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Plant and inflorescence architecture determine the yield potential of crops. Breeders have harnessed natural
diversity for inflorescence architecture to improve yields, and induced genetic variation could provide further gains.
Wheat is a vital source of protein and calories; however, little is known about the genes that regulate the develop-
ment of its inflorescence. Here, we report the identification of semidominant alleles for a class lll homeodomain-
leucine zipper transcription factor, HOMEOBOX DOMAIN-2 (HB-2), on wheat A and D subgenomes, which generate
more flower-bearing spikelets and enhance grain protein content. These alleles increase HB-2 expression by dis-
rupting a microRNA 165/166 complementary site with conserved roles in plants; higher HB-2 expression is associated
with modified leaf and vascular development and increased amino acid supply to the inflorescence during grain
development. These findings enhance our understanding of genes that control wheat inflorescence development
and introduce an approach to improve the nutritional quality of grain.

INTRODUCTION

Bread wheat (Triticum aestivum) is a globally important cereal, pro-
ducing grain that accounts for ~20% of the protein and calories
consumed worldwide (1). The nutritious grains are produced by florets
that develop on lateral branches called spikelets. While the number
of spikelets and florets produced by an inflorescence are major
determinants of grain yield, very little is known about the genes or
biological processes that control their formation (2, 3). This knowl-
edge gap is partially explained by wheat having a complex hexaploid
genome that restricts the ability to perform timely genetic analyses
of developmental traits (4-6). However, the recent assembly of
reference genome sequences and generation of mutant populations
has provided the required resources to identify genes that regulate
inflorescence development, opening new opportunities to enhance
yield component traits (5-8).

A typical wheat inflorescence is composed of spikelets arranged
in an alternating phyllotaxy on opposite sides of a central rachis and
an apical terminal spikelet; each spikelet is subtended by two glumes
and commonly produces two to four fertile florets. This arrangement
of spikelets is well conserved among wild and cultivated wheat; how-
ever, variations do exist that provide an opportunity to identify genes
that regulate inflorescence architecture (9-12). One such variation
is the “paired spikelet” that is characterized by the development of
two spikelets at an individual rachis node, with a secondary spikelet
forming immediately adjacent to and below the regular primary
spikelet (9, 10). Paired spikelets are distinct from other variations
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such as multirow and ramified spikes, which include multiple spikelets
or elongated branches at a single rachis node and are promoted by
loss-of-function alleles for an APETALA2/ETHYLENE RESPONSIVE
FACTOR (AP2/ERF) transcription factor, WHEAT FRIZZY PANICLE
(WFZP) (11, 12). We have previously interrogated existing genetic
variation in cultivated wheat to show that paired spikelet produc-
tion is a multigenic trait, with at least 18 contributing quantitative
trait loci identified using a multiparent advanced generation inter-
cross population (9, 10). We examined one of these loci to show that
secondary spikelet formation is facilitated by attenuation of the
photoperiod-dependent flowering pathway (9). This can be achieved
environmentally via growth under noninductive short daylengths or
genetically by deletion of the floral activating genes, Photoperiod-1
(Ppd-1) and FLOWERING LOCUS T1 (FT1), which reduces expres-
sion of meristem identity genes to promote secondary spikelet forma-
tion by delaying the development of the inflorescence and lateral
meristems between the double ridge and glume primordium stages
(9, 10). Paired spikelet development is also promoted by increased
dosage of TEOSINTE BRANCHEDI (TBI), with gene duplication
and increased expression of TBI inducing paired spikelet formation
(10). While existing genetic variation has proved useful to identify
these roles for Ppd-1, FT1, and TBI, studies in maize, rice, and barley
have shown that mutagenesis is a powerful approach to investigate
amore complete set of genes that control inflorescence development,
which has, so far, been exploited poorly in wheat [e.g., (13-16)].
Here, we screened for paired spikelet-producing lines within a
wheat TILLING (targeting induced local legions in genomes) pop-
ulation to identify genes that regulate wheat inflorescence develop-
ment (8). We identified multiple paired spikelet-producing mutant
lines, including two lines that contain mutations in the conserved
complementary site for microRNA 165/166 (miR165/166) of a gene
encoding a class III homeodomain-leucine zipper (HD-ZIP III)
transcription factor. Secondary spikelet formation in these lines is
associated with increased expression of the HD-ZIP III transcription
factor from both the A and D subgenomes, and the grains produced
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by these mutants contain more protein than wild-type sibling lines.
Our results identify a potential method to improve the grain quality
of wheat, and they demonstrate the potential to clone genes con-
trolling the inflorescence development of polyploid wheat using a
mutagenesis approach.

RESULTS

Identification of a wheat mutant line with modified
inflorescence architecture

To identify genes that regulate wheat inflorescence development, we
explored an ethyl methanesulfonate-induced mutant population
(cv. Cadenza) for lines that form paired spikelets (Fig. 1, A to C) (8).
This TILLING population is suitable for characterizing mutations

WT Class |- Classll-
(Cadenza) CAD2071 CAD1290

WT Psi/ps1
CAD1290 progeny

that promote paired spikelet development because Cadenza was
identified previously to form inflorescences without secondary spike-
lets in multiple field trials (10). We identified 256 of 1752 paired
spikelet-producing lines that either formed sterile rudimentary
secondary spikelets (termed class I mutants; 204 lines; Fig. 1B,
fig. S1, and table S1) or multiple secondary spikelets with fertile
florets (class II mutants; 52 lines; Fig. 1C, fig. S1, and table S1). Line
CADI1290 was identified as a class II mutant that displayed a particularly
strong paired spikelet phenotype; secondary spikelets formed at 47 +
5.3% of rachis nodes, and many contained fertile florets (Fig. 1, C to E,
and fig. S1). The progeny of two CAD1290 paired spikelet-producing
plants was grown under controlled long-day conditions; the in-
florescence phenotypes indicated that individuals selected from the
field were heterozygous for a dominant or semidominant paired
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Fig. 1. CAD1290 displays modified spikelet and plant architecture. (A to C) A screen of the (A) cv. Cadenza wheat mutant population identified (B) class | (e.g., CAD2071)
and (C) class Il (e.g., CAD1290) paired spikelet-producing mutant lines. (D to E) Inflorescences of ps7 and Ps1/ps1 (CAD1290 progeny) produce multiple secondary spikelets
(pink), relative to wild-type (WT) siblings. (F and G) ps1 plants grown in controlled long daylengths display reduced stature (F) and curled leaves [(F), inset, and (G)], relative
to WT. (H) The secondary spikelets of ps7 form predominantly in the central region of the inflorescence: bins 0 to 0.1 and 0.91 to 1 indicate the base and apex of the inflo-
rescence, respectively. (I) Inflorescence growth rate and (J) flowering time analysis of Ps1/ps1 and ps1, relative to their wild-type sibling line; the timing of double-ridge
(DR) and terminal spikelet (TS) stages are indicated by arrows. (K to M) Scanning electron microscopy analysis shows that secondary spikelets (shown in pink) form on (L)
Ps1/ps1 and (M) ps1 inflorescences during early developmental stages, but not in WT (K). (N and O) Safranin-stained cross sections of WT and ps7 leaves, indicating the
abnormal abaxial side of the midrib in ps7 (highlighted by asterisk). Scale bars, 1 cm (D and G), 10 cm (F), and 100 um (K to O). (H to J) Data are the average + SEM of four (1) or
eight (H) biological replicates. In the boxplots (E and J), each box is bound by the lower and upper quartiles, the central bar represents the median, and the whiskers indi-
cate the minimum and maximum values of 20 (E) or 8 to 14 (J) biological replicates. **P < 0.01 and ***P < 0.001.
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spikelet-promoting allele, as progeny formed either wild-type or paired
spikelet-producing inflorescences (Fig. 1, D and E, and tables S2 to
S4). Of the progeny that formed secondary spikelets, approximately
one-third formed poorly developed inflorescences with multiple
infertile florets and curled leaves that failed to completely emerge
from the sheath (Fig. 1, F and G, and fig. S1); no plants with wild-
type inflorescences displayed the leaf trait.

On the basis of the phenotypes of the CAD1290 progeny, we
hypothesized that paired spikelet development in CAD1290 is under-
pinned by a semidominant allele, which confers curled leaves in
individuals that are homozygous for the causal mutation. In support
of this hypothesis, individuals of the second filial generation derived
from two independent CAD1290 x Cadenza crosses developed wild-
type or paired spikelet-producing inflorescences in a ratio of 1:3
(chi-square test, P = 0.704 and 0.741), and one-third of the plants
with secondary spikelets displayed curled leaves (chi-square test,
P =0.931 and 0.864) (table S5). These segregation ratios were con-
firmed in BC,F, and BC3F; populations (tables S6 to S8). Homo-
zygous mutant plants with curled leaves produced significantly more
paired spikelets than heterozygous individuals that displayed nor-
mal leaves (Fig. 1E). On the basis of these results, we conclude that
paired spikelet development in CAD1290 is controlled by a single
Mendelian semidominant allele, which promotes leaf curling in ho-
mozygous genotypes. We named the mutant paired spikelet] (psl)
and herein refer to the homozygous and heterozygous mutant geno-
types as ps1 and Ps1/psl, respectively.

Further phenotypic characterization demonstrated that Ps1/ps1
and psI produced as many primary spikelets per inflorescence as
wild-type siblings and that psI inflorescences were significantly
shorter than those of wild-type and Ps1/psl (Fig. 1E and fig. S2).
Consistent with our previous studies, secondary spikelets were more
frequent in the center of the inflorescence for both Ps1/psI and ps1,
and the fertile secondary spikelets of each genotype contained one
or two grain-producing florets, while rudimentary secondary spike-
lets lacked floral organs (Fig. 1H and fig. S2) (9, 10). Developmental
analysis showed that inflorescences of Psl/psl and psl grew at the
same rate as wild type, with no significant delay in the timing of the
double-ridge or terminal spikelet stages that define the initiation
and completion of spikelet formation (Fig. 11 and fig. S3). This re-
sult is consistent with there being no difference in the rachis node
number among the three genotypes. The Ps1/ps1 plants flowered at
the same time as wild-type siblings, indicating that secondary spike-
let development does not associate with late flowering in these
genotypes (Fig. 1]). The psI mutants flowered slightly later than the
wild-type and Ps1/ps1 siblings, most likely because of curling of the
flag leaf restricting inflorescence emergence, as there was no delay
in flowering when the leaves were unfurled manually (Fig. 1J and
fig. S2) Scanning electron microscopy of developing psI and Psl/
psl inflorescences showed that secondary spikelets initiate at the
floret primordium stage as a raised cluster of cells that do not con-
tain floral organs and emerged as spikelets with floret primordia at
the terminal spikelet stage (Fig. 1, K to M, and fig. S2). The leaf
curling of psI was clearly visible at the three-leaf stage and persisted
through to flag leaf development (Fig. 1F and fig. S2). Cross sections
of the curled leaves showed that the midrib was abnormal, with an
absence of lignified sclerenchyma on the abaxial side of the leaf blade
(Fig. 1, N and O). The leaf phenotype was initiated during early
development, with immature leaves surrounding the developing in-
florescence displaying abnormal midribs (fig. S2).
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Identification of a mutant allele for HOMEOBOX DOMAIN-2
that promotes paired spikelet development

To identify the mutation responsible for the spikelet and leaf pheno-
types, we performed exome capture sequence analysis of DNA bulks
composed of either wild-type, Ps1/ps1, or psI individuals. The plants
for each bulk were selected from second filial generations of two
independent lines derived from crossing Ps1/ps1 to Cadenza (BC,F;
fig. S4). We filtered for alleles present in the original CAD1290 par-
ent line, which were absent in the wild-type bulk (i.e., Cadenza-like)
and present at a frequency of 0.4 to 0.6 and 0.9 to 1.0 in the Ps1/ps1
and psI bulks, respectively; fifteen candidate mutations were identi-
fied (table S9) (8). We then examined six independent segregating
populations (564 lines) that had been backcrossed further to Cadenza
(BC;F,) to define a causal region on chromosome 1D (Fig. 2A and
table S10). We considered all mutations defined for the CAD1290
parent line within 79.5 Mb of the identified locus of chromosome
1D and analyzed BC,F; and BC;3F,_3 populations (~460 lines) to
delimit a 16.5-Mb locus (1D: 216,133,970 to 232,344,836) that in-
cluded three mutations among 79 genes; failure of mutations to
cosegregate with the paired spikelet and leaf phenotypes excluded
alleles detected in the original CADI1290 mutant (table S10) (8).
From this analysis, we identified a G > A nonsynonymous mutation
in TraesCS1D02G155200 at position 575 base pair (bp) of the coding
sequence (Gly'**Glu), which showed complete cosegregation with
psl phenotypes and absolute heterozygosity in PsI/ps] individuals
(Fig. 2, A and B, and table S10). TraesCS1D02G155200 encodes an
HD-ZIP III transcription factor, and analysis of RNA sequencing
(RNA-seq) data showed that TraesCSID02G155200.3 is the splice
variant that provides the correct exon-intron structure and encodes
a protein homologous to copies on the A and B subgenomes
(TraesCS1A02G157500 and TraesCS1B02G173900; Fig. 2B). We named
the gene HOMEOBOX DOMAIN-D2 (TaHB-D2) because it is or-
thologous to HB-2 from rice and is located on the D genome
(Fig. 2C and table S11) (17). HB-2 is homologous to REVOLUTA
(REV) from Arabidopsis thaliana (Fig. 2C) (18-20). In cereals, the
REV-like genes have been duplicated, and homologs in the sister clade
of HB-2 include HB-1 of wheat, rolled leafl (RIdI) of maize, and HB1/
LATERAL FLORET1 (OsHBI/LF1I) of rice (Fig. 2C) (17, 21, 22). Of
the other genes encoding HD-ZIP III transcription factors, HB-3 and
HB-4 are homologous to PHABULOSA and PHAVOLUTA from
Arabidopsis, while HB-5 shares homology with CORONA and
ATHBS (Fig. 2C).

