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SUMMARY
Photoperiod insensitivity has been selected by breeders to help adapt crops to diverse environments and
farming practices. In wheat, insensitive alleles of Photoperiod-1 (Ppd-1) relieve the requirement of long day-
lengths to flower by promoting expression of floral promoting genes early in the season; however, these al-
leles also limit yield by reducing the number and fertility of grain-producing florets through processes that
are poorly understood. Here, we performed transcriptome analysis of the developing inflorescence using
near-isogenic lines that contain either photoperiod-insensitive or null alleles of Ppd-1, during stages
when spikelet number is determined and floret development initiates. We report that Ppd-1 influences the
stage-specific expression of genes with roles in auxin signaling, meristem identity, and protein turnover,
and analysis of differentially expressed transcripts identified bZIP and ALOG transcription factors, namely
PDB1 and ALOG1, which regulate flowering time and spikelet architecture. These findings enhance our un-
derstanding of genes that regulate inflorescence development and introduce new targets for improving yield
potential.
INTRODUCTION

Flowering time is a key adaptative trait that contributes substan-

tially to the reproductive fitness of plants by aligning fertilization

and seed production with favorable environmental conditions.

Ancient and modern breeders have used genetic variation for

photoperiod responsiveness to expand the geographic distribu-

tion of crop cultivation by accelerating flowering, which can limit

yield potential by reducing the number of flowers available for

grain or fruit production.1–9 With global demands for food rising,

an improved understanding of processes that act downstream of

photoperiod-responsive genes in inflorescences is required to

identify strategies for optimizing yield potential in fast-flowering

genotypes.

In long-day plants, such as bread wheat (Triticum aestivum L.),

flowering is promoted by the extending days of spring.1,10 The

responsiveness of wheat to long daylengths is determined

largely by allelic variation for Photoperiod-1 (Ppd-1), which en-

codes a pseudo-response regulator.1,9 Photoperiod-insensitive

alleles of Ppd-1 (e.g., Ppd-D1a) are used widely in breeding to

reduce the requirement for long daylengths, promoting flowering

earlier in the season, relative to sensitive alleles; early flowering

alleles help ensure grain is set in marginal environments where

seasonal conditions limit the duration of plant growth.11–14
2330 Current Biology 34, 2330–2343, June 3, 2024 ª 2024 The Autho
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Photoperiod-insensitive alleles accelerate flowering by hasten-

ing and increasing the expression of FLOWERING LOCUS T1

(FT1), a conserved floral activator, which is expressed in leaves

and transported to the shoot apical meristem to promote

inflorescence development.1,10,15,16 While the effect of photope-

riod-insensitive alleles on FT1 activity in leaves and the conse-

quences for flowering time are well characterized, very little is

known about their influence on gene expression in the devel-

oping inflorescence, particularly when spikelets and florets begin

to form.1,10,15,17,18 It is crucial that we learn more about the

effect of Ppd-1 on the developing inflorescence transcriptome

because photoperiod-insensitive alleles significantly reduce

spikelet number, floret number, and fertility, which are key yield

determinants.7,8,13 Knowledge of genes that act downstream of

Ppd-1 in the inflorescence could provide new breeding strate-

gies to improve yield potential by balancing the effects of photo-

period insensitivity on flowering time and grain production.7,8,15

To investigate the effect of Ppd-1 on gene expression in the

inflorescence, we performed RNA sequencing (RNA-seq) tran-

scriptome analysis during early developmental stages using

near isogenic lines (NILs) that contain either photoperiod-insen-

sitive or -sensitive alleles of Ppd-1, or are ppd-1 null mutants

across all three genomes.10,11,17 Our analysis shows that

Ppd-1 modifies the activation and suppression of gene activity
rs. Published by Elsevier Inc.
://creativecommons.org/licenses/by-nc/4.0/).
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Figure 1. The transcriptional landscape of

early inflorescence development in wheat

(A) Ternary plots showing relative transcript abun-

dance of 21,627 gene triads during vegetative (VG),

double ridge (DR), lemma primordium (LP), and

terminal spikelet (TS) stages. Each corner repre-

sents the A (purple arrow), B (purple arrow), or D

genome (yellow arrow), with the scale representing

percentage contribution by that genome: lighter

shades of blue represent higher transcript density.

(B) A summary of transcripts that are significantly

up- (red) or downregulated (blue) between succes-

sive stages of inflorescence development in wild

type (cv. Paragon).

(C) Transcript clusters that show stage-specific

profiles at VG (C2), DR (C5 and C14), LP (C8 and

C0), and TS (C13).

(D–G) Heatmaps displaying transcripts from the C2

(D), C5 (E), C8 (F), and C13 (G) that encode proteins

enriched in the GO terms identified in the respective

clusters. In C2, transferases (indigo text) and ki-

nases (red); C5, auxin signaling/transport (black,

also for C13), meristem maintenance (blue, also

for C13), and flowering (green); C8, ubiquitination/

SUMOylation (orange) and transcriptional process

(purple); C13, cell-cycle/chromatin regulation (pink).

Data are normalized TPM values of three biological

replicates shown as a log2 fold changes, relative to

either TS (D) or VG (E–G) stages.

See also Figures S1 and S2 and Data S1 and S2.
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during early stages of inflorescence development and influences

the expression of genes involved in core biological processes

including translation and protein degradation. Through analysis

of differentially expressed transcripts (DETs), we identified a

bZIP and an ALOG transcription factor that repress flowering

and modify spikelet number and architecture, providing new in-

sights about the genes that act downstream of Ppd-1 to control

key agronomic traits.

