel functions in specific alleles or
homoeoalleles), new allelic variations, and varia-
tion in dosage effects through copy number varia-
tion (Feldman and Levy, 2005; Feldman et al.,
2012). For example, some genes located in the A or
B subgenomes, that are silenced in allohexaploid
wheat, are expressed in extracted allotetraploids
(AABB) but silenced again upon adding the D
subgenome (Zhang et al., 2014b). This transregulation
is likely a transitory, compensatory phenomenon
(Pont et al., 2013). In the course of wheat evolution,
more stable cis-acting regulations were established at
the allohexaploid level (Zhang et al., 2014b). In a similar
way, TaSPL20 and TaSPL21 homoeologs underwent
diversification in function with each evolving its own
distinctive characteristics according to the functional
analysis of naturally occurring variants (Figs. 5 and 10).
TaSPL20-7A had no functional effect on six yield-
related traits; TaSPL20-7D had a moderate effect on
PH and was weakly associated with TGW; TaSPL21-6D
had strong effects on PH and TGW; the effect of
TaSPL21-6A on PH was stronger than TaSPL20-7D and
TaSPL21-6D; TaSPL21-6B showed weak effects on PH,
total number of spikelets per spike, and number of grains
per spike. Thus, through evolution, domestication, and
breeding, homoeologous genes at the paralogous TaSPL20
and TaSPL21 loci became functionally different:
TaSPL20-7A was silenced, TaSPL21-6A underwent

Plant Physiol. Vol. 174, 2017

subfunctionalization; the function of TaSPL21-6D
was enhanced; and TaSPL20-7D and TaSPL21-6B
likely underwent subfunctionalization and were
silenced, respectively (Fig. 10).

Wheat was domesticated in the Fertile Crescent
~10,000 years ago and underwent two rounds of poly-
ploidization. Due to duplicated functionality, se-
quence insertions/deletions and point mutations led to
buffering effects rather than lethality or sublethality,
providing the plasticity to generate adaptive variants
(Comai, 2005; Dubcovsky and Dvorak, 2007). Such
mutations account for genetic diversity, and some of
them took place exclusively in the allopolyploid back-
ground (Dvorak et al., 2004; Feldman and Levy, 2012).
In addition, domestication led to selection and spread
of favorable genes or alleles affecting important agro-
nomic traits (Clark et al., 2004). For example, in rice (a
diploid species) knockout of GPC genes results in al-
most complete sterility, whereas in tetraploid wheat,
GPC-B1 mutation led only to a small change in matu-
rity, and in hexaploid wheat editing of one of the
three homoeologs had even more subtle effects
(Dubcovsky and Dvorak, 2007). Another example is
the deletion within the upstream regulatory region of
Ppd-D1 that causes photoperiod insensitivity (Faure
et al., 2007). In this study, 8§, 0, 2, 3, 13, and 2 varia-
tions were identified in TaSPL20-7A, TaSPL20-7B,
TaSPL20-7D, TaSPL21-6A, TaSPL21-6B, and TaSPL21-
6D,and 3,0, 3, 3, 3, and 3 haplotypes were detected in
common wheat based on the respective DNA se-
quences (Fig. 4). Among them, we identified several
favorable haplotypes across a range of environmen-
tal conditions (4 years X 2 sites X well-watered,
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Figure 10. Model for functional conservation
and divergence among homoeologous genes at
the TaSPL20/TaSPL21 loci governing yield-
related traits in hexaploid wheat. The functions of
homoeologous genes at the TaSPL20/TaSPL21
loci were characterized at two levels: the pro-
tein level (right) and nucleotide variation/
haplotype level (left). The protein functions of
the TaSPL20/TaSPL21 loci in wheat were de-
duced from the phenotypes of ectopic expres-
sion in rice (shown in a dotted rectangle), i.e.
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functions in wheat. According to the func-
tional analysis of naturally occurring variants,
TaSPL20 and TaSPL21 homoeologs display di-
verse functions, with each having distinctive
characteristics after evolution, domestication,
and breeding, i.e. the function of TaSPL20-7A
was silenced, TaSPL271-6A underwent sub-
functionalization, the function of TaSPL21-6D
was enhanced, TaSPL20-7D and TaSPL21-6B
likely underwent subfunctionalization and
was silenced, respectively. Heat map summa-
rizes accumulative PVE (phenotypic variation
explained) values of TaSPL20-7A, TaSPL20-7D,
TaSPL21-6A, TaSPL21-6B, and TaSPL21-6D
haplotypes in 20 environments. Vertical line,
naturally occurring variants; PH, plant height;
NSP, number of spikes per plant; SL, spike
length; TNSS, total number of spikelets per
spike; NGS, number of grains per spike; TGW,
1000-grain weight.
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drought, and heat-stress conditions): TaSPL20-7D-
Hapl, TaSPL21-6A-Hapll, and TaSPL21-6D-HapIl&III
reduced PH by 13.00%, 18.96%, and 21.68%, re-
spectively, compared to haplotypes with the high-
est PH, and TaSPL21-6D-Hapll increased TGW by
9.73% compared to Hapl. The combined effect of
TaSPL20/21 homoeologs reduced PH by as much as
27.5%, from 98.56 to 71.48 cm (Fig. 6). The favorable
haplotype TaSPL21-6 A-Hapll was likely derived af-
ter the first ployploidization, whereas TaSPL20-7D-
Hapl and TaSPL21-6D-Hapll&lIll likely evolved after
the second ployploidization. Evolutionary analysis,
geographic distribution, and frequency change data
suggest that favorable haplotypes at the TaSPL20
and TaSPL21 loci underwent selection but at dif-
ferent degrees during wheat domestication and
breeding.