To verify that the identified mutation is causal for the spikelet and
leaf phenotypes, we generated transgenic lines (cv. Cadenza) express-
ing the psI allele of HB-D2 under control of the Actin promoter.
The 17 T, transgenic plants that contained the psI allele of HB-D2
produced paired spikelets, and 8 of 17 formed curled leaves, while
null transgenic control lines produced normal leaves and inflores-
cences without secondary spikelets (fig. S5). We selected three T,
transgenic lines that contained one copy of the transgene for further
analysis, which each expressed HB-D2 at higher levels in developing
inflorescences than the null control lines (Fig. 2D). Plants of each
transgenic line produced inflorescences with multiple paired spike-
lets (6.25 t0 9.90 + 0.70 to 1.93 per inflorescence) and curled leaves,
relative to null control lines that formed normal leaves and inflores-
cences with only primary spikelets or one to two secondary spike-
lets per inflorescence 0.40 to 0.50 + 0.23 to 0.30 per inflorescence;
P <0.001; Fig. 2, E to G). There was no significant difference in the
number of primary spikelets per inflorescence in the transgenic lines,
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Fig. 2. Identification of a mutant allele of HB-D2 that promotes paired spikelet development and leaf curling. (A) Exome capture sequence analysis identified a
region on chromosome 1D that associates with paired spikelet development; genes with identified mutations are indicated, including HB-D2 (highlighted in green; the
gene prefix is TraesCS). The region of chromosome 1D investigated further is indicated by dashed red line; the complete list of genes in this region is shown in table S10.
(B) HB-D2 gene structure with exons (green), untranslated region (white), introns (black line), and the identified mutation (red line). (C) Phylogenetic tree of HD-ZIP IlI
transcription factors in wheat (Ta), rice (Os), maize (Zm), and Arabidopsis (At). The HB1/2 clade is shown in blue; HB3/4 clade is shown in pink, and HB5 clade is shown in
yellow. (D) Expression of HB-D2 in developing inflorescences of pAct:HB-D2 transgenic lines (T, generation), relative to null control lines. (E to G) The pAct:HB-D2 transgen-
ic lines form paired spikelets (secondary spikelets are shown in pink) and curled leaves (see inset) (G). Scale bars, 1 kb (B), 1 cm [(E) and (G), inset], and 5 cm (G). (D) Data
are the average + SEM of four biological replicates. In the boxplot (F), each box is bound by the lower and upper quartiles, the central bar represents the median, and the
whiskers indicate the minimum and maximum values of 5 to 10 biological replicates. In (D) and (F), statistical significance is relative to the null control line #1; *P < 0.05

and **P<0.01.

relative to null control lines, consistent with the phenotypes of psI
and Ps1/psl (Fig. 2F). Together, we conclude that the identified
mutant allele of HB-D2 promotes the paired spikelet and leaf curl-
ing phenotypes observed in psI.

To investigate a potential role for HB-D2 during spikelet forma-
tion, we analyzed HB-2 expression during early stages of inflorescence
development. Quantitative real-time polymerase chain reaction (PCR)
showed that HB-D2 and its homeologs, HB-A2 and HB-B2, are ex-
pressed strongly in developing inflorescences from the vegetative to
the terminal spikelet stages, with transcripts peaking at the double-
ridge and glume primordium stages that are critical for paired spike-
let formation (9). HB-2 transcripts were also detected in stem segments
subtending the developing inflorescences, as well as at lower levels
in leaves, peduncles, and the emerging mature inflorescence (Fig. 3A).
HB-B2 is the most highly expressed homeolog in each tissue, while
HB-A2 and HB-D2 transcripts accumulate to similar levels as each
other (Fig. 3A). All three homeologs were expressed strongly during
the vegetative, double-ridge, glume primordium, and terminal spikelet
stages that are critical for spikelet formation, including secondary
spikelet development (9). In situ PCR analysis resolved the expres-
sion of HB-2 to the peripheral cell layers of the spikelet primordium
during the glume primordium and terminal spikelet stages, which
are developmental stages critical for primary and secondary spikelet
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formation (Fig. 3, B to D) (9). The spatiotemporal expression pat-
tern is consistent with HB-2 performing a role during spikelet
formation, including stages of inflorescence development critical
for paired spikelet production (9).

Independent microRNA-resistant alleles of HB-2 promote
paired spikelet development

The curled leaves of psI resemble the rolled leaves produced by the
semidominant RId1-Original (RId1-O), OSHBIm/lateral floret1, and
rev-10d/avbl mutants of maize, rice, and Arabidopsis, respectively
(17, 18, 20, 21, 23). Rld1, HBI1, and REV transcripts accumulate in
the respective mutants because mRNA cleavage is disrupted by
mutations in a miR165/166 complementary site (20-22). Given that
psl forms similar curled leaves, we asked whether the identified
mutation in HB-D2 was positioned in the complementary site for
miR165/166. The identified mutation was located at the miR165/166
complementary site of HB-D2, changing the same nucleotide as that
altered in the corresponding site of RId!1 in the maize RId1-O
mutant (Fig. 4A) (21). Quantitative transcript analysis showed that
HB-D2 was expressed significantly higher in leaves and developing
inflorescences of Ps1/psI and psl1, relative to wild-type siblings, con-
sistent with the identified mutation disrupting the miR165/166-guided
cleavage of HB-D2 transcripts (Fig. 4B). In situ PCR analysis of developing
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psl inflorescences showed that HB-D2 was expressed in the same
region of the spikelet primordia as determined for wild type, indi-
cating that the higher transcript levels are not due to ectopic expres-
sion within developing spikelets (fig. S6). miR166 was detected in
developing inflorescences at comparable levels in psI and wild type,
indicating that miR166 regulates HB-D2 expression during spikelet
formation and that reduced miR166 levels are not responsible for
the higher level of HB-D2 transcripts in ps1 (fig. S6).

To further investigate the effect of increased HB-2 expression on
secondary spikelet formation, we asked whether any independent
class II paired spikelet mutants from our screen of the TILLING
population contained mutations in the miR165/166 complementa-
ry site of HB-2 (8). Line CAD1761, which displayed a strong paired
spikelet phenotype, carried a G > A nonsynonymous mutation in
the miR165/166 complementary site of HB-A2 (580 bp; G > A) that
neighbors the nucleotide altered in HB-D2 of psI (Fig. 4, C to E).
Exome capture sequence analysis showed that this mutation is asso-
ciated with paired spikelet formation, with the mutant allele detected
in the bulked DNA of plants with paired spikelets (144 of 169 reads)
and not in the wild-type DNA bulk (0 of 188 reads). Generation and
analysis of two independent backcrossed segregating families (BC,F,)
confirmed that the mutant HB-A2 allele is associated with secondary
spikelet development and is inherited as a single semidominant

Dixon et al., Sci. Adv. 8, eabn5907 (2022) 11 May 2022
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Fig. 4. Mutations in the microRNA complementary site of HB-2 promote paired
spikelet development. (A) The identified G > A mutation (red text) of ps7 is in the
miR165/166 complementary site of HB-D2. (B) HB-D2 is expressed higher in leaves
and developing inflorescences (Inflor.) of Ps1/ps1 and ps1 lines, relative to wild-type
siblings. (C) An independent class Il paired spikelet-producing mutant (CAD1761),
named ps2, contains a G > A mutation (red text) in the miR165/166 complementary
site of HB-A2. (D and E) Heterozygous and homozygous ps2 mutants form paired
spikelets (secondary spikelets are shown in pink) and (F) express HB-A2 significantly
higher in developing inflorescences but not in leaves. (B and F) Data are the average +
SEM of four biological replicates. In the boxplot (E), each box is bound by the lower
and upper quartiles, the central bar represents the median, and the whiskers indicate
the minimum and maximum values of eight biological replicates. Scale bar, 1 cm (D).
*P<0.05, **P < 0.01, and ***P < 0.001.

Mendelian locus (chi-square test, P = 0.71 and 0.64) (Fig. 4, D and E,
and table S12). Both heterozygous and homozygous mutants, but
not wild-type siblings, formed paired spikelets; the homozygous and
heterozygous genotypes were named ps2 and Ps2/ps2, respectively
(Fig. 4, D and E). HB-A2 transcripts were significantly higher in
developing inflorescences of ps2, relative to wild type (Fig. 4F), pro-
viding independent genetic evidence that mutation of the miR165/166
complementary site of HB-2 promotes paired spikelet development
by increasing HB-2 expression. As with psI mutants, the secondary
spikelets of ps2 formed predominantly within the central region of
the inflorescence and emerged during the floret primordium and
terminal spikelet stages (fig. S7). Similarly, ps2 formed as many pri-
mary spikelets as wild-type siblings, and there were no significant
differences in flowering time or inflorescence growth rates (Fig. 4E
and fig. S7). The ps2 plants did not, however, form curled leaves nor
was HB-A2 expressed higher in ps2 leaves, suggesting that HB-2
homeologs have slightly different functions (Fig. 4F). Together with
the analysis of psI and the transgenic lines, these results show that
paired spikelet formation is promoted by increased expression of
HB-2 homeologs on the A and D subgenomes, which can be facili-
tated by modifying bases in the miR165/166 complementary site.

The photoperiod-dependent flowering pathway enhances
paired spikelet production in ps7 and ps2

In wheat, photoperiods and genotypes that induce a strong flowering
signal typically reduce the number of spikelets that form per inflo-
rescence, and these conditions also inhibit secondary spikelet develop-
ment (9, 10, 24-26). To determine whether the photoperiod-dependent
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flowering pathway influences secondary spikelet development in
psl, Ps1/psl, and ps2, we grew these genotypes under extended
daylengths that induce strong expression of FT1 (10). Unexpectedly,
growth under extralong photoperiods (22/2 hours) significantly en-
hanced secondary spikelet production in Ps1/psl, psl, and ps2
mutants, relative to 16-hour photoperiods, demonstrating that paired
spikelet production in these genotypes is not diminished by condi-
tions that induce a strong floral promoting signal (Fig. 5A). We then
investigated the influence of the photoperiod-dependent flowering
pathway by generating psI genotypes that contain the photoperiod-
insensitive Ppd-D1a allele, which induces strong FT'1 expression and
suppressed secondary spikelet formation in other genotypes (9). As
expected, both heterozygous and homozygous mutant lines with
the photoperiod-insensitive Ppd-D1a allele produced fewer primary
spikelets than sibling lines that contained the photoperiod-sensitive
allele (fig. S8). However, expression of the Ppd-D1a allele in ps1 en-
hanced paired spikelet development, relative to photoperiod-sensitive
sibling lines, and it improved the performance of psI by advancing
leaf and inflorescence emergence (Fig. 5, B to D). In the Ps1/psI
genotype, the photoperiod-insensitive Ppd-DIa had no significant
effect on secondary spikelet formation (Fig. 5C). In support of these
results, photoperiod-insensitive elite cultivars (e.g., cv. Mace, Rockstar,
and Sheriff) produced paired spikelets following the introduction of
the ps1 and ps2 alleles of HB-2 (fig. S9). Together, these results show
that the environmental conditions that induce a strong floral-promoting
signal enhance paired spikelet production in lines that express
microRNA-resistant alleles of HB-2, and photoperiod-insensitive
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Fig. 5. Environmental and genetic analysis of the interaction between HB-2
and the photoperiod-dependent flowering pathway. (A) The Ps1/ps1, psi1, and
ps2 mutants form significantly more paired spikelets under extra-long daylengths
(22/2 hours) relative to standard long-day conditions (16/8 hours). (B to D) Pheno-
typic analysis of (B and C) inflorescence and (D) plant architecture traits of the Ps1/
ps1 and psT lines that express the photoperiod-insensitive Ppd-D1a allele, relative
to photoperiod sensitive sibling lines (Ppd-D1). In the boxplots (A and C), each box
is bound by the lower and upper quartiles, the central bar represents the median,
and the whiskers indicate the minimum and maximum values of 12 to 24 biological
replicates. Scale bars, 1 cm (B) and 5 cm (D). ***P < 0.001.