RESULTS

Transcriptome analysis of early wheat inflorescence
development
To investigate the influence of Ppd-1 during early inflorescence

development, we first analyzed the transcriptome of cv. Paragon

(herein referred to as wild type [WT]), which is the genetic back-

ground of the NILs that contain photoperiod-insensitive and null

alleles of Ppd-1.11,17,18 We performed RNA-seq transcriptome

analysis on developing inflorescences from field-grown plants
Curren
at four developmental stages: vegetative

(VG), double ridge (DR), lemma primor-

dium (LP), and terminal spikelet (TS). These

stages were selected because they mark

key events of the vegetative-to-reproduc-

tive transition, including the initiation

of spikelet and floret development, and

they are modified by allelic variation for

Ppd-1.7,10,15,17,19 Our analysis detected a

similar number of transcripts at each of

the four stages, based on a threshold value
of >0.5 transcripts per million (TPM): 76,439 transcripts (64,550

unique genes, 54,227 high-confidence [HC] and 22,212 low-con-

fidence [LC] transcripts) were expressed at VG, 77,215 at DR

(65,070 unique genes, 53,787 HC and 23,428 LC), 79,240 at

LP (66,567 unique genes, 55,435 HC and 23,805 LC), and

78,119 (66,097 unique genes, 54,717 HC and 23,402 LC) at TS

(Data S1). The proportion of genes expressed from each genome

was consistent across the four stages, with the A, B, and D ge-

nomes contributing approximately 33.5%, 30.5%, and 36% of

the detected transcripts, respectively (Figure 1A; Data S1). The

stronger contribution of transcripts from the A and D genomes

shown here is consistent with analyses of spike transcriptomes

from Chinese Spring and Azhurnaya20; however, the bias toward

the D genome of Paragon is stronger than that detected in the

other genotypes.21,22

Having detected transcripts present at each stage, we asked

how gene expression changed during early inflorescence devel-

opment by identifying DETs between consecutive stages (Fig-

ure 1B; Data S2A). We detected 3,562 and 5,423 transcripts
t Biology 34, 2330–2343, June 3, 2024 2331
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that were significantly up- and downregulated, respectively, be-

tween the VG and DR stages, 1,993 and 917 transcripts between

DR and LP, and 1,219 and 1,035 transcripts between LP and TS

(q < 0.05). These results indicate there is a more pronounced

change in the transcriptome during the vegetative-to-reproduc-

tive transition relative to later stages, and that inflorescence

development involves coordinated repression and activation of

gene expression.

To further investigate stage-specific changes in gene expres-

sion, we clustered the 30,000 most abundant transcripts based

on their expression profiles across the four stages. The analysis

identified 15 clusterswith unique expression profiles that included

14,535 transcripts, with the remaining 15,465 transcripts falling

into the non-clustered category (Figure S1; Data S2B). Among

the clusters, we detected profiles that displayed specific up- or

downregulation at each developmental stage (Figure 1C). For

example, cluster 2 (C2) included 322 transcripts that peaked at

VG, followed by significant downregulation at DR and remaining

stages (Figure 1C; Data S2B). Gene ontology (GO) term analysis

showed these transcripts were enriched for transcripts encoding

proteins with transferase, catalytic, and protein serine/threonine

kinase activity, including glucosyltransferases, sulfotransferases,

and methyltransferases, and calcium-dependent and mitogen-

activated protein kinases (Figures 1D and S2; Data S2C and

S2D). Several C2 genes perform roles in cell wall biosynthesis,

suggesting the vegetative-to-reproductive transition involves re-

configuration of cell walls in the developing inflorescence.23,24

Cluster 5 (C5) contained 434 transcripts that peaked at DR,

relative to VG, LP, and TS. C5 transcripts were enriched for

GO terms involved in auxin-activated signaling, floral develop-

ment, and DNA/RNA binding (Figures 1C, 1E, and S2; Data

S2B, S2C, and S5). Auxin signaling genes included those

involved in auxin transport (e.g., PIN-FORMED; PIN), regulation

of auxin homeostasis (e.g., Gretchen Hagen 3.5; GH3.5),

auxin-response factors (ARFs; e.g., ARF1, ARF2, ARF3, and

ARF5), and homologs of Arabidopsis genes that respond to

auxin (e.g., IAA27)25–29 (Figures 1E and S2; Data S2D). These

results indicate auxin plays an important role during the vegeta-

tive-to-reproductive transition and establishment of an inflores-

cence meristem or axillary meristems that will form spikelets,

which is consistent with reports in maize and that auxin treat-

ment modified wheat inflorescence architecture when applied

during early reproductive stages.25,30 Floral development tran-

scripts included those with roles in meristem growth (e.g.,

BARELY ANY MERISTEMS1), differentiation of floral organs,

and flowering-time regulation31–33 (Figures 1E and S2; Data

S2D). The profile of C5 transcripts was mirrored by those of

C14, which displayed substantially lower expression at DR rela-

tive to the other stages (Figure 1C). C14 transcripts were en-

riched for genes encoding proteins with roles in chromatin as-

sembly and organization (Data S2B and S2C), suggesting there

may be a pause in chromatin remodeling at DR.

LP was defined by C8 and C0, which contained transcripts

that were substantially up- or downregulated, respectively, rela-

tive to the other three stages; C0 and C8 contained the most

transcripts of the 15 identified clusters (Figures 1C, 1F, S1, and

S2; Data S2B and S2D). The 3,278 transcripts of C8 were en-

riched for ubiquitination/SUMOylation and transcription-related

GO terms (Data S2B and S2C). For example, C8 transcripts
2332 Current Biology 34, 2330–2343, June 3, 2024
encode ubiquitin- and SUMO-conjugating enzymes, ubiquitin

and SUMO E3 ligases, and components of the COP9 signalo-

some (CONSTITUTIVE PHOTOMORPHOGENESIS 9) and SCF

(Skp, Cullin, F-box) complexes that facilitate protein degradation

(Figures 1F and S2, Data S2C and S2D).34 C8 also included tran-

scripts encoding RNA polymerase subunits, components of the

Mediator complex, and histone acetyltransferases (Figures 1F

and S2; Data S2C and S2D). C9 transcripts shared a similar pro-

file to C8 and included ubiquitin-related genes, supporting the

idea that protein degradation is a core process of LP (Figure S1;

Data S2B). The 5,176 transcripts of C0 were enriched for GO

terms related to translation and RNA processing (Data S2C).

Transcripts included those encoding small and large ribosome

subunits, translation initiation and elongation factors, transfer

RNA (tRNA) synthases and ligases, poly(A)-binding proteins,

and pre-mRNA splicing factors (Figure S2; Data S2B and S2D).

Along with the enrichment of ubiquitin-related genes in C8, these

results indicate LPmarks a key transition stage for transcript and

protein turnover in the developing inflorescence.

C13 contained transcripts that were upregulated specifically

at TS and were enriched for genes encoding proteins with roles

in nuclear division, cell-cycle control, and inositol metabolism

(Figures 1C, 1G, and S2; Data S2B–S2D). C13 transcripts also

encode proteins that regulate cell proliferation and meristem

maintenance and perform roles in auxin signaling and floral

development (e.g., PISTILLATA; Figure 1G).35–40 Together, the

cluster analysis indicates that coordination of the reproductive

transition and initiation of spikelet and floret development in-

volves stage-specific up- and downregulation of genes that

perform roles in diverse biological processes, including auxin

signaling, meristem maintenance, floral development, transcrip-

tion, and protein turnover.