CONCLUSION

Wheat has become one of the most important crops
in the world and experienced two rounds of poly-
ploidization. Drought, heat, and other abiotic stresses
greatly affect wheat productivity. High grain yield
and yield stability are always major objectives in

1188

O—
&=
£

TaSPL21-6D
TaSPL20-7D
TaSPL20-7TA

229
212

1196
180
163
147

[
!
|
1
[
!
1
|

PVE (%) |
[
|
!
[
1
!

0 Subfunctionalization

wheat improvement. In this study, we presented a
comprehensive analysis of the biological functions
and fates of triplicated homoeologs of paralogous
genes TaSPL20 and TaSPL21 in modern hexaploid
wheat genotypes. Their proteins share conserved
functions in promoting panicle branching and
influencing seed development. Functional analyses
of the natural variants at the TaSPL20 and TaSPL21
loci suggested that the triplicated homoeologs of the
two gene sets underwent diversification in function,
with each evolving its own distinctive characteris-
tics. Among them, we identified several favorable
haplotypes of TaSPL20-7D, TaSPL21-6A, TaSPL21-
6D across a range of environmental conditions,
which were strongly associated with important yield-
related traits, such as PH and TGW. We also ob-
served the selection and exploitation of favorable
haplotypes during wheat breeding in China. In ad-
dition, all the natural variants occurred in the 5’
flanking regions of TaSPL20-7D, TaSPL21-6A, and
TaSPL21-6D. Further dissecting the upstream regu-
lator of these three genes will facilitate our under-
standing of the molecular mechanisms of these
important natural variants in regulating yield
formation.
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MATERIALS AND METHODS
Plant Materials and Phenotypic Assessment

Common wheat cultivar Yanzhan 4110 was used for gene cloning and
expression analysis. Thirty-seven cultivars (Supplemental Table S1)
showing wide variation in spike-related traits and tiller number were
used to detect naturally occurring variants in target gene sequences
(Zhang et al., 2015b). Twenty-nine accessions of wheat-related species
were chosen for evolutionary studies, including seven diploid A-genome
progenitor accessions, three diploid B-genome progenitor accessions,
nine tetraploid (AABB) progenitor accessions, and 10 diploid D-genome
progenitor accessions. A set of Chinese Spring nullisomic-tetrasomic lines
was used for chromosome location. Three common wheat germplasm
populations were used in the study: population 1 (262 accessions;
Supplemental Table S2) was used for population structure and associa-
tion analysis and consisted of 209 modern varieties, 43 advanced lines and
10 landraces (Zhang et al., 2013), population 2 comprised 157 landraces
(Supplemental Table S8), and population 3, with 348 modern cultivars
(Supplemental Table S9), was used for determination of haplotype fre-
quencies and geographic distribution analysis.

Population 1 was planted at the Experimental Stations at Changping
(116°13'E; 40°13'N) and Shunyi (116°56'E; 40°23''N) of the Institute of Crop
Science, Chinese Academy of Agricultural Sciences, Beijing, over 4 years (2009—
2012) for measuring six agronomic traits, viz., PH, NSP, SL, TNSS, NGS, and
TGW. Two water regimes, rain-fed (drought stress, DS) and well-watered
(WW), were applied at each site. The amounts of rainfall in the growing
seasons were 192, 131, 180, and 158 mm, respectively. The WW plots were
irrigated with 750 m®/ha (75 mm) at the preoverwintering, booting,
flowering, and grain filling stages when the amounts of rainfall were in-
sufficient during each corresponding period. In addition, greenhouse ex-
periments using polythene covers at flowering to increase the temperature
and thereby to simulate heat stress (HS) were performed at Shunyi. During
the HS period, the average highest temperature outside the greenhouse
was 33°C; the average high temperature inside the greenhouse under DS
condition was 43°C, whereas in the greenhouse with WW conditions the
temperature was 41°C. The 20 environments (E1-E20) indicate the envi-
ronments at Changping in 2009 under DS and WW conditions, Shunyi in
2009 under DS, WW, DS + HS, and WW + HS, Changping in 2010 under DS
and WW, Shunyi in 2010 under DS, WW, DS + HS, and WW + HS, Shunyi
in 2011 under DS, WW, DS + HS, and WW + HS, Changping in 2012 under
DS and WW, and Shunyi in 2012 under DS and WW, respectively.