Dixon et al., Sci. Adv. 8, eabn5907 (2022) 11 May 2022

alleles of Ppd-1 do not suppress secondary spikelet formation in psI
and ps2 as they do in other genotypes.

The transcriptome of a developing inflorescence is modified

in ps7 and ps2 mutants

Our previous work showed that paired spikelet formation is facili-
tated by increased dosage of TBI and reduced expression of spikelet
meristem identity genes during early inflorescence development (9, 10).
To determine whether the expression of spikelet meristem identity
genes is modified similarly in Ps1/ps1, ps1, and ps2, relative to wild-
type sibling lines, we quantified transcripts of VERNALIZATIONI
(VRN1), APETALA1-2 (API1-2; previously named AGL10), AP1-3
(previously named AGL29), and SEPALLATA1-3 (SEPI-3; previously
named AGLGI) during early inflorescence development (9, 10).
Transcripts of VRNI, AP1-2, AP1-3, and SEP1-3 were not signifi-
cantly reduced in Ps1/psl, ps1, or ps2, relative to wild-type siblings;
these results indicate that secondary spikelets form in these geno-
types via a mechanism different from that identified in ppd-D1 and
ft-B1 mutants (Fig. 6A and fig. S10). We then quantified transcripts
of TB-BI and TB-D1, as increased expression of these two homeo-
logs facilitates paired spikelet development (10). Transcripts of TB-
B1 were significantly higher in ps1, Ps1/ps1, and ps2, relative to their
respective wild-type sibling lines, while those of the less abundant
TB-D1 were slightly, but not significantly, increased in the mutant
lines (Fig. 6B). In support of these results, TB-BI expression was sig-
nificantly higher in inflorescences of HB-D2 transgenic plants, relative
to the null control line, while TB-D1I transcripts were slightly, but
not significantly, greater in the transgenic line (Fig. 6C). Together
with our previous analysis of TB1-dependent regulation of paired
spikelet development, these results indicate that increased expres-
sion of TB-BI contributes to secondary spikelet formation in the psI
and ps2 mutant lines.

To further investigate biological processes influenced by higher
expression of HB-D2, we used RNA-seq analysis to compare the tran-
scriptome of developing inflorescences from wild-type plants to those
of Ps1/ps1 and ps1. We detected a similar number of expressed genes
for each of the three genotypes based on expression of >0.5 transcripts
per million [TPM; wild type expressed 47,628 high-confidence (HC)
genes and 22,979 low-confidence (LC) genes; Ps1/psl expressed
47,886 HC and 24,654 LC; psl expressed 47,885 HC and 23,383
LC]. Differential gene expression analysis detected 151 up-regulated
(133 HC and 18 LC) and 842 down-regulated (743 HC and 99 LC)
genes in psl, relative to wild type (993 total), while 17 (16 HC and
1 LC) and 21 (20 HC and 1 LC) transcripts were significantly up-
and down-regulated in Ps1/psI (total, 38) (Fig. 6, D and E, and data
file S1). While fewer differentially expressed genes (DEGs) were de-
tected in Ps1/psl, many DEGs of psI showed a conserved response
in Ps1/psl, relative to wild-type siblings (Fig. 6F and data file S1).
The RNA-seq analysis confirmed that HB-D2 transcripts were more
abundant in Ps1/ps1 and psl, relative to wild type, and showed that
HB-2 is the most highly expressed HD-ZIP III transcription factor
during early inflorescence development (fig. S10). The gene ontology
(GO) term analysis of DEGs in ps1 showed that down-regulated genes
were enriched for biological processes associated with spikelet for-
mation, including meristem initiation and growth, floral organ de-
velopment, auxin signaling, and cell differentiation (Fig. 6, D and E,
and data file S1). Similarly, up-regulated genes were enriched for
GO terms related to the floral transition and meristem determinacy
(Fig. 6, D and E). The identified DEGs include homologs of genes
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Fig. 6. Analysis of gene expression during early inflorescence development. (A) Spikelet meristem identity genes identified to be differentially expressed in other
paired spikelet-producing genotypes are not significantly different in Ps1/ps1 and ps1 relative to wild-type siblings. (B and C) TB-B1 is more highly expressed in Ps1/ps1,
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fied in developing inflorescences of (D) Ps1/ps1 and (E) ps1 relative to wild-type siblings. Identified GO terms are indicated at the left of the heatmap. For down-regulated
DEGs, TPM values are normalized to wild type that is set at 1, and for up-regulated DEGs, the Ps1/ps1 and ps1 TPM value is set at 1. (F) Heatmap of DEGs in developing
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from Arabidopsis, rice, or maize that perform roles during inflores-
cence development, vasculature formation, and floral transition (Fig. 6F).
For example, up-regulated genes include homologs of STRUBBELIG-
RECEPTOR FAMILY6/7 (SRF6/7) (27, 28) and SHORT VEGETA-
TIVE PHASE-3, which is a member of a gene family that regulates
spikelet architecture (e.g., glume length) and fertility in wheat and is
up-regulated in rice mutants that form highly branched panicles
(16, 29-34) (Fig. 6F). We did not detect increased expression of
WKNOX homeologs, which was supported by quantitative reverse
transcription PCR (qRT-PCR) analysis; WKNOX is the wheat ortholog
of OSHI1 (ORYZA SATIVA HOMEOBOX 1) that was up-regulated
in the rice Ifl mutant (fig. S10) (22, 35). Homologs of down-regulated
genes include those that influence inflorescence architecture
(e.g., BARREN STALK FASTIGIATE1, GNAT-like HISTONE
ACETYLTRANSFERASEI, and PINOID/BARREN INFLORESCENCE?2)
(36-39); auxin and brassinosteroid signaling/responses (e.g.,
AUXIN TRANSPORTER-LIKE PROTEIN 2, AUXIN RESPONSE
FACTOR3, BRI1 EMS SUPPRESSOR, and BES HOMOLOGUE4) (40-42);
floret, leaf, and vasculature development (e.g., INDETERMINATE
DOMAIN4 and KANADII) (43, 44); and cell growth (e.g., Reduced
Height-1; Fig. 6F) (45). Together, these results indicate that paired
spikelet development in Ps1/ps1 and psl is associated with altered
expression of genes that influence the determinacy, differentiation,
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and growth of axillary spikelet meristems during early inflorescence
development.

Increased HB-2 expression facilitates higher grain

protein content

To investigate the effect of the modified inflorescence architecture
on yield-related traits and the relevance of the Ps1/psI and ps1 lines
to breeding, we examined the yield and quality of grain produced by
plants grown under field conditions. Field-grown Ps1/ps1 and psl
produced inflorescences with multiple paired spikelets, and there
was no significant difference in primary spikelet number among the
three genotypes (Fig. 7, A and B). Unexpectedly, psI plants performed
better in the field than the glasshouse, growing to a similar height
and producing as many tillers as wild-type siblings; the improved
performance is likely due to a delayed rate of leaf appearance and
inflorescence development in the field, relative to plants grown under
warmer glasshouse conditions (fig. S11) (25). The Ps1/psI and psI
lines flowered at the same time as wild-type siblings, and there was
no significant difference in the timing of senescence (fig. S11). In terms
of yield-related traits, the heterozygous Ps1/psI lines produced the
same weight and number of grains per inflorescence as wild-type
siblings, and there was no significant difference in the thousand grain
weight, grain size, yield per plant, or harvest index (Fig. 7, C to E,
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and fig. S11). In ps1, the thousand grain weight, grain size, and weight
per inflorescence was slightly lower than wild type, but the grain
number per inflorescence and yield per plant were comparable to
wild-type siblings (Fig. 7, C to E, and fig. S11). Regarding grain
quality, we focused on grain protein content (GPC) as it is a major
determinant of wheat’s nutritional value (I). The grain of Ps1/psI and
psl contained ~25% more protein than wild type, as well as higher
levels of free amino acids, including the essential methionine, leu-
cine, and threonine (Fig. 7, F and G). The grain of Ps1/psl1 and ps2
also contained more protein (21 and 21%, respectively) when grown
under glasshouse conditions, relative to their respective wild-type
siblings; protein content was 130% higher for glasshouse-grown ps1
plants, but this is likely to be due to the low-yielding inflorescences
of psI when grown under these conditions (fig. S12). Together,
these results indicate that increased expression of HB-2 facilitates
the production of grain with higher protein content without signifi-
cantly affecting grain yield.

To investigate further how Ps1/psl, psl, and ps2 plants produce
grain with more protein, we asked whether HB-2 influences vascular
development in stems similarly to REV in Arabidopsis (18, 20, 46)
such that more assimilates can be delivered to the inflorescence and
developing grain. In Arabidopsis, the vascular bundles of the semi-
dominant rev-10d/avbl mutants localize more centrally in the stem
and display a radialized pattern, as opposed to the wild-type collateral
structure (18, 20). In situ PCR analysis supported HB-2 performing
arole in wheat vascular bundle formation, as HB-2 transcripts were

detected in cells surrounding the xylem and phloem of stems and in
the immediately adjacent cells (Fig. 8, A and B, and fig. S13).
Analysis of peduncle cross sections showed that the vasculature in
each genotype were arranged in two rings surrounding a central
pith, and the stems of PsI/psl, ps1, and ps2 contained significantly
more vascular bundles than their respective wild-type sibling lines
(Fig. 8, Cto E, and fig. S13). On the basis of these results, we hypothe-
sized that the extra vascular bundles in psI and ps2 may facilitate
greater distribution of assimilates to the inflorescence and develop-
ing grain. To test this hypothesis, we analyzed the hydraulic con-
ductance of each genotype as grain formed in mature florets. The
hydraulic conductivity of the peduncle and inflorescence from Ps1/
psl, ps1, and ps2 was greater than that of their respective wild-type
siblings, indicating that lines with increased expression of HB-2 can
distribute more assimilates to the developing grain (Fig. 8F and fig.
S13). This conclusion is supported by the metabolic analysis of
Ps1/psI and psI rachises, which contained significantly higher amounts
of asparagine, aspartic acid, glutamine, and serine relative to the
wild-type sibling; these amino acids are the most abundant in wheat
vasculature (Fig. 8G) (47). Levels of scarcer amino acids, including
histidine, arginine, valine, isoleucine, leucine, and lysine were also
significantly higher in rachises of Ps1/ps1 and psI relative to wild type
(fig. S13). Together, these results suggest that increased expression
of HB-2 facilitates the production of grain with more protein by
modifying vascular development, which increases the supply of
assimilates to the inflorescence and developing grain.
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Fig. 7. Analysis of yield and grain quality traits of field-grown Ps1/ps1 and ps1 plants. (A and B) Field-grown Ps1/ps1and ps1 plants form multiple secondary spikelets
(pink) relative to wild-type siblings. (C to E) The weight and number of grain per inflorescence, and thousand grain weight, of Ps1/ps1 and ps1 plants relative to wild-type
siblings. (F and G) The grain produced by Ps1/ps1 and ps1 have higher levels of protein (F) and free amino acids (mg/g of flour) than those produced by wild-type siblings.
In (F) and (G), data are the average + SEM of four biological replicates. In the boxplots, each box is bound by the lower and upper quartiles, the central bar represents the
median, and the whiskers indicate the minimum and maximum values of six to eight biological replicates. Scale bar, 1 cm (A). *P < 0.05, **P < 0.01, and ***P < 0.001.
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Fig. 8. Analysis of plant vasculature, hydraulic conductivity, and rachis amino acid content. (A and B) In situ PCR analysis shows that HB-2 is expressed in vascular
bundles of the stem [bordered by dashed line, with regions of xylem (X) and phloem (P) indicated] and in cells surrounding the vasculature. (B) A negative control of the
in situ PCR analysis. (C and D) Toluidine blue-stained cross sections of peduncles from (C) ps7 mutants relative to its wild-type sibling (D). (E) Stems of Ps1/ps1 and ps1
plants contain more vascular bundles than wild-type siblings. (F) Analysis of hydraulic conductivity in the peduncle and mature inflorescence of Ps1/ps1 and ps1 relative
to its wild-type sibling. (G) Levels of abundant amino acids are higher in rachises of Ps1/ps1 and ps1 relative to wild-type siblings (WT). In the boxplots (E and F), the box is
bound by the lower and upper quartiles, the central bar represents the median, and whiskers indicate the minimum and maximum values of (E) five to eight and (F) seven
biological replicates. (G) Data are the average + SEM of six biological replicates. Scale bars, 10 um (A) and 100 um (B and D).