Photoperiod-1 regulates the transcriptome landscape
of early inflorescence development
Having established a reference inflorescence transcriptome, we

asked how allelic variation forPpd-1 influences gene expression.

This analysis was performed using NILs that contain either the

photoperiod-insensitive Ppd-D1a allele or loss-of-function al-

leles for Ppd-1 on all three genomes (ppd-1 null).11,17,18 We de-

tected a similar number of transcripts for each NIL across the

four developmental stages as those identified in WT, with

approximately 64,000–68,000 unique genes (53,000–56,000

HC and 23,000–24,000 LC) expressed in both genotypes during

the four stages (Data S3 and S4). Similarly, the proportion of

genes contributed by each genome remained stable (33.5%,

30.5%, and 36% from the A, B, and D genome), indicating

Ppd-D1a alleles do not uniquely modify the D genome relative

to the other two genomes (Figures 2A and 2B). Most transcripts

that were differentially expressed (q < 0.05) in the Ppd-D1a NIL,

relative to WT, were detected during VG, LP, and TS (3,274/

3,451; 94.9%; Figure 2C; Data S5), which is consistent with rapid

onset of the reproductive transition and spikelet termination of

photoperiod-insensitive lines. Interestingly, a higher proportion

of DETs were downregulated (2,173/3,451; 63%), relative to

those that were upregulated (1,278; 37%), indicating the acceler-

ated inflorescence development and flowering of photoperiod-

insensitive lines may be as much due to suppression of genes

that maintain a vegetative state as the activation of transcripts
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Figure 2. Ppd-1 allelism influences the transcriptome of early wheat inflorescence development

(A and B) Ternary plots showing relative expression abundance of 21,627 gene triads during vegetative (VG), double ridge (DR), lemma primordium (LP), and

terminal spikelet (TS) stages in photoperiod-insensitive (A, Ppd-D1a) and null (B, ppd-1) lines. Lighter shades of blue represent higher transcript density.

(C) A summary of transcripts that are significantly up- and downregulated between WT and the Ppd-D1a (green) and ppd-1 (magenta) NILs at each of the

four stages.

(D) Principal component analysis of transcript libraries from the three genotypes (WT, Ppd-D1a, and ppd-1) across all four stages, with each condition containing

three replicates.

See also Figures S2 and S3 and Data S1, S2, S3, S4, and S5.
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that promote spikelet and floret development (Figure 2C; Data

S5). For the late-flowering ppd-1 NIL, we found an equal propor-

tion of DETs were up- (13,123/29,835; 44%) and downregulated

(16,172; 56%), relative to WT, with a greater number of DETs

(29,835) compared to the Ppd-D1a NIL (3,451; Figure 2C; Data

S5). A substantial proportion of the DETs (62%) were detected

at TS, consistent with spikelet development terminating later in

ppd-1, compared to WT. The higher number of DETs in ppd-1

was supported by principal component analysis, which showed

ppd-1 libraries at each stage clustered away from those of WT

and the photoperiod-insensitive NIL (Figure 2D). Similarly, com-

parisons to WT clusters showed fewer transcripts exhibited the

same profile in ppd-1 (640 transcripts), relative to those ex-

pressed in Ppd-D1a (838 transcripts), and gene-network anal-

ysis showed that no transcripts shared the same profile as
Ppd-B1 and Ppd-D1 in the ppd-1 NIL, unlike WT and the photo-

period-insensitive line, where multiple genes are co-expressed

with Ppd-B1 (827 and 1,846 genes, respectively) and Ppd-D1

(827 and 2,383 genes, respectively; Figure S3; Data S2B and

S2E–S2G). Together, these results indicate genetic variation

for Ppd-1 substantially modifies the transcriptome of early inflo-

rescence development in wheat, and that absence of Ppd-1

function has a more pronounced effect than photoperiod-insen-

sitive alleles.

Next, we asked how Ppd-1 expression in the inflorescence

changed in the two NILs, relative to WT. In the photoperiod-

insensitive line, Ppd-B1 and D1 expression increased signifi-

cantly at TS, relative to WT, while Ppd-A1 transcript levels

were similar (Figure S3). In ppd-1, Ppd-D1 was upregulated

like it is in the leaf, indicating Ppd-D1 expression responds to
Current Biology 34, 2330–2343, June 3, 2024 2333
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leles of Ppd-1 modify stage-specific expres-

sion of transcripts during wheat inflores-

cence development

(A) A comparison of the transcript clusters detected

in WT, photoperiod-insensitive (Ppd-D1a), and null

(ppd-1) lines across early stages of inflorescence

development (VG, DR, LP, and TS). Clusters include

the 30,000 most abundant transcripts, and each

cluster contains at least 20 genes.

(B) An alluvial plot demonstrating the shift in tran-

script expression profiles of Ppd-D1a and ppd-1

lines, relative to WT—the cluster numbers and

colors correspond to those shown in (A), and line

thickness indicates transcript numbers. NC, no

cluster; transcripts do not alter during the analyzed

stages.

See also Figure S3 and Data S1, S2, S3, S4,

and S5.
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absence of Ppd-B1 (Figure S3).10 Expression of Ppd-A1 re-

mained low in ppd-1, and there were no Ppd-B1 transcripts.