PCR Primers, Sequence Analysis, and Statistical Analyses

All primers were designed by Primer Premier 5.0 software (http://www.
premierbiosoft.com/) and listed in Supplemental Table S10. Sequence align-
ment and SNP detection were carried out by DNASTAR Lasergene 7.1.0
(DNASTAR). Nucleotide diversity (7) and haplotype variations were analyzed
by DnaSP 5.10 software (http://www.ub.edu/dnasp/). Genetic mapping was
performed with MAPMAKER/EXP 3.0 (Lander et al., 1987).

Sample Preparation and Real-Time Quantitative PCR

Wheat (Yanzhan 4110) tissue samples included the stamens, pistils, lemmas,
paleas, and pedicels were collected from the spikes with lengths of 3, 4, 6, 8, and
10 cm and at the flowering stage. Quantitative real-time PCR was carried out in
triplicate with an ABI Prism 7500 system using a SYBR Green PCR Master Mix kit
(TaKaRa Biotechnology). Relative gene expression levels were estimated by the
27 AACT ethod (Livak and Schmittgen, 2001).

Subcellular Localization

The full-length open reading frame (ORF) of TaSPL20 and TaSPL21 from the
D genome were fused upstream of GFP in the pJIT163-GFP expression vector
driven by the CaMV35S promoter. The constructs were transferred into wheat
mesophyll protoplasts by the polyethylene glycol-mediated method followed
by incubation at 25°C for 16 h (Yoo et al., 2007) and into live onion epidermal
cells by biolistic bombardment (Helios; Bio-Rad) followed by incubation at 28°C
for 36 to 48 h. Transformed cells were observed with a laser scanning confocal
microscope (Leica TCS-NT).
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Generation and Phenotyping of Transgenic Rice Plants

The full-length ORF of TaSPL20 and TaSPL21 from the D genome were
amplified and inserted into pCUbil390 vectors. The constructs were
transferred into rice (Oryza sativa ssp. japonica) cv Kitaake by Agrobacterium-
mediated transformation (Hiei et al., 1994). Putative transformants were
examined by 0.1% hygromycin and subsequently confirmed by PCR geno-
typing. Homozygous lines overexpressing TaSPL20 and TaSPL21 and wild
type were grown in an area dedicated to transgenic plants at the Institute
of Crop Science Experimental Station (116°28'E; 39°48'N) in Langfang. More
than 50 individuals for each line were used for phenotypic assays, which
included tiller number, number of primary and secondary panicle branches,
panicle length, grain number per main panicle, TGW, grain area, grain length,
and grain width.

SNP Detection and Functional Marker Development

Genome-specific fragments were cloned into pEASY-Blunt vectors and
transformed to Escherichia coli DH5« competent cells. Positive clones were se-
quenced with an ABI 3730XI 96 capillary DNA analyzer (Applied Biosystems).
CAPS markers or dCAPS markers were developed based on SNPs (Supplemental
Table S10). Target fragments were amplified by the corresponding primers and
separated by electrophoresis in agarose gels after digestion by a specific re-
striction endonuclease.

Population Structure and Association Analysis

Population structure was estimated by Structure v2.3.2 using data from
209 whole-genome SSR markers (Li et al., 2015). Association mapping was
conducted using the general linear model in TASSEL V2.1 that accounted
for population structure (Q). Statistical analysis was conducted by SAS 8.01
software.

Accession Numbers

Sequence data from this article can be found in the GenBank database under
the following accession numbers: the full-length ORF of TaSPL20 (KF447878)
and TaSPL21 (KF447882) from the D genome. The genomic DNA sequences
of TaSPL20-7A, TaSPL20-7B, TaSPL20-7D, TaSPL21-6A, TaSPL21-6B, and
TaSPL21-6D have been submitted to GenBank with accession numbers
KY114060, KY114061, KY114063, KY114058 (the ORF sequence, KY114059),
KY114062, and KY114057, respectively.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Transgenic rice lines overexpressing TaSPL20
and TaSPL21 were grown under field conditions.

Supplemental Table S1. Thirty-seven cultivars with wide variation in
spike-related traits and tiller number.

Supplemental Table S2. Basic information of 262 accessions (names, ori-
gins, and released dates) and sequence polymorphism assays of
homoeologous genes at the TaSPL20/TaSPL21 loci.

Supplemental Table S3. TaSPL20-7A haplotype associations with agro-
nomic traits in 20 environments.

Supplemental Table S4. TaSPL20-7D haplotype associations with agro-
nomic traits in 20 environments.

Supplemental Table S5. TaSPL21-6A haplotype associations with agro-
nomic traits in 20 environments.

Supplemental Table S6. TaSPL21-6B haplotype associations with agro-
nomic traits in 20 environments.

Supplemental Table S7. TaSPL21-6D haplotype associations with agro-
nomic traits in 20 environments.

Supplemental Table S8. Basic information of 157 landrace accessions
(names, origins, and ecological zones) and sequence polymorphisms of
homoeologous genes at TaSPL20/TaSPL21 loci.
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Supplemental Table S9. Basic information of 348 accessions (names, ori-
gins, ecological zones, and released dates) and sequence polymorphisms
of homoeologous genes at TaSPL20/TaSPL21 loci.

Supplemental Table S10. Primers used in this study.
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