DISCUSSION
Inflorescence architecture is a major determinant of grain produc-
tion, with spikelet number and floret fertility contributing signifi-
cantly to yield (2, 48, 49). Here, we sought to identify genes that
control spikelet development by exploring a TILLING population
for paired spikelet-producing lines (8). We identified independent
lines that contain mutations in the miR165/166 complementary
sites of HB-2 on the A and D subgenomes, which promote paired
spikelet formation by increasing HB-2 expression in the developing
inflorescence. The increased expression is consistent with mutations
in microRNA complementary sites disrupting the cleavage of the
target transcript and with the identified alleles being semidominant
for secondary spikelet formation (17, 18, 20-22, 50). Discovery of
these alleles fits with the high likelihood of identifying dominant or
semidominant mutations in wheat given the redundancy of its hexa-
ploid genome (51). They join Q of the domesticated wheat as
microRNA-resistant alleles that modify inflorescence architecture
by increasing levels of the target transcript (52, 53). While identifi-
cation of these alleles is consistent with expectations for a polyploid
species, our previous analysis of a ft-BI1 mutant shows that loss-of-
function mutations within a single homeolog can facilitate paired
spikelet development; additional examples are likely to involve genes
for which there is biased expression of a homeolog from a particular
subgenome (9, 54). Further analysis of the paired spikelet-producing
mutants identified here will help identify genes that regulate
inflorescence architecture and determine the potential to use both
dominant and recessive alleles to investigate wheat development.
The identification of microRNA-resistant HB-2 alleles provides
new understanding of the developmental processes that influence
spikelet architecture in wheat. Our previous analyses of ppd-D1, ft-B1,
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and highly branched lines showed that genotypes and environments
that promote strong floral-promoting signals repress secondary spike-
let formation, while those that induce weak expression of FT1 and
spikelet meristem identity genes facilitate paired spikelet development
(9, 10). Contrary to these studies, the secondary spikelet formation
of ps1 and ps2 was enhanced by extralong daylengths, and photoperiod-
insensitive genotypes that promote FTI-dependent early flowering
did not suppress paired spikelet development in ps1, Ps1/ps1, or ps2.
Moreover, expression of genes that promote spikelet meristem identity
was not reduced in developing inflorescences of psI and ps2. Together
with the analysis of inflorescence development, these results indi-
cate that paired spikelet formation in psI and ps2 is not caused by a
delay in spikelet meristem maturation, as described for other geno-
types (9, 10). Paired spikelet production in psI and ps2 is, however,
associated with higher TBI expression, which indicates that increased
dosage of TBI may facilitate secondary spikelet formation by modu-
lating other processes that control axillary meristem development.
These processes may involve auxin and gibberellin or sugars such as su-
crose and trehalose, which influence inflorescence branching and are
controlled by TB1-regulated genes in maize tiller buds [e.g., (15, 55-57)].
Together with the localization of HB-2 expression to spikelet primordia
and the identification of DEGs that influence lateral organ develop-
ment (e.g., BAFI, SCL6, and PID/BIF2), our results suggest that higher
HB-2 expression may promote paired spikelet development by enhancing
the potential of the axillary meristem to form a short branch com-
posed of two spikelets rather than a single spikelet. This role for HB-2
would be consistent with the reported functions of REV in controlling
axillary meristem initiation of Arabidopsis (19) and, as indicated by
analyses of psI and ps2 stems and leaves, may involve modified vascular
development or increased adaxialization of the spikelet primordium.
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The influence of HB-2 up-regulation on spikelet and leaf develop-
ment provides more information about the function of HD-ZIP III
transcription factors in grasses. Phylogenetic analyses (Fig. 2) indi-
cate that REV of Arabidopsis has been duplicated in grasses to
generate HB-1 and HB-2, which are each expressed in developing
inflorescences of wheat and rice (Fig. 3 and fig. S10) (17, 22). In rice,
a mutation in the miR165/166 complementary site of HB-1/LFI, a
paralog of HB-2, promotes development of a lateral floret, which
forms within the sterile lemmas located between the terminal floret
and the rudimentary glumes of the spikelet (22). Thus, in rice,
mutation of the miR165/166 complementary site of HB-1 promotes
formation of a spikelet with two florets, which is similar but ana-
tomically distinct from the paired spikelets observed in psI and ps2.
This difference may indicate unique roles for HB-1 and HB-2 in
regulating floret and spikelet development, respectively, which is
supported by WKNOX/OSH1 not being up-regulated in psI or Ps1/psi,
as it was in IfI (22). Alternatively, given that wheat spikelets are in-
determinate while those of rice are determinate, it may suggest that
the effect of higher HB-1 and HB-2 expression on inflorescence de-
velopment is dependent on determinacy of the axillary meristems.
Regarding leaf development, mutations in the miR165/166 comple-
mentary site of HB-1, HB-3, and HB-5 of rice promote the forma-
tion of narrow rolled leaves with reduced abaxial identity, much like
those formed by psI (17, 23). Similar narrow rolled leaves are
produced by the RIdI-O maize line that contains a mutation in the
miR165/166 complementary site of RId1, an ortholog of HB-1 (21).
Together, these results indicate that the two grass paralogs of REV
share a conserved role regulating the adaxialization of the leaf blade,
although analysis of ps2 indicates that this function is not conserved
by all wheat homeologs.

Our analysis of field-grown Ps1/psI and ps1 showed that higher
expression of HB-2 is associated with the production of grain that
contains more protein. Higher protein content is associated with
increased hydraulic conductivity of the inflorescence and peduncle
and greater supply of amino acids to rachis, which are most likely
facilitated by the formation of extra vascular bundles in the stem.
The observed increase in protein content is substantial because it is
comparable to that provided by Gpc-B1 (Grain Protein Content-BI),
a major locus regulating protein levels in wheat grain. The effect of
Gpc-B1 is underpinned by an allele of a NAC (NAM, ATAF, and CUC)
transcription factor (NAM-BI) from wild wheat, which increases
protein content by accelerating senescence and improving nutri-
ent remobilization to developing grain, relative to lines with the
nonfunctional alleles of cultivated wheat (58, 59). The Ps1/ps1 and
psl plants flowered and senesced at the same time as wild-type sib-
lings, indicating that expedited senescence is not the cause of higher
grain protein content in these genotypes. Our results suggest that
higher protein content was not a consequence of reduced produc-
tivity, as grain number per inflorescence and yield per plant were
not significantly lower in Ps1/psI and ps1 relative to wild-type sib-
lings. With a view toward breeding inbred cultivars with improved
grain quality, we propose that further analysis of HB-2 should in-
clude editing alternate bases in the miR165/166 complementary site
of each homeolog to identify mutations that increase grain protein
content without modifying plant architecture or reducing yield com-
ponent traits (e.g., thousand grain weight); studies in Arabidopsis
indicate that mutation of alternate nucleotides in the miR165/166
complementary site differentially affects degradation of the target
transcript (45). Alternatively, the semidominant alleles may be
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useful for breeding hybrid lines with higher GPC, as heterozygous
Ps1/psl1 lines produce grain with more protein and form normal
leaves that do not restrict flowering. In summary, the HB-2 alleles
identified here provide a previously uncharacterized genetic strategy
to breed cultivars that form grain with more protein, which is crucial
given that grain protein content is a major determinant of wheat’s
nutritional and economic value.

In conclusion, we show that mutations in the miR165/166 com-
plementary site of HB-2 promote paired spikelet development and
are associated with the production of grain with more protein. These
findings support a central role for miR165/166 in regulating expres-
sion of REV-like genes, and the stem and leaf phenotypes highlight
a conserved function for HD-ZIP III transcription factors in regulating
vascular development and adaxial identity of leaves (18, 20, 21, 41).
Our results provide a previously unidentified understanding of the role
that HD-ZIP III transcription factors perform during cereal inflores-
cence development and unique knowledge about genes that regulate
spikelet architecture in wheat. The identification of these HB-2 alleles
emphasizes an emerging theme of breeding, where mutations that
disrupt microRNA-mediated regulation of developmental genes can
help improve yield-related traits of cereals (47, 48, 60-62).

MATERIALS AND METHODS

Plant material and growth conditions

Hexaploid wheat (T. aestivum) used in this study included the follow-
ing genotypes: cv. Cadenza, Mace, Rockstar, and Sheriff, a hexaploid
wheat ethyl methanesulfonate-induced TILLING population (cv.
Cadenza; 1752 lines) (8); wild-type, Ps1/psl, and psl near-isogenic
lines (NILs) derived from CAD1290 (BC,F;, BC,F,, BC,F1, BCoF) 4,
and BCsF,.3 generations); transgenic lines expressing the HB-D2
allele from psI using the rice Actin promoter [pActin:HB-D2 (ps1)],
generated in the cv. Cadenza (see details below); and wild-type, Ps2/
ps2, and ps2 NILs derived from CADI761 (BC,F,, BC,F,, BC\F,,
BC,F;, and BC,F, 3 generations); Ppd-D1a NILs [cv. Paragon; see
(25)], which were crossed to Ps1/psI to generate Ppd-DIa:Ps1/psI and
Ppd-Dla:ps] photoperiod-insensitive lines; Ppd-D1:Ps1/psl and
Ppd-D1:ps1 photoperiod-sensitive lines (F, generation); and Ps1/ps1,
psl, and ps2 genotypes in the cv. Mace, Rockstar, and Sheriff back-
grounds (BC;F; generation). The “wild-type” genotypes for both
CADI1290 and CAD1761 were respective NILs derived from segregat-
ing populations that did not display paired spikelet or leaf pheno-
types; these wild-type lines are therefore expected to contain similar
background mutations as the heterozygous and homozygous mutant
lines. For both CAD1290 and CAD1761, we analyzed two independent
families generated from separate crosses to cv. Cadenza.

All field experiments were conducted at Church Farm, John Innes
Centre, Bawburgh, Norfolk, UK (52°37'46.3"N, 1°10'48.2"E) in 1-m’
plots. The genetic screen for paired spikelet-producing lines was
performed in 2015. Analyses of GPC, grain amino acids, and grain
morphology/yield traits for WT, Ps1/ps1, and ps1 were performed
using plants grown in 2019 and 2020. The phenotype analysis, amino
acid measurements of the rachis, gene expression studies, and hy-
draulic conductance experiments were performed on plants grown
in controlled growth chambers under long-day (16-hour light/8-hour
dark) photoperiods at 300 umol/m?* per second [using Plantastar
400-W HQI bulbs (Osram) and Maxim 60-W tungsten bulbs], with
day and night temperatures of 20° and 15°C, respectively. Plants for
the crosses, segregation analysis, and GPC measurements were
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grown in glasshouses under long-day (16-hour light/8-hour dark)
photoperiods, with day and night temperatures of 20° and 15°C,
respectively. The extralong daylength experiments were performed
in glasshouses with the photoperiod set to 22-hour light/2-hour dark
using Heliospectra light-emitting diode lights (Heliospectra, Sweden),
with day and night temperatures of 20° and 15°C, respectively.

Phenotypic analysis

For the genetic screen of the TILLING population, paired spikelets
were scored per plot rather than on individual plants, as each line
displayed a degree of genetic heterogeneity (8). Class I mutants were
defined as those that displayed infertile secondary spikelets on mul-
tiple tillers of an individual plant and on 50 to 100% of plants in the
plot. Class II mutants were defined as those that formed fertile and
infertile secondary spikelets on all tillers of an individual plant and
on 50 to 100% of plants in the plot. Rachis nodes (primary spikelets)
and secondary spikelets were recorded for inflorescences of the main
stem and first tiller, as described previously (9). Secondary spikelet
distribution was determined as described previously (9) using inflo-
rescences from the main stem. The rate of inflorescence development
was determined for the Ps1/psl, psl, and ps2 genotypes, relative to
their respective wild-type siblings, by measuring inflorescence
length at intervals defined by leaf emergence (leaf 4 to 7). Flowering
time was determined for each genotype at the emergence of the
inflorescence from the boot, and images of the primary and secondary
spikelets were obtained using a Zeiss Stemi 508 microscope with an
Axiocam camera (Zeiss SMT, Germany).

For the field experiments, rachis nodes (primary spikelets) and
secondary spikelets were determined for the main stem and the first
two tillers of each plant, and both fertile and infertile secondary
spikelets were included. Tiller number, height and plant dry weight
were measured at maturity. Plants used for these analyses were har-
vested from the central row of each plot. Heading date, representing
flowering time, was recorded as days after sowing when 50% of the
spikes of a plot had emerged to 50% from the flag leaf sheath. Senescence
was scored when the peduncle tissue of 75% of plants of a plot had
transitioned from being green to yellow. Grain morphometric mea-
surements (grain width, length, area, and thousand grain weight) were
recorded using the MARVIN grain analyzer (GTA Sensorik GmbH,
Germany). Measurements for each genotype include eight biological
replicates, and each sample is composed of 150 to 250 grains. Harvest
index was determined by dividing the weight of grain produced per
plant by its above-ground biomass (dry weight).