Thus, Ppd-1 is expressed in the developing inflorescence, and

variant Ppd-1 alleles influence expression of their homeologs

during inflorescence development.10,15

To further investigate the influence of Ppd-1 on stage-specific

gene expression, we asked how insensitive and null alleles

modify the transcript clusters detected in WT. Of the 15 clusters,

10 and 13 comparable clusters were identified in the Ppd-D1a

and ppd-1 NILs, respectively (Figure 3A; Data S2E and S2F). A

substantial proportion of genes that did not cluster in WT formed

distinct profiles in the Ppd-D1a and ppd-1 lines (57.7% and

49.5%, respectively), such that 15 and 17 unique clusters were

detected in the photoperiod-insensitive and null NIL, respec-

tively (Figure 3). Regarding stage-specific clusters, transcripts

of C2 were expressed lower at VG in the photoperiod-insensitive

line, relative to WT, such that genes were not downregulated at

DR, indicating a shift of Ppd-D1a VG inflorescences toward be-

ing more like DR of WT. In the null line, most C2 transcripts

showed a similar profile to WT but were expressed less at VG,

with multiple transcripts shifted to the non-clustered category

for ppd-1 (Figures 3B and S2; Data S2D). The advanced progres-

sion of inflorescence development in the photoperiod-insensi-

tive line was supported by analysis of transcripts from C5 of

WT, where transcripts peaked specifically at DR; many tran-

scripts displayed strong VG expression in the Ppd-D1a NIL

(Figures 3B and S2; Data S2D). In ppd-1, many C5 transcripts

displayed a similar profile to WT but were either up- or downre-

gulated, with BAM, ARF2,GH3.5/6, and PIN expressed higher in

ppd-1 thanWT, while fewerARF3 andARF5 transcripts were de-

tected (Figures 3B and S2; Data S2D).

The genotype-dependent shifts in expressionprofiles relative to

development continued during later stages (Figure 3B). For

example,C8 transcripts encodingproteinswith roles inubiquitina-

tion/SUMOylation peaked earlier at DR in Ppd-D1a, with some

sustaining expression through to TS (Figure S2; Data S2D). In

ppd-1, transcripts encoding SUMOylation and ubiquitination pro-

teinspeakedearlier atDRanddippedatLP, except for ubiquitinE3

ligases, which climaxed at LP but were more abundant in ppd-1
2334 Current Biology 34, 2330–2343, June 3, 2024
than WT. Similarly, transcripts encoding proteins that perform

roles in transcription peaked earlier at DR and to lower levels in

the photoperiod-insensitive line, relative to WT, while these tran-

scripts climaxed at DR or TS in ppd-1. For C0 genes that were

downregulated at LP, transcripts encoding ribosomal proteins

did not fall at LP in the photoperiod-insensitive line as much as

they did in WT, nor did they show strong upregulation at TS (Fig-

ure S2; Data S2D). In ppd-1, transcripts encoding ribosome sub-

units dropped between VG and DR and continued to fall through

LP and TS. Similar trends were observed for genes encoding

eukaryotic translation initiation factors, poly(A)-binding proteins,

andcap-bindingproteins. C0genes encoding splicing factors dis-

played stable expression betweenDRand TS inPpd-D1a, with no

dropatLP,while these transcriptswerestablebetweenDRandLP

in ppd-1 but trended downward at TS, which is opposite to WT

(Figure S2; Data S2D). At TS, C13 transcripts that encodeproteins

involved in nuclear division and cell-cycle control, auxin signaling,

and meristem maintenance dipped earlier at DR in Ppd-D1a,

rather than at LP as they did in WT, but they maintained a peak

at TS (Figure S2; Data S2D). In ppd-1, these transcripts peaked

at LP rather than TS. Taken together, these data indicate Ppd-1

substantially influences stage-specific expression of transcripts

during inflorescence development, with gene expression profiles

shifting earlier in the photoperiod-insensitive line, relative to WT,

while they are often delayed or reduced in ppd-1.

Ppd-1 is required for correct expression of spikelet
development genes
To investigate the effect of Ppd-1 on the activity of genes that in-

fluence spikelet and floret formation, we examined transcripts

encoding MADS-box transcription factors, including genes that

regulate spikelet architecture and floral development41–46 (Fig-

ure 4A; Data S2H). Transcripts of these genes grouped into eight

clusters in WT, with each resolving largely into functional classes

of floral development (Figure 4A). Two clusters identified tran-

scripts encoding APETALA1-like (VRN1, AP1-2, and AP1-3)

and SEPALLATA-like (SEP1 and SEP3) transcription factors of

the A and E classes, which are expressed at a relatively low level

during VG before rising during DR and LP.44,45,47 Transcripts of E
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Figure 4. Ppd-1 influences the expression of transcripts encoding genes that regulate spikelet and floret development

(A) Eight clusters of transcripts encoding MADS-box transcription factors that are expressed during the vegetative (VG), double ridge (DR), lemma primordium

(LP), and terminal spikelet (TS) stages of wheat inflorescence development.

(B) Heatmaps display transcripts of MADS-box transcription factors that are expressed differentially during each of the four analyzed stages of inflorescence

development. Data are normalized TPM values of three biological replicates shown as log2 fold changes, relative to WT.

(C) Transcript profiles of genes that regulate spikelet architecture and number, which are expressed differentially in either Ppd-D1a (cyan) or ppd-1 (magenta)

NILs, relative to WT (orange). Data are presented as ribbon plots that show transcript levels (TPM, solid line with data points) ± SEM (shaded region) of three

biological replicates. *p < 0.05; **p < 0.01; ***p < 0.001.

See also Figure S4 and Data S1, S2, S3, and S4.
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class SEP3-like genes were expressed at a low level until LP,

before increasing significantly at TS. Two independent clusters

included the AG-like and PI-like genes of the B and C classes,

for which expression decreased between VG and LP, before

increasing again at TS. Transcripts encoding the D class tran-

scription factors were represented by two clusters: expression

of the STK-like and AGL12 genes peaked at DR before declining

during LP and TS, while ALG6was expressed at a low level from

VG to LP before peaking strongly at TS. Transcripts of Bsister-

like genes peaked at VG and DR, before reducing significantly

during the LP and TS stages,42 and those encoding SHORT

VEGETATIVE PHASE (SVP) and FLOWERING LOCUS C (FLC)

transcription factors peaked at VG before falling during succes-

sive stages (Figure 4A).41,43,46,48

Given earlier analyses showed that AP1- and SEP1-like genes

are downregulated in inflorescences of ppd-1 mutants, we pre-

dicted that multiple genes encoding MADS-box transcription

factors would be mis-regulated in the null and photoperiod-

insensitive lines.10,15 Consistent with previous studies, AP1-,

SEP1-, and SUPPRESSOR OF CONSTANS1-like (SOC1) genes

were significantly downregulated at TS in ppd-1, relative to WT

(Figures 4B and S4; Data S2H and S2I).15 Significantly fewer

transcripts were detected for homeologs of SVP (SVP1 and

VRT2) and FLC1 at VG in ppd-1, relative to WT, while substan-

tially more transcripts were detected for FLC3, FLC4, and

FLC6 at LP or TS (Figures 4B and S4; Data S2H and S2I). For

other MADS-box genes, the level and profile of transcripts

were maintained in ppd-1, relative to WT, despite FT1 being ex-

pressed significantly lower in the null line (Data S2H and S2I).10 In

the photoperiod-insensitive line, expression of AP1-2, AP1-3,

and SEP1-6 was significantly higher at VG or TS, relative to

WT, as were homeologs of VRT2 and SOC1-3 (Figures 4B and

S4; Data S2H and S2I). However, no other MADS-box genes

were significantly upregulated at DR or LP (Data S2I). PI,

AP3-1, and FLC4 were downregulated significantly at TS in the

photoperiod-insensitive line, relative to WT, consistent with the

cluster analysis. These results indicate photoperiod-insensitive

Ppd-1 alleles do not increase transcript levels of multiple

MADS-box genes, relative to WT, even though FT1 is expressed

significantly higher in these genotypes. Gene-network and

comparative transcript analyses indicate that the effect of the

Ppd-D1a allele, instead, is to shift the pattern of expression of

transcription factors that perform roles in spikelet and floret

development, with 14 MADS-box genes being co-expressed

with Ppd-D1 in the photoperiod-insensitive NIL that were not de-

tected to be so in WT inflorescences (Figure S3; Data S2G). In
Figure 5. Identification of PDB1 and ALOG1 as transcription factors in
(A and B) PDB1 (A) and ALOG1 (B) homeolog expression is influenced by photop

relative to WT (orange), during early inflorescence development. Data are presen

region) of three biological replicates.

(C and D) Unrooted maximum-likelihood phylogenetic trees of (C) group S bZIP

Arabidopsis (At). Branches containing PDB1 and ALOG1 are highlighted in green

(E–I) Expression analysis of PDB1 and ALOG1, including (E) in situ hybridization o

analysis of (F) PDB1 and (G) ALOG1 in inflorescence (IM), flag leaf (FL), emerging

replicates. In the boxplot, each box is bound by the lower and upper quartiles, the

maximum values. Individual data points are shown; n.d., not detected. (H) A heatm

TPM > 5 in at least one stage and (I) in situ hybridization of ALOG1. Red arrows in

apex. **p < 0.01; ***p < 0.001. Scale bars, 100 mm (E and I).

See also Figure S3 and Data S1, S2, S3, and S4.
ppd-1, transcripts of multiple MADS-box genes were dampened

or delayed relative to WT (Figure S4; Data S2H). Together, these

results indicate Ppd-1 is required for robust expression of meri-

stem identity genes, and photoperiod-insensitive alleles affect

activity of MADS-box genes by modifying the seasonal timing

of expression, rather than altering transcript levels.10

Next, we asked how Ppd-1 influences genes that regulate

spikelet architecture and number. Transcripts of spikelet architec-

ture genes, including TEOSINTE BRANCHED-D1 (TB-D1), DUO-

B1, DUO-D1, and WHEAT FRIZZY PANICLE-B1 (WFZP-B1),

were significantly higher in ppd-1 at TS relative to WT, as were

those of DUO-B1 at VG; however, no significant differences

were detected for HB-2 (all homeologs), TB-A1, TB-B1, DUO-

A1, WFZP-A1, and WFZP-D1 (Figure 4C; Data S2H).49–53 In the

photoperiod-insensitive line, only HB-B2 was significantly

different, with more transcripts detected at VG relative to WT.

Regarding spikelet number genes, transcripts of FLOWERING

LOCUST-A2 (FT-A2) and FT-B2were significantly downregulated

in ppd-1 at TS, relative toWT, while FT-A2 transcripts were signif-

icantly upregulated in the Ppd-D1a NIL at LP (Figure 4C; Data

S2H).10,54–56 COL-D5 was significantly downregulated in both

the photoperiod-insensitive and null lines at VG, while COL-B5

andWAPO1homeologswereexpressedsimilarly in all threegeno-

types.Together, these results indicatePpd-1 is required forcorrect

expression of genes that control spikelet development, and that

identification of transcripts mis-regulated in ppd-1 could help

discover genes that regulate spikelet number and architecture.

PBD1 and ALOG1 regulate inflorescence architecture
and flowering time
To investigate genes influenced by Ppd-1 allelism that regulate

inflorescence architecture, we analyzed the top 100 most signif-

icant DETs in the Ppd-D1a and ppd-1 NILs relative to WT (Data

S5). We identified two genes for which expression of all three

homeologs was modified in the NILs (Figures 5A and 5B). These

genes included TraesCS6A02G096300, TraesCS6B02G124700,

and TraesCS6D02G087400, which encode a basic-leucine

zipper (bZIP) transcription factor, and TraesCS6A02G139700,

TraesCS6B02G168300, and TraesCS6D02G129400, which

encode an ALOG domain (Arabidopsis LSH1, Oryza G1) tran-

scription factor.

Phylogenetic analysis showed the bZIP gene encodes a group

S bZIP transcription factor homologous to bZIP60 of maize (Zea

mays) and bZIP11/14 of rice (Oryza sativa); other members

include LIP19 and OBF-1 (ocs-element binding factor-1; Fig-

ure 5C; Data S2J). Given the inconsistent naming of rice (either
fluenced by Ppd-1 allelism
eriod-insensitive (Ppd-D1a, cyan) and null (ppd-1, magenta) alleles of Ppd-1,

ted as ribbon plots that show transcript levels (TPM, solid line) ± SEM (shaded

and (D) ALOG transcription factors from wheat (Ta), rice (Os), maize (Zm), and

.

f PDB1 (AS, anti-sense; DR, double ridge stage) and tissue-specific expression

leaves (LF), and roots (RT) of WT. Data are the average ± SEM of four biological

central bar represents the median, and the whiskers indicate the minimum and

ap showing transcript levels of homeologs for ALOG transcription factors with

dicate spikelet primordia and black arrows indicate direction of inflorescence
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Figure 6. PDB1 and ALOG1 influence flower-

ing time and inflorescence architecture

(A–C) The pdb1 (A and C) and alog1 (B and C) gene-

edited lines flower earlier thanWT (cv. Fielder) under

long days (LD) and pdb1_m1 flowers rapidly under

short days (SD).

(D–F) Analysis of spikelet number and architecture

phenotypes in the pdb1 (pink) and alog1 (green)

lines, relative toWT (white). The secondary spikelets

of alog1_m1 are highlighted in pink.