Scanning electron microscopy and light microscopy
Developing inflorescences at the floret primordium and terminal spike-
let stages from wild-type, Ps1/psl, ps1, and ps2 were chemically fixed
in 2.5% glutaraldehyde in 0.05 M sodium cacodylate (pH 7.4) over-
night at 4°C. After rinsing, inflorescence samples were dehydrated
through an ethanol series for 30 min each in 30, 50, 70, 90, 100, and
100% dry ethanol and then critical point dried using a Leica EM CPD300
(Leica Microsystems Ltd., UK). Dried samples were mounted on the
surface of an aluminum pin stub using double-sided adhesive car-
bon discs (Agar Scientific Ltd., UK). The stubs were sputter-coated
with approximately 15-nm gold in a high-resolution sputter coater
(Agar Scientific Ltd.) and transferred to a Zeiss Supra 55 VP FEG
scanning electron microscope. The samples were viewed at 3 kV.
For analysis of leaf cross sections, tissue was harvested from wild
type, Ps1/psl, and ps1 at the double-ridge stage. Tissue sections were
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cut into 1-mm? pieces and fixed in 2.5% (v/v) glutaraldehyde in 0.05 M
sodium cacodylate (pH 7.3) overnight at room temperature. Fixative
was removed by three successive washes in 0.05 M sodium cacodylate
(15 min) and postfixed in 1% (w/v) osmium tetroxide in 0.05 M
sodium cacodylate at room temperature for 2 hours. Samples were
washed in distilled water (3 x 15 min) and were dehydrated in an
ethanol series (30%, 50%, 70%, 95%, and two changes of 100% ethanol,
each for an hour). Once dehydrated, the samples were gradually in-
filtrated with an LR White resin (London Resin Company, UK) by
successive changes of resin:ethanol mixes at room temperature (1:1
for 1 hour, 2:1 for 1 hour, 3:1 for 1 hour, 100% resin for 1 hour, 100%
resin for 16 hours, and 100% resin for 8 hours). The samples were
transferred into gelatin capsules filled with fresh LR White and placed
at 60°C for 16 hours to polymerize. Samples were sectioned using a
Leica UC6 ultramicrotome, and semithin sections of 500 nm were
stained with 0.5% Safranin-O (w/v) in 25% ethanol.

For stem cross sections of Ps1/psl, psl, ps2, and the wild-type
siblings, tissue was harvested from the main stem subtending the
mature inflorescence used for hydraulic conductance assays. The
harvested stem tissue was fixed in 70% ethanol and was replaced
every hour for three washes, and samples were stored at 4°C overnight.
Samples were washed in distilled water (3 x 5 min), embedded in
4% agarose (w/v), and sectioned using a vibratome (Leica Microsystems
Ltd.) into 70- to 100-um sections. Sections were stained using 0.5%
(w/v) toluidine blue in distilled water and imaged on a Nikon Ni-E
microscope (Nikon, Japan). The number of vascular bundles was deter-
mined for three to four technical replicates for each biological replicate.

DNA extractions and exome capture

Genomic DNA was extracted from leaves, as described previously
(10). For the exome capture analysis of CAD1290, three bulks were
generated using DNA from individuals of two independent BC,F,-
segregating families, determined using inflorescence and leaf archi-
tecture phenotypes. The wild-type bulk included DNA of individuals
with normal inflorescence and leaf architecture. The Ps1/psI bulk
included DNA of individuals with paired spikelets that formed nor-
mal leaves, and the psI bulk contained DNA of plants with paired
spikelets and curled leaves. For the exome capture of CAD1761, two
bulks were generated using DNA from individuals of a BC,F»-
segregating population. The first bulk included DNA of individuals
with wild-type inflorescences, and the second bulk included DNA
of paired spikelet-producing inflorescences.

Exome capture sequence analysis and data processing were per-
formed as described previously (63), with the following modifications
to facilitate SNP (single-nucleotide polymorphism) identification.
SNPs were filtered for EMS-type mutations, i.e., G> A or C> T, and
only mutations that had been predicted previously were considered
for the subsequent analysis (8), as these were high-confidence SNPs
likely to represent true mutations. PsI/ps1 and psI bulks were filtered
for either heterozygous or homozygous mutations, as well as muta-
tions common between the bulks (i.e., if a heterozygous mutation
existed in Ps1/ps1, then the corresponding mutation needed to be homo-
zygous in ps1). By applying these filters, we identified 15 candidate
mutations (table S9). Kompetitive allele-specific PCR (KASP)-based
marker analysis was performed to test the segregation of these mu-
tations and their association with the leaf and spikelet phenotypes
in two separate BC,F, populations and, later, in BC3F, 3 families. Of these
mutations, Cadenzal290.chr1D.188459101 in TraesCS1D02G137900
on chromosome 1D segregated with the phenotype(s). Next, all
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mutations identified for CAD1290 in a 79.5-Mb region surrounding
TraesCS1D02G137900 were examined, and 16 were excluded a priori
for being intron or silent mutations (table S10). KASP-based assays
were performed on BC;F, families to identify recombinant lines that
segregated for mutations in this region and to identify alleles that
uniquely associated with the leaf and spikelet phenotypes. A mutation
that showed complete association with the phenotypes was identi-
fied in TraesCS1D02G155200 (Cadenzal290.chr1D.217644011); this
mutation displayed absolute heterozygosity with Ps1/psI and homo-
zygosity in psI individuals for all independent families and genera-
tions. The same approach was used for exome capture analysis of
the CAD1761 DNA samples, with the exception that SNPs were fil-
tered for the alternate allele in the paired spikelet-producing bulk
(frequency, >0.8) and the reference allele in the wild-type bulk.

Wheat transformation

The construct used to generate pOsActin: HB-D2 transgenic plants
contained the HB-D2 coding sequence with the G575A mutation
within the miR165/166 complementary site, as identified in
CADI1290/ps1. The OsActin promoter was used to provide robust,
but not overly strong, expression of the transgene; we did not at-
tempt to use the native promoter because the genome sequence was
poorly defined when the transgenics were generated nor did we use
the ZmUbi promoter because it drives extreme overexpression in
wheat and we were concerned that this would prevent the regenera-
tion of transgenic seedlings given the role of HB-2 on leaf adaxializa-
tion. The pOsActin:HB-D2 construct was cloned into the L1P1 acceptor
plasmid pICH 47732 that contained the Nos terminator in a digestion-
ligation reaction using Bsa I and T4 ligase. A second digestion-
ligation reaction with Bpi I and T4 ligase cloned the cassette into the
L2 acceptor pEC60606 L2V-GW. Transformation of immature
embryos isolated from cv. Cadenza was performed by cocultivation
with Agrobacterium, as described previously (64, 65), by the Crop
Transformation Group at National Institute of Agricultural Botany
(Cambridge, UK). Presence of the transgene was confirmed by se-
quence analysis of the inserted copy of HB-D2, and the copy num-
ber of the transgene was determined using quantitative real-time
PCR. The described leaf and inflorescence architecture traits (Fig. 2
and fig. S5) are from T, and T generation plants, which are com-
pared to null transgenic lines. The analyzed T generation plants all
contained one copy of the transgene.

KASP marker analysis and Sanger sequencing
Oligonucleotides for KASP analysis contained the standard FAM or
HEX compatible tails (FAM tail, 5'-GAAGGTGACCAAGTTCAT-
GCT-3'; HEX tail, 5'-GAAGGTCGGAGTCAACGGATT-3’).
Oligonucleotide sequences for the KASP analyses of the mutations
identified from the exome capture and those used to examine chro-
mosome 1D mutations are provided in tables S13 and S14, respec-
tively. The KASP assay was performed as described previously (10).
DNA fragments were amplified by PCR, using either Phusion DNA
polymerase (NEB, USA) or Q5 DNA polymerase (NEB), using
oligonucleotides provided in table S15. PCR amplicons were se-
quenced using the Mix2Seq kit (Eurofins, Germany).

RNA extractions and qRT-PCR

RNA was extracted from the following tissue types for the qRT-
PCR analysis: young emerging leaves (lamina; harvested at glume
primordium stage); mature leaves (lamina; harvested at white anther
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stage) with a developed ligule; flag leaf (lamina; harvested after ear
emergence); stem nodes 1 to 3 before elongation of the internodes
(nodes are numbered from apex to base, harvested before stem
elongation); peduncle; whole developing inflorescences at the vege-
tative, double-ridge, glume primordium, and terminal spikelet stages;
and pre-booting inflorescence. Samples for stem nodes and devel-
oping inflorescences included pooled samples from four to eight plants.
RNA was extracted from the leaf, peduncle, and stem tissue using
the Spectrum Plant Total RNA Kit (Sigma-Aldrich, USA), as well as
from inflorescences at early and late developmental stages using the
RNeasy Plant Mini Kit (QIAGEN, the Netherlands). Total RNA was
treated with Turbo DNase I (Thermo Fischer Scientific, USA) before
cDNA synthesis. Synthesis of cDNA and qRT-PCR were performed
as described previously (10). Oligonucleotides for qRT-PCR analy-
sis are provided in table S15. Expression of candidate genes was
normalized using TraesCS6D02G145100 and TraesCS5A02G015600
[as described in (10)], and all data points are the average of at least
three biological replicates and two technical replicates.

For RNA-seq analysis, RNA was extracted from whole inflores-
cences at the glume primordium stage, which was selected because
this stage is crucial for primary and secondary spikelet formation (9)
and it precedes floret primordia development, thus reducing tissue
heterogeneity. For each sample, we pooled four to eight inflorescences,
and three biological replicates were collected per genotype. Total RNA
was extracted using the RNeasy Plant Mini Kit (QIAGEN) and treated
with Turbo DNase I (Thermo Fisher Scientific). RNA was examined by
gel electrophoresis; RNA purity was checked using the NanoPhotometer
spectrophotometer (IMPLEN, USA), and RNA integrity was exam-
ined using the RNA Nano 6000 Assay Kit of the Bioanalyzer 2100
system (Agilent Technologies, USA). Library construction and RNA-
seq were performed by Novogene (Novogene HK Company Ltd.,
Hong Kong). Sequencing libraries were generated using the NEBNext
Ultra RNA Library Prep Kit for Illumina (NEB), and index codes were
added to attribute sequences to each sample. For sequencing, clustering
of the index-coded samples was performed on the cBot Cluster Gener-
ation System using the TruSeq PE Cluster Kit v3-cBot-HS (Illumina,
USA). After cluster generation, the libraries were sequenced on an
Ilumina NovaSeq platform to generate 150-bp paired-end reads.

In situ PCR analysis

In situ PCR analysis was performed as described previously (66) using
50 to 70 um of cross sections of tissue prepared using a vibratome
(Leica Microsystems Ltd.). Developing inflorescences were harvested
from cv. Cadenza and psI at the glume primordium and terminal
spikelet stages, and stem tissue was collected from the node sub-
tending the developing inflorescence at the glume primordium stage.
These stages were selected on the basis of the qRT-PCR analysis
(Fig. 3A) and because they define stages when primary and secondary
spikelets initiate and secondary spikelets are visible. The oligo-
nucleotide sequences used for first-strand cDNA synthesis and gene-
specific PCR are provided in table S15. Sections were imaged on a
Nikon Ni-E microscope.

RNA-seq transcriptome analysis

Reads were aligned to the International Wheat Genome Sequencing
Consortium (IWGSC) Chinese Spring gene model index v1.1 (5).
Read alignment and expression quantification were performed
using kallisto-0.42.3, as described previously (49). Differential gene ex-
pression analysis was achieved using the R program Sleuth v0.30.0,
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as described previously (67). Transcripts with a false discovery
rate (FDR) adjusted P value (g value) < 0.05 were considered to be
differentially expressed, and transcripts with a mean abundance of
<0.5 TPM in all three genotypes were excluded from further
analysis. Differentially expressed transcripts were categorized into
lists of up- and down-regulated genes in Ps1/ps1 and psl, relative to
wild type for each pairwise comparison, on the basis of g value <
0.05 and mean TPM fold change > 0.5.

GO term enrichment analysis of up- and down-regulated tran-
scripts was conducted using the R package GOseq v.1.40.0, as described
previously (67, 68). The gene universe was determined by genes with
TPM > 0.5 for all genotypes. Significantly enriched GO terms were
those that had adjusted P values of <0.05. Noteworthy significant
biological process-related GO terms were identified using the web
server REVIGO (69). Putative gene names of transcripts were deter-
mined on the basis of ortholog gene names in A. thaliana and Zea
mays in Ensembl Plants BioMart (70).