In the boxplots (C–E), each box is bound by the

lower and upper quartiles, the central bar repre-

sents the median, and the whiskers indicate the

minimum and maximum values of 4–5 biological

replicates. Boxes that do not share a lowercase

letter in the plots indicate a significant difference, p

< 0.001.

See also Figures S5 and S6.
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bZIP11 or bZIP14) and maize (bZIP60) homologs, we named the

wheat gene based on the molecular phenotype of it being a

photoperiod-1-dependent bZIP transcription factor, or PDB1

(homeologs: PDB-A1, PDB-B1, and PDB-D1). The gene network

analysis supported PDB1 as being regulated by Ppd-1 in WT, as

PDB-B1 and -D1 were detected in the same sub-network as

Ppd-D1 (Figure S3; Data S2G). ALOG-domain transcription fac-

tors include the LIGHT-DEPENDENT SHORT HYPOCOTYL

(LSH) proteins of Arabidopsis and OsG1-like proteins of

rice.57–59 The wheat sequence identified here is orthologous to

OsG1L1 (Figure 5D); we named the wheat gene TaALOG1

(homeologs named ALOG-A1, ALOG-B1, and ALOG-D1) to be

consistent with the wheat gene nomenclature guidelines, with

the other members named TaALOG2 to TaALOG9 and TaGL1

(G1-Like-1; Data S2K).60 ALOG1was the only member for which

all three homeologs were mis-regulated in the Ppd-1 NILs;

G1-A1 transcripts were lower in Ppd-D1a inflorescences at TS,

while ALOG-A3 (DR), ALOG-A4 (VG), and ALOG-A5 (VG) tran-

scripts were higher in ppd-1 (Data S2K).

In WT, PDB1 expression increased significantly between VG

and DR, before declining at LP and remaining low at TS; PDB1

grouped with cluster C7 (Figure 5A; Data S2B and S2J). As

well as being expressed in developing inflorescences, where

transcripts were detected throughout the inflorescence, PDB1

transcripts were detected by qRT-PCR in root tips, but not in

leaves (Figures 5E and 5F). PDB-A1 and PDB-B1 were ex-

pressed comparably and higher than PDB-D1, consistent with

public transcriptome data (Figure 5A).20,61 Stage-wise PDB1

expression profiles were maintained in both NILs; however, in

ppd-1, all three PDB1 homeologs were expressed significantly

higher at DR and TS, relative to WT, and there were significantly

fewer transcripts in the photoperiod-insensitive line at DR (Fig-

ure 5A; Data S2J). Together, these results indicate Ppd-1 sup-

presses PDB1 expression, particularly at DR.
2338 Current Biology 34, 2330–2343, June 3, 2024
ALOG1 expression peaked at VG and

DR (cluster C1) and was lower at LP and

TS; of the highly expressed ALOG tran-

scription factors, ALOG1 is the only mem-

ber that is expressed equally or higher at

DR as VG, with transcripts encoding the

other ALOG genes being substantially

lower at DR, relative to VG (Figures 5B,
5G, and 5H; Data S2B and S2K). qPCR indicated ALOG1 is ex-

pressed exclusively in the developing inflorescences, and in

situ hybridization localized transcripts to the lower region of the

lateral meristem that subtends the spikelet primordia; no tran-

scriptswere detected in root tips or leaves, consistentwith public

transcriptome data (Figures 5G and 5I).20,61 ALOG-A1 and -D1

were expressed comparably and higher than ALOG-B1 (Fig-

ure 5B). The profile of each ALOG1 transcript was maintained in

the two NILs, but ALOG-A1 was expressed significantly higher

in the null line at DR and TS, and ppd-1 contained more ALOG-

B1 and -D1 transcripts at TS, relative to WT (Figure 5B; Data

S2K). Upregulation of ALOG1 in the ppd-1 NIL was not mirrored

by downregulation in the photoperiod-insensitive line, indicating

Ppd-1 negatively regulates ALOG1 expression but does not

cause further suppression when expressed constitutively.

Based on the Ppd-1-dependent expression profiles of PBD1

and ALOG1, we hypothesized that lines carrying mutations in

these genes would display spikelet and/or flowering-time phe-

notypes. To test this hypothesis, we generated CRISPR/Cas9

gene-edited lines for PDB1 and ALOG1 in the cultivar Fielder

(Figure 6); no deleterious mutants were detected for these genes

in the Cadenza TILLING population. The PDB1 gene-edited lines

(pdb1_m1 and pdb1_m2) contain deletions in PDB-B1 (31 bp)

and PDB-D1 (30 bp) or PDB-A1 (30 bp) and PDB-D1 (30 bp),

while those of ALOG1 (alog1_m1 and alog1_m2) carry deletions

in each of ALOG-A1 (2 bp + 2 bp, or 2 bp), ALOG-B1 (3 bp), and

ALOG-D1 (58 bp + 1 bp, or 1 bp); edits in each gene render tran-

scripts that encode proteins with premature stop codons or lack

amino acids that are highly conserved in ALOG transcription fac-

tors (Figure S5). To test the effect of thesemutations on flowering

time and inflorescence architecture, we grew the lines under

long days (16 h light/8 h dark). Flowering time was accelerated

by approximately 25 days in the PDB1 mutants (44.4 ± 0.9

and 45.6 ± 0.8 days after germination [DAG]) relative to WT
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(71.5 ± 4.1 DAG), while flowering occurred approximately

13 days earlier in the alog1 mutants (56.8 ± 1.2 and 57.8 ± 1.7

DAG; Figures 6A–6C). Both pdb1 and alog1 mutants produced

inflorescences with significantly fewer rachis nodes relative to

WT, and the alog1 lines formed multiple paired spikelets

(Figures 6D–6F); paired spikelets are composed of two spikelets

at one rachis node, where a secondary spikelet forms immedi-

ately below the regular primary spikelet.15 The secondary spike-

lets of alog1_m1 formed predominantly in the central region of

the inflorescence (Figure S6). Many secondary spikelets formed

fertile florets, such that alog1_m1 produced significantly more

grain per inflorescence than WT, while pdb1_m1 formed signifi-

cantly fewer grains per inflorescence (Figure S6). The grains of

alog1_m1 and pdb1_m1 were of similar size and weight to WT,

while the grains from secondary spikelets of alog1_m1 plants

were smaller and lighter than those of primary spikelets (Fig-

ure S6). Given the pdb1 lines reproduced the flowering time

and spikelet phenotypes of photoperiod-insensitive wheat, we

asked if pdb1_m1 flowers under non-inductive short-day condi-

tions (SD).1,10,15 Remarkably, pdb1_m1 displayed photoperiod

insensitivity by flowering under extreme short daylengths (8 h

light/16 h dark); neither WT nor alog1_m1 flowered under these

conditions (Figure 6C). The pdb1_m1 line produced 13.4 ±

0.27 spikelets under SD, indicating the termination of spikelet

development also occurred rapidly under these conditions.

Together, these results demonstrate that flowering time, spikelet

number, and inflorescence architecture can be altered by modi-

fying the function of Ppd-1-dependent genes expressed in the

inflorescence.

DISCUSSION

Our transcriptome analysis shows that inflorescence develop-

ment involves the coordinated up- and downregulation of gene

expression as spikelet and floret development initiates. Recent

evidence indicates that correct regulation of gene expression

during inflorescence development is required to produce a

wheat spike of the correct form. For example, failure to suppress

VRT2 and SVP1 after DR causes abnormal floral organ growth

and reduced spikelet fertility, while upregulation of VRN1,

FUL2, and FUL3 during early stages is required to complete

spikelet meristem development and prevent paired spikelet

formation.15,41,43,44,46 Our cluster analysis indicates that stage-

specific regulation of gene expression may also influence the

timing of key biological processes that coordinate inflorescence

development. For example, DR was enriched for genes involved

in auxin transport and signaling, indicating this stage is important

for the establishment of auxin maxima that initiate axillary meri-

stem formation; these results are consistent with auxin transport

helping to define boundary regions between lateral meristems

of maize inflorescences and with auxin treatment disrupting

spikelet formation when applied to immature wheat inflores-

cences.25,30 At LP, we detected increased expression of ubiqui-

tin/SUMOylation- and transcription-related genes and suppres-

sion of genes involved in translation and RNA processing. These

results suggest LP is a key transition stage that involves protein

turnover; our previous analyses support LPmarking an important

transition stage of wheat inflorescence development, as it aligns

with a substantial increase of FT1 and the detection of
differences in spikelet number.10We propose that stage-specific

regulation of genes at DR and LP is required to define the number

and arrangement of spikelets that form on a wheat inflores-

cence—this conclusion is consistent with spikelet number genes

such as WAPO1, DUO1, and FT2 shifting their expression at

LP.10,53–55

Our analysis showed that Ppd-1 influences gene expression

substantially during early inflorescence development and con-

tributes to both the activation and suppression of transcripts dur-

ing inflorescence development. Analysis of transcripts detected

within clusters showed that, in general, gene expression profiles

shift to occur earlier in the photoperiod-insensitive line, relative to

WT, while they are often delayed or dampened in the absence of

Ppd-1 function. The principal component, network, and differen-

tial transcript analyses showed that loss of Ppd-1 function has a

more pronounced effect on the developing inflorescence tran-

scriptome than the Ppd-D1a allele, which is consistent with

ppd-1 plants displaying more severe inflorescence architecture

phenotypes than photoperiod-insensitive lines.11,15,17,18 In sup-

port of these trends, transcripts encoding proteins that influence

spikelet number (e.g., FT2, COL5), architecture (e.g., TB1,

WFZP), and fertility (e.g., SVP1, VRT2) are expressed differen-

tially more often in the ppd-1 null than the photoperiod-insensi-

tive line, relative to WT.10,43,49,51,52,55,56 Similarly, more MADS-

box genes are mis-expressed in ppd-1 than in the Ppd-D1a

NIL, contrary to our expectations that higher FT1 expression in

the Ppd-D1a NIL would boost transcripts of genes that promote

spikelet and floret development.15 Taken together with seasonal

expression analysis of FT1 in these genotypes, our transcriptome

and gene network data indicate that photoperiod-insensitive

Ppd-1 alleles promote early flowering and termination of spikelet

development by accelerating the onset of expression for MADS-

box and spikelet identity genes in the developing inflorescence

(e.g., SEP4- and AP1-like genes), rather than increasing tran-

script levels.10 This information suggests the productivity of

photoperiod-insensitive genotypes could be enhanced by delay-

ing or extending the duration of MADS-box gene expression—

such an approach is supported by prolonged and higher expres-

sion of AP1-like genes increasing the yield potential of maize.62

Our analysis of transcripts expressed differentially in devel-

oping inflorescences of photoperiod-insensitive and ppd-1 lines

identified two flowering-time repressors, PDB1 and ALOG1,

which regulate spikelet number and architecture. Mutations in

PDB1 facilitated early and photoperiod-insensitive flowering

and the formation of inflorescences with fewer spikelets. The

pdb1 mutants, therefore, reproduce flowering time and spikelet

number traits of Ppd-D1a genotypes, consistent with PDB1 be-

ing downregulated in the photoperiod-insensitive NIL.10,15,18,63

The photoperiod insensitivity indicates flowering can be induced

under short days by altering the activity of a gene expressed in

the developing inflorescence, which is unique from early flower-

ing being promoted by upregulating FT1 expression in

leaves.1,10,18 The formation of fewer spikelets is consistent with

other early flowering genotypes and indicates that spikelet

development terminates earlier in pdb1 mutants, relative to

WT.1,10,17,64 Interestingly, a group C bZIP transcription factor ex-

pressed similarly to PDB1 reduces spikelet number in tetraploid

wheat but does not accelerate flowering.65 While the production

of fewer spikelets is not favorable for breeding high-yielding
Current Biology 34, 2330–2343, June 3, 2024 2339



ll
OPEN ACCESS Article
cultivars, the accelerated flowering provides an opportunity to