For data visualization, normalized mean TPM (on a 0 to 1 scale)
of each gene for all genotypes were visualized as a heatmap using the
heatmap.2 function in the R package gplots v.3.0.4, where the dis-
tance measure is computed using Euclidean distance and hierarchical
clustering was calculated via Ward’s minimum variance method
(ward.D2). Genes of interest were selected by combining informa-
tion from GO term enrichment, which were orthologs of Arabidopsis
and maize genes with known roles during inflorescence development,
and included two or three homeologs. These genes were visualized
via heatmaps of relative TPM of Ps1/psl and psl, relative to wild
type using the R package ggplot v.3.3.2 (71).

Grain protein content analysis

Grain protein content measurements were performed on ca. 35 g of
samples, using a DA 7250 near-infrared (NIR) spectrometer (Perten,
Sweden). The NIR spectrometer was calibrated for protein measure-
ments using a highly diversified set of grain that had been analyzed
by the inductively coupled plasma mass spectrometry gold standard
method. Four biological replicates were analyzed per genotype and
condition.

Hydraulic conductance experiments

Peduncle and mature inflorescences were harvested from the main
stem of Ps1/psl, psl, ps2, and their respective wild-type siblings, at
the early to medium milk stage when developing grain had filled the
primary floret of central spikelets; all samples were measured between
6 and 8 hours after lights were turned on. Measurements of hydraulic
conductance were performed immediately after sampling using a
high-pressure flow meter (HPFM-Gen3, Dynamax, Houston, TX)
in the transient state of operation. The HPFM was connected to the
peduncle, which was recut under water at 3 cm below the base of the
inflorescence. Increasing pressure from 0 to 500 kPa was applied to
the peduncle, and flow rate was recorded every 2 s; all measurements
were corrected to values at 25°C; three to four technical replicates
were recorded for each sample. Hydraulic conductance was calcu-
lated from the slope of the plot of water flow versus the applied
pressure, and values were normalized for the length of the sample.

Analysis of amino acid levels

For analysis of free amino acids in grain, metabolites were extracted
from flour aliquots (30 mg) in triplicate in D,O:CD30D [1 ml;
4:1 containing 0.01% (w/v) d4-3-(trimethylsilyl) propionic acid
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(ds-TSP)] at 50°C for 10 min. After cooling and centrifugation (5 min),
the supernatant was removed to a clean tube and heated (90°C,
2 min) to stop the residual enzyme activity. After cooling and
centrifugation, 650 ul was transferred to a 5-mm nuclear magnetic
resonance (NMR) tube for analysis. 'H-NMR spectra were collected
at 300°K using the Avance Neo Spectrometer (Bruker BioSpin, UK)
operating at 600.0528 MHz, equipped with a 5-mm triple resonance
inverse (TCI) cryoprobe. Spectra were collected using the ZGPR water
suppression pulse sequence with a 90° pulse and a relaxation delay
of 5 5. Each spectrum was acquired using 16 scans of 65,536 data points
with a spectral width of 7143 Hz. Spectra were Fourier-transformed
using an exponential window with a line broadening value of 0.5 Hz.
Phasing and baseline correction were carried out within the instru-
ment software. 'H chemical shifts were referenced to d,-TSP at 30.00.
"H-NMR spectra were automatically reduced, using AMIX (Analy-
sis of MIXtures software, Bruker BioSpin), to ASCII files containing
integrated regions or “buckets” of equal width (0.01 parts per million).
Spectral intensities were scaled to the d4-TSP region (3, 0.05 to —0.05).
Amino acids were quantified via integration of characteristic signals
from authentic standards run under identical conditions using the
known concentration of internal standard (d,-TSP). Analysis of variance
(ANOVA) was conducted using Spotfire Analyst (version 7.11.1;
TIBCO). Four biological replicates were analyzed per genotype.

For the analysis of amino acid content in the rachis, free amino
acids were extracted from 80 to 100 mg of tissue with 1 ml of 0.1 M
HCl in an ultrasonic ice bath for 10 min. The resulting homogenates
were centrifuged twice for 10 min at 4°C and 16,400g to remove cell
debris. Derivatization and determination of proteinogenic amino acid
levels was carried out as described previously (72). Six biological repli-
cates were analyzed per genotype and tissue.

Phylogenetic analysis

Orthologs and paralogs of HB-2 from wheat (T. aestivum), A. thaliana,
maize (Z. mays), and rice (Oryza sativa) were obtained by BLAST
(Basic Local Alignment Search Tool) analysis using Ensembl Plants.
The list of wheat genes encoding HD-ZIP III transcription factors is
outlined in table S11. The top 31 protein sequences were aligned using
the MAFFT v.7.123b alignment algorithm using 4 GUIDANCE v.2.0,
with 100 bootstrap replicates (73, 74). Subsequent evolutionary analy-
ses were conducted in MEGAS5 (75) using the maximum likelihood
algorithm with the following parameters: Jones-Taylor-Thornton
(JTT) matrix-based model, gamma distributed rates, and partial de-
letions. Bootstrap values are based on 100 replicates for testing the
significance at nodes.

Northern blot analysis

Total RNA was extracted from developing inflorescences of wild type
and psI using the total nucleic acid isolation method, with minor
modifications (76). After lysing the ground tissue in extraction buffer,
lysates were extracted twice using phenol and phenol/chloroform/
isoamyl alcohol, followed by a single extraction with 2.5 volumes of
chloroform. The extracted RNA was precipitated using absolute
ethanol and incubated at —20°C for 3 hours to enrich for small RNAs.
Precipitated RNA was washed twice with 70% ethanol (v/v) and re-
suspended in nuclease-free water.

The 3'Digoxigenin-labeled DNA probes for U6 small nuclear
RNA, miR166, and miR172 were synthesized (Integrated DNA
Technologies, Coralville, USA). Northern blot analysis was per-
formed using 10 pg of total RNA, as described previously (77). The
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samples were transferred to positively charged Nylon membranes.
The blots were ultraviolet (UV)-cross-linked using a Stratalinker
UV cross-linker (Stratagene, USA). The blots were cut into two halves
at the xylene cyanol track. For the U6 and miR172 probes, blots were
prehybridized at 43°C for 30 min in the DIG Easy Granule (Sigma-
Aldrich) and hybridized with the DIG-labeled probe overnight at
43°C; for miR172 probe, the blots were then prehybridized at 50°C for
30 min in the DIG Easy Granule (Sigma-Aldrich) and then hybridized
with the DIG-labeled probe overnight at 50°C. Low-stringency
washes (2x SSC + 0.1% SDS) followed by high stringency washes (0.1x
SSC + 0.1% SDS) were performed on blots probed with U6 and
miR172 probes. Only low-stringency washes were performed on
the miR166 probed blots. The hybridized probe was visualized
according to the manufacturer’s instructions. The second half of
the blot was stripped using 0.2 M NaOH containing 0.1% SDS
for 5 min twice at 37°C before reprobing with the miR166 DIG-
labeled probe.

Statistical analysis

The data shown in the figures are means + SEM. In boxplots, the
box is bound by the lower and upper quartiles, the central bar rep-
resents the median, and whiskers indicate the minimum and maxi-
mum values of the biological replicates.

Pairwise differences between genotypes or treatments were ana-
lyzed using a two-tailed Student’s ¢ test. For comparisons involving
more than two genotypes, the normality of data was tested using the
Shapiro-Wilk test. Statistical analyses involving normally distributed
data were performed using one-way ANOVA and Tukey post hoc
analysis. Where assumptions of normality could not be met,
Kruskal-Wallis and Dunnett’s post hoc tests were used to compare
the genotypes or treatments. All data analyses were carried out
using R (v4.0.0).

Abbreviations

The following provides a guide to the gene names and identities used
here along with the respective mutant alleles identified in this study:
HB-2, HOMEOBOX DOMAIN-2 (TraesCS1A02G157500,
TraesCS1B02G173900, and TraesCS1D02G155200); psl, paired
spikeletl, the HB-D2 allele identified in CAD1290; and ps2, paired
spikelet2, the HB-A2 allele identified in CAD1761.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn5907

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES

1. B.Shiferaw, M. Smale, H. J. Braun, E. Duveiller, M. Reynolds, G. Muricho, Crops that feed
the world 10. Past successes and future challenges to the role played by wheat in global
food security. Food Security 5,291-317 (2013).

2. M.Reynolds, M. J. Foulkes, G. A. Slafer, P. Berry, M. A. J. Parry, J. W. Snape, W. J. Angus,
Raising yield potential in wheat. J. Exp. Bot. 60, 1899-1918 (2009).

3. N.Sreenivasulu, T. Schnurbusch, A genetic playground for enhancing grain number
in cereals. Trends Plant Sci. 17,91-101 (2012).

4. N.M. Adamski, P. Borrill, J. Brinton, S. A. Harrington, C. Marchal, A. R. Bentley, W. D. Bovill,
L. Cattivelli, J. Cockram, B. C.-Moreira, B. Ford, S. Ghosh, W. Harwood, K. H.-Pak, S. Hayta,
L. T. Hickey, K. Kanyuka, J. King, M. Maccaferrri, G. Naamati, C. J. Pozniak, R. H. R.-Gonzalez,
C. Sansaloni, B. Trevaskis, L. U. Wingen, B. B. H. Wulff, C. Uauy, A roadmap for gene
functional characterisation in crops with large genomes: Lessons from polyploid wheat.
elife 9, 55646 (2020).

5. IWGSC, Shifting the limits in wheat research and breeding using a fully annotated
reference genome. Science 361, eaar7161 (2018).

Dixon et al., Sci. Adv. 8, eabn5907 (2022) 11 May 2022

6. S.Walkowiak, L. Gao, C. Monat, G. Haberer, M. T. Kassa, J. Brinton, R. H. R.-Gonzalez,
M. C. Kolodziej, E. Delorean, D. Thambugala, V. Klymiuk, B. Byrns, H. Gundlach, V. Bandi,
J.N. Siri, K. Nilsen, C. Aquino, A. Himmelbach, D. Copetti, T. Ban, L. Venturini, M. Bevan,
B. Clavijo, D. H. Koo, J. Ens, K. Wiebe, A. N'Diaye, A. K. Fritz, C. Gutwin, A. Fiebig, C. Fosker,
B. X.Fu, G. G. Accinelli, K. A. Gardner, N. Fradgley, J. G.-Gonzalez, G. H.-Nussloch,
M. Hatakeyama, C. S. Koh, J. Deek, A. C. Costamagna, P. Fobert, D. Heavens, H. Kanamori,
K. Kawaura, F. Kobayashi, K. Krasileva, T. Kuo, N. McKenzie, K. Murata, Y. Nabeka, T. Paape,
S. Padmarasu, L. Percival-Alwyn, S. Kagale, U. Scholz, J. Sese, P. Juliana, R. Singh,
R. S.-Inatsugi, D. Swarbreck, J. Cockram, H. Budak, T. Tameshige, T. Tanaka, H. Tsuji,
J. Wright, J. Wu, B. Steuernagel, I. Small, S. Cloutier, G. K.-Gagnére, G. Muehlbauer,
J. Tibbets, S. Nasuda, J. Melonek, P. J. Hucl, A. G. Sharpe, M. Clark, E. Legg, A. Bharti,
P. Langridge, A. Hall, C. Uauy, M. Mascher, S. G. Krattinger, H. Handa, K. K. Shimizu,
A. Distelfeld, K. Chalmers, B. Keller, K. F. X. Mayer, J. Poland, N. Stein, C. A. McCartney,
M. Spannagl, T. Wicker, C. J. Pozniak, Multiple wheat genomes reveal global variation
in modern breeding. Nature 588, 277-283 (2020).

7. K.Gauray, S. Arora, P. Silva, J. S.-Martin, R. Horsnell, L. Gao, G. S. Brar, V. Widrig,
W. John Raupp, N. Singh, S. Wy, S. M. Kale, C. Chinoy, P. Nicholson, J. Q.-Chavez,
J. Simmonds, S. Hayta, M. A. Smedley, W. Harwood, S. Pearce, D. Gilbert, N. Kangara,
C. Gardener, M. F.-Martinez, J. Liu, G. Yu, S. A. Boden, A. Pascucci, S. Ghosh, A. N. Hafeez,
T. O’Hara, J. Waites, J. Cheema, B. Steuernagel, M. Patpour, A. F. Justesen, S. Liu, J. C. Rudd,
R. Avni, A. Sharon, B. Steiner, R. P. Kirana, H. Buerstmayr, A. A. Mehrabi, F. Y. Nasyrova,
N. Chayut, O. Matny, B. J. Steffenson, N. Sandhu, P. Chhuneja, E. Lagudah, A. F. Elkot,
S. Tyrrell, X. Bian, R. P. Davey, M. Simonsen, L. Schauser, V. K. Tiwari, H. R. Kutcher, P. Hucl,
A.Li, D. C.Liu, L. Mao, S. Xu, G. Brown-Guedira, J. Faris, J. Dvorak, M. C. Luo, K. Krasileva,
T.Lux, S. Artmeier, K. F. X. Mayer, C. Uauy, M. Mascher, A. R. Bentley, B. Keller, J. Poland,
B. B. H. Wulff, Population genomic analysis of Aegilops tauschii identifies targets for bread
wheat improvement. Nat. Biotechnol. 40, 422-431 (2022).

8. K.V.Krasileva, H. A. V.-Gross, T. Howell, P. Bailey, F. Paraiso, L. Clissold, J. Simmonds,
R. H. R.-Gonzalez, X. Wang, P. Borrill, C. Fosker, S. Ayling, A. L. Phillips, C. Uauy,
J. Dubcovsky, Uncovering hidden variation in polyploid wheat. Proc. Natl. Acad. Sci. U.S.A.
114, E913-E921 (2017).

9. S.A.Boden, C. Cavanagh, B. R. Cullis, K. Ramm, J. Greenwood, E. J. Finnegan, B. Trevaskis,
S. M. Swain, Ppd-1 is a key regulator of inflorescence architecture and paired spikelet
development in wheat. Nat. Plants 1, 14016 (2015).

10. L.E.Dixon, J. R. Greenwood, S. Bencivenga, P. Zhang, J. Cockram, G. Mellers, K. Ramm,

C. Cavanagh, S. M. Swain, S. A. Boden, TEOSINTE BRANCHED1 regulates inflorescence
architecture and development in bread wheat (Triticum aestivum). Plant Cell 30, 563-581
(2018).

11. O.Dobrovolskaya, C. Pont, R. Sibout, P. Martinek, E. Badaeva, F. Murat, A. Chosson,
N. Watanabe, E. Prat, N. Gautier, V. Gautier, C. Poncet, Y. L. Orlov, A. A. Krasnikov,
H. Berges, E. Salina, L. Laikova, J. Salse, FRIZZY PANICLE drives supernumerary spikelets
in bread wheat. Plant Physiol. 167, 189-199 (2015).

12. N.Poursarebani, T. Seidensticker, R. Koppolu, C. Trautewig, P. Gawroriski, F. Bini,
G. Govind, T. Rutten, S. Sakuma, A. Tagiri, G. M. Wolde, H. M. Youssef, A. Battal,
S. Ciannamea, T. Fusca, T. Nussbaumer, C. Pozzi, A. Bérner, U. Lundqvist, T. Komatsuda,
S. Salvi, R. Tuberosa, C. Uauy, N. Sreenivasulu, L. Rossini, T. Schnurbusch, The genetic
basis of composite spike form in barley and ‘miracle-wheat'. Genetics 201, 155-165 (2015).

13. G. Chuck, R. Meeley, S. Hake, The control of maize spikelet meristem fate by
the APETALA2-like gene indeterminate spikelet1. Genes Dev. 12, 1145-1154 (1998).

14. M. Komatsu, A. Chujo, Y. Nagato, K. Shimamoto, J. Kyozuka, FRIZZY PANICLE is required
to prevent the formation of axillary meristems and to establish floral meristem identity
in rice spikelets. Development 130, 3841-3850 (2003).

15. N.Satoh-Nagasawa, N. Nagasawa, S. Malcomber, H. Sakai, D. Jackson, A trehalose
metabolic enzyme controls inflorescence architecture in maize. Nature 441, 227-230
(2006).

16. A.Yoshida, M. Sasao, N. Yasuno, K. Takagi, Y. Daimon, R. Chen, R. Yamazaki, H. Tokunaga,
Y. Kitaguchi, Y. Sato, Y. Nagamura, T. Ushijima, T. Kumamaru, S. lida, M. Maekawa,

J. Kyozuka, TAWAWAT, aregulator of rice inflorescence architecture, functions through
the suppression of meristem phase transition. Proc. Natl. Acad. Sci. U.S.A. 110, 767-772
(2013).

17. J.Itoh, K. Hibara, Y. Sato, Y. Nagato, Developmental role and auxin responsiveness of class
Il homeodomain leucine zipper gene family members in rice. Plant Physiol. 147,
1960-1975 (2008).

18. J.F.Emery, S.K. Floyd, J. Alvarez, Y. Eshed, N. P. Hawker, A. Izhaki, S. F. Baum,

J. L. Bowman, Radial patterning of Arabidopsis shoots by class Ill HD-ZIP and KANADI
genes. Curr. Biol. 13, 1768-1774 (2003).

19. D.Otsuga, B. DeGuzman, M. J. Prigge, G. N. Drews, S. E. Clark, REVOLUTA regulates
meristem initiation at lateral positions. Plant J. 25, 223-236 (2001).

20. R.Zhong, Z-H.Ye, Amphivasal vascular bundle 1, a gain-of-function mutant of the IFL1/
REV gene, is associated with alterations in the polarity of leaves, stems and carpels.
Plant Cell Physiol. 45, 369-385 (2004).

14of 16


https://science.org/doi/10.1126/sciadv.abn5907
https://science.org/doi/10.1126/sciadv.abn5907
https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.abn5907

SCIENCE ADVANCES | RESEARCH ARTICLE

21. M.T.Juarez, J. S. Kui, J. Thomas, B. A. Heller, M. C. P. Timmermans, microRNA-mediated
repression of rolled leaf1 specifies maize leaf polarity. Nature 428, 84-88 (2004).

22. T.Zhang, Y.Li, L. Ma, X. Sang, Y. Ling, Y. Wang, P. Yu, H. Zhuang, J. Huang, N. Wang,
F.Zhao, C. Zhang, Z. Yang, L. Fang, G. He, LATERAL FLORET 1 induced the three-florets
spikelet in rice. Proc. Natl. Acad. Sci. U.S.A. 114, 9984-9989 (2017).

23. T.Zhang, J.You, Y.Zhang, W. Yao, W. Chen, Q. Duan, W. Xiao, L. Ye, Y. Zhou, X. Sang,

Y. Ling, G. He, Y. Li, LF1 regulates the lateral organs polarity development in rice.
New Phytol. 231, 1265-1277 (2021).

24. L.E.Dixon, A.Farré, E. J. Finnegan, S. Orford, S. Griffiths, S. A. Boden, Developmental
responses of bread wheat to changes in ambient temperature following deletion
of alocus that includes FLOWERING LOCUS T1. Plant Cell Environ. 41, 1715-1725 (2018).

25. A.Gauley, S. A. Boden, Stepwise increases in FT1 expression regulate seasonal
progression of flowering in wheat (Triticum aestivum). New Phytol. 229, 1163-1176
(2021).

26. L.M.Shaw, A.S. Turner, L. Herry, S. Griffiths, D. A. Laurie, Mutant alleles of Photoperiod-1
in wheat (Triticum aestivum L.) that confer a late flowering phenotype in long days.
PLOS ONE 8, 79459 (2013).

27. D.Chevalier, M. Batoux, L. Fulton, K. Pfister, R. K. Yadav, M. Schellenberg, K. Schneitz,
STRUBBELIG defines a receptor kinase-mediated signaling pathway regulating organ
development in Arabidopsis. Proc. Natl. Acad. Sci. U.S.A. 102, 9074-9079 (2005).

28. B.Eyubogluy, K. Pfister, G. Haberer, D. Chevalier, A. Fuchs, K. F. X. Mayer, K. Schneitz,
Molecular characterisation of the STRUBBELIG-RECEPTOR FAMILY of genes encoding
putative leucine-rich repeat receptor-like kinases in Arabidopsis thaliana. BMIC Plant Biol. 7,
16 (2007).

29. K.Li, J. M. Debernardi, C. Li, H. Lin, C. Zhang, J. Jernstedt, M. von Korff, J. Zhong,

J. Dubcovsky, Interactions between SQUAMOSA and SHORT VEGETATIVE PHASE
MADS-box proteins regulate meristem transitions during wheat spike development.
Plant Cell 33, 3621-3644 (2021).

30. N.M.Adamski, J. Simmonds, J. F. Brinton, A. E. Backhaus, Y. Chen, M. Smedley, S. Hayta,
T. Florio, P. Crane, P. Scott, A. Pieri, O. Hall, J. E. Barclay, M. Clayton, J. H. Doonan, C. Nibau,
C. Uauy, Ectopic expression of Triticum polonicum VRT-A2 underlies elongated glumes
and grains in hexaploid wheat in a dosage-dependent manner. Plant Cell 33, 2296-2319
(2021).

31. J.Liu, Z. Chen, Z. Wang, Z. Zhang, X. Xie, Z. Wang, L. Chai, L. Song, X. Cheng, M. Feng,
X.Wang, Y. Liu, Z. Hu, J. Xing, Z. Su, H. Peng, M. Xin, Y. Yao, W. Guo, Q. Sun, J. Liu, Z. Ni,
Ectopic expression of VRT-A2 underlies the origin of Triticum polonicum and Triticum
petropavlovskyi with long outer glumes and grains. Mol. Plant 14, 1472-1488 (2021).

32. J.Xiao, Y.Chen, Y. Lu, Z. Liu, D. Si, T. Xu, L. Sun, Z. Wang, C. Yuan, H. Sun, X. Zhang,

M. Wen, L. Wei, W. Zhang, H. Wang, X. Wang, A natural variation of an SVP MADS-box
transcription factor in Triticum petropavlovskyi leads to its ectopic expression
and contributes to elongated glume. Mol. Plant 14, 1408-1411 (2021).

33. A.E.Backhaus, A. Lister, M. Tomkins, N. M. Adamski, J. Simmonds, I. Macaulay, R. J. Morris,
W. Haerty, C. Uauy. High expression of the MADS-box gene VRT2 increases the number
of rudimentary basal spikelets in wheat. Plant Physiol. Apr 4:kiac156. doi: 10.1093/
plphys/kiac156 Epub ahead of print. PMID: 35377414 (2022).

34. YiChen,Y.Liu, J. Zhang, A. Torrance, N. Watanabe, N. M. Adamski, C. Uauy,

The T. isphanicum elongated glume locus P2 maps to chromosome 6A and is associated
with the ectopic expression of SVP-AT. bioRxix 10.1101/2022.01.27.478079 [Preprint].
28 January 2022. https://doi.org/10.1101/2022.01.27.478079.

35. R.Morimoto, T. Kosugi, C. Nakamura, S. Takumi, Intragenic diversity and functional
conservation of the three homoeologous loci of the KN 1-type homeobox gene Wknox1
in common wheat. Plant Mol. Biol. 57, 907-924 (2005).

36. R.Benjamins, A. Quint, D. Weijers, P. Hooykaas, R. Offringa, The PINOID protein kinase
regulates organ development in Arabidopsis by enhancing polar auxin transport.
Development 128, 4057-4067 (2001).

37. A.Gallavotti, S. Malcomber, C. Gaines, S. Stanfield, C. Whipple, E. Kellogg, R. J. Schmidt,
BARREN STALK FASTIGIATE1 is an AT-hook protein required for the formation of maize
ears. Plant Cell 23, 1756-1771 (2011).

38. P. M. Steen, S. Malcomber, A. Skirpan, C. Lunde, X. Wu, E. Kellogg, S. Hake, Barren
inflorescence2 encodes a co-ortholog of the PINOID serine/threonine kinase and is
required for organogenesis during inflorescence and vegetative development in maize.
Plant Physiol. 144, 1000-1011 (2007).

39. X.J.Song, T.Kuroha, M. Ayano, T. Furuta, K. Nagai, N. Komeda, S. Segami, K. Miura,

D. Ogawa, T. Kamura, T. Suzuki, T. Higashiyama, M. Yamasaki, H. Mori, Y. Inukai, J. Wu,

H. Kitano, H. Sakakibara, S. E. Jacobsen, M. Ashikari, Rare allele of a previously unidentified
histone H4 acetyltransferase enhances grain weight, yield, and plant biomass in rice.
Proc. Natl. Acad. Sci. U.S.A. 112, 76-81 (2015).

40. H.Tabuchi, Y. Zhang, S. Hattori, M. Omae, S. Shimizu-Sato, T. Oikawa, Q. Qian,

M. Nishimura, H. Kitano, H. Xie, X. Fang, H. Yoshida, J. Kyozuka, F. Chen, Y. Sato, LAX
PANICLE2 of rice encodes a novel nuclear protein and regulates the formation of axillary
meristems. Plant Cell 23, 3276-3287 (2011).

Dixon et al., Sci. Adv. 8, eabn5907 (2022) 11 May 2022

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Y.Yin, Z.Y. Wang, S. Mora-Garcia, J. Li, S. Yoshida, T. Asami, J. Chory, BES1 accumulates

in the nucleus in response to brassinosteriods to regulate gene expression and promote
stem elongation. Cell 109, 181-191 (2002).

K.Zhang, R. Wang, H. Zi, Y. Li, X. Cao, D. Li, L. Guo, J. Tong, Y. Pan, Y. Jiao, R. Liu, L. Xiao,

X. Liu, AUXIN RESPONSE FACTORS3 regulates floral meristem determinacy by repressing
cytokinin biosynthesis and signaling. Plant Cell 30, 324-346 (2018).

V. Coneva, T. Zhu, J. Colasanti, Expression differences between normal

and indeterminatel maize suggest downstream targets of ID1, a floral transition regulator
in maize. J. Exp. Bot. 58, 3679-3693 (2007).

B.J.Reinhart, T. Liu, N. R. Newell, E. Magnani, T. Huang, R. Kerstetter, S. Michaels,

M. K. Barton, Establishing a framework for the Ad/abaxial regulatory network

of Arabidopsis: Ascertaining targets of class Il homeodomain leucine zipper and KANADI
regulation. Plant Cell 25, 3228-3249 (2013).

J. Peng, D. E. Richards, N. M. Hartley, G. P. Murphy, K. M. Devos, J. E. Flintham, J. Beales,
L.J. Fish, A. J. Worland, F. Pelica, D. Sudhakar, P. Christou, J. W. Snape, M. D. Gale,

N. P. Harberd, ‘Green revolution’ genes encode mutant gibberellin response modulators.
Nature 400, 256-261 (1999).

M. J. Prigge, D. Otsuga, J.. M. Alonso, J. R. Ecker, G. N. Drews, S. E. Clark, Class IlI
homeodomain-leucine zipper gene family members have overlapping, antagonistic,
and distinct roles in Arabidopsis development. Plant Cell 17, 61-76 (2005).

M. A. Kirkman, B. J. Miflin, The nitrate content and amino acid composition of the xylem
fluid of spring wheat throughout the growing season. J. Sci. Food Agri. 30, 653-660 (1979).
H. Rawson, Spikelet number, its control and relation to yield per ear in wheat. Aust. J. Biol. Sci.
23,1-15(1970).

S. Sakuma, G. Golan, Z. Guo, T. Ogawa, A. Tagiri, K. Sugimoto, N. Bernhardt, J. Brassac,

M. Mascher, G. Hensel, S. Ohnishi, H. Jinno, Y. Yamashita, I. Ayalon, Z. Peleg,

T. Schnurbusch, T. Komatsuda, Unleashing floret fertility in wheat through the mutation
of ahomeobox gene. Proc. Natl. Acad. Sci. U.S.A. 116, 5182-5187 (2019).

A. C. Mallory, B. J. Reinhart, M. W. J.-Rhoades, G. Tang, P. D. Zamore, M. K. Barton,

D. P. Bartel, MicroRNA control of PHABULOSA in leaf development: Importance of pairing
to the microRNA 5' region. EMBO J. 23, 3356-3364 (2004).

C. Uauy, B. B. H. Wulff, J. Dubcovsky, Combining traditional mutagenesis with new
high-throughput sequencing and genome editing to reveal hidden variation in polyploid
wheat. Annu. Rev. Genet. 51, 435-454 (2017).

J. M. Debernardi, H. Lin, G. Chuck, J. D. Faris, J. Dubcovsky, microRNA172 plays a crucial
role in wheat spike morphogenesis and grain threshability. Development 144, 1966-1975
(2017).

J.R.Greenwood, E. J. Finnegan, N. Watanabe, B. Trevaskis, S. M. Swain, New alleles

of the wheat domestication gene Q reveal multiple roles in growth and reproductive
development. Development 144, 1959-1965 (2017).

R. H.R.-Gonzalez, P. Borrill, D. Lang, S. A. Harrington, J. Brinton, L. Venturini, M. Davey,
J.Jacobs, F. van Ex, A. Pasha, Y. Khedikar, S. J. Robinson, A. T. Cory, T. Florio, L. Concia,

C. Juery, H. Schoonbeek, B. Steuernagel, D. Xiang, C. J. Ridout, B. Chalhoub, K. F. X. Mayer,
M. Benhamed, D. Latrasse, A. Bendahmane; International Wheat Genome Sequencing
Consortium, B. B. H. Wulff, R. Appels, V. Tiwari, R. Datla, F. Choulet, C. J. Pozniak,

N.J. Provart, A. G. Sharpe, E. Paux, M. Spannag|, A. Brautigam, C. Uauy, The transcriptional
landscape of polyploid wheat. Science 361, eaar6089 (2018).

B. C. Sharman, Developmental anatomy of the inflorescence of bread wheat (Triticum
aestivum L.) during normal initiation and when affected by 2,4-D. Ann. Bot. 52, 621-639
(1983).

H. M. Youssef, K. Eggert, R. Koppolu, A. M. Alqudah, N. Poursarebani, A. Fazeli, S. Sakuma,
A. Tagiri, T. Rutten, G. Govind, U. Lundqyvist, A. Graner, T. Komatsuda, N. Sreenivasulu,

T. Schnurbusch, VRS2 regulates hormone-mediated inflorescence patterning in barley.
Nat. Genet. 49, 157-161 (2017).

Z.Dong, Y. Xiao, R. Govindarajulu, R. Feil, M. L. Siddoway, T. Nielsen, J. E. Lunn, J. Hawkins,
C. Whipple, G. Chuck, The regulatory landscape of a core maize domestication module
controlling bud dormancy and growth repression. Nat. Commun. 10, 3810 (2019).

C. Uauy, J. C. Brevis, J. Dubcovsky, The high grain protein content gene Gpc-B1
accelerates senescence and has pleiotropic effects on protein content in wheat. J. Exp. Bot.
57, 2785-2794 (2006).

C. Uauy, A. Distelfeld, T. Fahima, A. Blechl, J. Dubcovsky, A NAC gene regulating
senescence improves grain protein, zinc, and iron content in wheat. Science 314,
1298-1301 (2006).

K. Houston, S. M. McKim, J. Comadran, N. Bonar, I. Druka, N. Uzrek, E. Cirillo, J. Guzy-Wrobelska,
N. C. Collins, C. Halpin, M. Hansson, C. Dockter, A. Druka, R. Waugh, Variation

in the interaction between alleles of HYAPETALA2 and microRNA172 determines

the density of grains on the barley inflorescence. Proc. Natl. Acad. Sci. U.S.A. 110,
16675-16680 (2013).

Y. Jiao, Y. Wang, D. Xue, J. Wang, M. Yan, G. Liu, G. Dong, D. Zeng, Z. Lu, X. Zhu,

Q. Qian, J. Li, Regulation of OsSPL14 by OsmiR156 defines ideal plant architecture
inrice. Nat. Genet. 42, 541-544 (2010).

150f 16


10.1093/plphys/kiac156
10.1093/plphys/kiac156
http://dx.doi.org/10.1101/2022.01.27.478079

SCIENCE ADVANCES | RESEARCH ARTICLE

62. K.Miura, M. Ikeda, A. Matsubara, X. J. Song, M. Ito, K. Asano, M. Matsuoka, H. Kitano,

M. Ashikari, OsSPL14 promotes panicle branching and higher grain productivity in rice.
Nat. Genet. 42, 545-549 (2010).

63. L.E.Dixon, I Karsai, T. Kiss, N. M. Adamski, Z. Liu, Y. Ding, V. Allard, S. A. Boden, S. Griffiths,
VERNALIZATIONT controls developmental responses of winter wheat under high ambient
temperatures. Development 146, dev172684 (2019).

64. Y.lIshida, M. Tsunashima, Y. Hiei, T. Komari, in Agrobacterium Protocols: Methods in
Molecular Biology, K. Wang, Ed. (Springer, 2015), pp. 189-198.

65. T.Risacher, M. Craze, S. Bowden, W. Paul, T. Barsby, Highly Efficient Agrobacterium-
Mediated Transformation of Wheat via In Planta Inoculation (Humana Press, 2009).

66. A.Athman, S.K.Tanz, V. M. Conn, C. Jordans, G. M. Mayo, W. W. Ng, R. A. Burton,

S.J. Conn, M. Gilliham, Protocol: A fast and simple in situ PCR method for localising gene
expression in plant tissue. Plant Methods 10, 29 (2014).

67. J.Brinton, J. Simmonds, C. Uauy, Ubiquitin-related genes are differentially expressed
inisogenic lines contrasting for pericarp cell size and grain weight in hexaploid wheat.
BMC Plant Biol. 18, 22 (2018).

68. M. Young, M. Wakefiled, G. Smyth, A. Oshlack, Gene ontology analysis for RNA-seq:
Accounting for selection bias. Genome Biol. 11, R14 (2010).

69. F.Supek, M. Bosnjak, N. Skunca, T. Smuc, REVIGO summarizes and visualizes long lists
of gene ontology terms. PLOS ONE 6, e21800 (2011).

70. R.J.Kinsella, A. Kahari, S. Haider, J. Zamora, G. Proctor, G. Spudich, J. A.-King, D. Staines,
P. Derwent, A. Kerhornou, P. Kersey, P. Flicek, Ensembl BioMarts: A hub for data retrieval
across taxonomic space. Database (Oxford) 2011, bar030 (2011).

71. H.Wickham, in ggplot2: Elegant graphics for data analysis (Springer, 2016), vol. 2019.

72. B.D.Weger, M. Weger, B. Gorling, A. Schink, C. Gobet, C. Keime, G. Poschet, B. Jost,

N. Krone, R. Hell, F. Gachon, B. Luy, T. Dickmeis, Extensive regulation of diurnal
transcription and metabolism by glucocorticoids. PLOS Genet. 12, e1006512 (2016).

73. K.Katoh, D. M. Standley, MAFFT multiple sequence alignment software version 7:
Improvements in performance and usability. Mol. Biol. Evol. 30, 772-780 (2013).

74. |.Sela, H. Ashkenazy, K. Katoh, T. Pupko, GUIDANCE2: Accurate detection of unreliable
alignment regions accounting for the uncertainty of multiple parameters. Nucleic Acids Res.
43, W7-W14 (2015).

75. K.Tamura, D. Peterson, N. Peterson, G. Stecher, M. Nei, S. Kumar, MEGA5: Molecular
evolutionary genetics analysis using maximum likelihood, evolutionary distance,
and maximum parsimony methods. Mol. Biol. Evol. 28, 2731-2739 (2011).

Dixon et al., Sci. Adv. 8, eabn5907 (2022) 11 May 2022

76. J.White, J. Kaper, A simple method for detection of viral satellite RNAs in small plant
tissue samples. J. Virol. Methods 23, 83-93 (1989).

77. Q.Guo, P.Q.Ng, S. Shi, D. Fan, J. Li, J. Zhao, H. Wang, R. David, P. Mittal, T. Do, R. Bock,
M. Zhao, W. Zhou, |. Searle, Arabidopsis TRM5 encodes a nuclear-localised bifunctional
tRNA guanine and inosine-N1-methyltransferase that is important for growth. PLOS ONE
14, 0225064 (2019).

Acknowledgments: We thank J. Ward (Rothamsted Research) for analyzing the amino acid
content in grain; E. Barclay (JIC) for expert microscopy assistance; E. Wallington and the Crop
Transformation Team (NIAB) for generating the wheat transgenic lines; S. Tyerman and

V. Pagay (University of Adelaide) for help with measuring hydraulic conductivity; and C. Dean,
E. Coen, A. Smith, and G. Moore for helpful discussions. We thank the Metabolomics Core
Technology Platform of the Excellence Cluster “CellNetworks” (University of Heidelberg;
ZUK49/2) for support with metabolite analyses. Funding: This work was supported by Royal
Society grant UF150081 (to S.A.B.); Biotechnology and Biological Sciences Research Council
grants BB/P016855/1, BB/T007133/1, and BB/J004588 (to S.A.B. and C.U.); Australian Research
Council FT210100810; South Australian Grains Industry Trust grant UA420 (to S.A.B.); the Waite
Research Institute (to S.A.B.); and the Australian government and University of Adelaide
Research Training Program (RTP) Ph.D. scholarship (to P.Q.N.) and research support funds (to
1.S.). Author contributions: Conceptualization: L.E.D., M.P., and S.A.B. Experimentation and
data analysis: LE.D., M.P, R.B, KA.L, P.QN., G.P,S.0., N.C,NM.A, JB,BS., ]S, and

S.A.B. Supervision: S.A.B., .R.S., and C.U. Writing (original draft): L.E.D., M.P., and S.A.B. Writing
(review and editing): All authors. Competing interests: The authors declare that they have no
competing interests. Data and materials availability: All data needed to evaluate the
conclusions in the paper are present in the paper and/or the Supplementary Materials. Raw
data for the RNA-seq and exome capture sequence experiments will be available through the
EMBL European Bioinformatics Institute (reference: PRIEB50830). The CAD1290 and CAD1761
TILLING lines can be provided by the Germplasm Resource Unit, John Innes Centre, pending
scientific review and a completed material transfer agreement. Requests for the
pOsActin:HB-D2 transgenic lines should be submitted to S.A.B.

Submitted 7 December 2021
Accepted 25 March 2022
Published 11 May 2022
10.1126/sciadv.abn5907

16 of 16