generate rapid maturing varieties that suit multiple cropping

farming systems.66 The alog1 mutants also flowered earlier

than WT under long daylengths and produced inflorescences

with fewer rachis nodes. These phenotypes are consistent with

ALOG1 being expressed lower in the Ppd-D1a NIL, relative to

WT, and higher in the late-flowering ppd-1 line. In addition, the

alog1 mutants produced paired spikelets, with multiple second-

ary spikelets forming fertile florets. Development of paired spike-

lets in an early flowering genotype is surprising because other

secondary spikelet-producing genotypes flower simultaneously

or later than WT siblings, and strong floral-promoting signals

can reduce paired spikelet formation.15,49,50 Together with it be-

ing expressed below the spikelet primordia, we propose that

ALOG1 helps define the region of a lateral meristem that will

form a spikelet, such that a single spikelet forms rather than a

pair. Indeed, such a role is consistent with the function of

ALOG1 and ALOG2 in barley, in which alog1/2mutants form ex-

tra spikelets comparable to the secondary spikelets of alog1

wheat mutants.67 The striking similarity of paired spikelet devel-

opment in the wheat and barley alog1mutants provides a unique

example where a modified spikelet phenotype is shared in these

twomembers of the Triticeae tribe, indicating ALOG1 performs a

conserved role in maintaining the unbranched form of a spike

inflorescence. ALOG transcription factors, including G1L1,

G1L2, and TAWAWA1, have been investigated in rice, and

although loss-of-function mutants produce fewer secondary

branches than WT, which contrasts the formation of supernu-

merary spikelets in wheat and barley, the proposed role of these

proteins as maintainers of inflorescence meristem activity and

suppressors of spikelet meristem identity may explain pheno-

types of the wheat and barley mutants.57,59 For example, per-

turbed maintenance of inflorescence meristems may help accel-

erate the onset of spikelet termination and reduce rachis nodes,

while impaired suppression of spikelet meristems would facili-

tate secondary spikelet outgrowth. Further work is required to

define the roles of PDB1 and ALOG1 during inflorescence devel-

opment; nonetheless, our research highlights the potential to

identify genes that regulate flowering and spikelet architecture

by comparing the inflorescence transcriptomes of lines with

modified Ppd-1 activity.

In summary, our data provide important insights into genes

and biological processes that act downstream of Ppd-1 in the

developing inflorescence, which can be modified to change

spikelet number, architecture, and flowering time. Given the

frequent use of photoperiod-insensitive Ppd-1 alleles in global

wheat breeding, this information introduces genetic targets

that could help optimize flowering time and inflorescence devel-

opment to generate higher yielding cultivars.
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Critical commercial assays

RNeasy Plant Mini Kit Qiagen 74904

TURBO DNA-free Kit ThermoFisher Scientific AM1907

NEBNext Ultra RNA Library Prep Kit for Illumina New England Biolabs E7770

Deposited data

Raw data from RNA-seq analysis This paper SRA: PRJNA1081669

Experimental models: Organisms/strains

Hexaploid wheat (Triticum aestivum), cv. Paragon Bentley et al.11; Shaw et al.17 N/A

Hexaploid wheat, near-iosgenic lines:

Ppd-D1a and ppd-1 null

Bentley et al.11; Shaw et al.17 3A-7 and 3C-17

ALOG1 CRISPR lines: alog1_m1 and alog1_m2 This paper N/A

PDB1 CRISPR lines: pdb1_m1 and pdb1_m2 This paper N/A

Oligonucleotides

sgRNAs used to generate ALOG1 CRISPR lines:

AGCGCGGTGGACAGCCCTGG (sgRNA_1),

GCAGGTACGAGTCGCAGAAGCGG (sgRNA_2),

GCACCGCGCCAGCTCCAGCGGG (sgRNA_3),

GCCCCCCGCTGGAGCTGGCGCGG (sgRNA_4)

This paper N/A

sgRNAs used to generate PDB1 CRISPR lines:

ATGGCGTCCTCCAGCGGGAGCGG (sgRNA_1),

CACGGGCTCGCTGTCGACGGCGG (sgRNA_2),

TGGAGCAGCGCCGGGCCAAGCGG (sgRNA_3),

GCGCGGCGAGGTCGTCGAGGTGG (sgRNA_4)

This paper N/A

Oligonucleotides to amplify across gene-edited sites:

CTTGATCTGCCATAGCTAGAATC and

TGGTCTTGCCGAACTGGTC (ALOG-A1),

GCTGAATCCTGATATGCCATG and

TGGTCTTGCCGAACTGGTC (ALOG-B1),

CTGAATCCTCATCTGCCGTAG and

TGGTCTTGCCGAACTGGTC (ALOG-D1),

AAGGAAAGCAGGGAGTGCC and

GCTGGGAACATGAACATCTC (PDB-A1),

CTCGCTTACTCTCTCTCTCTCGTC and

GCTGGGAACATGAACATCTC (PDB-B1),

TGCCTGCTCGCTTGGTG and

GCTGGGAACATGAACATCTC (PDB-D1)

This paper N/A

Oligonucleotides used to generate probes for in situ

hybridisation: CGCACTACCTGTTCCCCAT and

TAATACGACTCACTATAGGGCTAGGGGTGTTC

AAAT-GGCG (ALOG1, AS), CTAGGGGTGTTCAA

ATGGCG and TAATACGACTCACTATAGGGCGC

ACTACCTGTTCCC-CAT (ALOG1, S); GGCACGGA

GGAGGAGATG and TAATACGACTCACTATAGGGC

TCATGCAGGCGATGA-TGTC (PDB1, AS);

CTCATGCAGGCGATGATGTC and

TAATACGACTCACTATAGGGGGCACGG

AGGAGGAG-ATG (PDB1, S).

This paper N/A

Oligonucleotides used for qRT-PCR:

AGCTCGACGCTGAGAATTAAG and

GCGAGATGACCAAGCCAAG (ALOG1),

GACTTCCTCTTCAGATCCTCC and

TGAAACACCAGAAGCATCAG (PDB1)

This paper N/A
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Software and algorithms

Kallisto Bray et al.68 v0.42.3

Sleuth Pimentel et al.69 0.28.0

GOseq Young et al.70 v.3.0.4

ggplot2 R package Hamilton et al.71 N/A

Clust Abu-Jamous and Kelly72 N/A

WGCNA R package Langfelder et al.73 N/A

DESeq2 Love et al.63 N/A

Cytoscape Shannon et al.74 3.10.1

Other

IWGSC Reference genome IWGSC75 and

Ramirez-Gonzalez et al.20
IWGSC_v1.1_ALL_20170706_transcripts
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to the lead contact, Scott Boden (scott.boden@

adelaide.edu.au).

Materials availability
The genetic resources generated in this study are available from the corresponding author or the Germplasm Resource Unit (John

Innes Centre, Norwich, UK) upon request.

Data and code availability

d The RNA-seq sequencing data used for the transcriptome analyses performed here have been deposited at NCBI Sequence

Read Archive (SRA) and are publicly available. The project number is listed in the key resources table.

d The paper does not report original code.

d Any additional information required to reanalyze the data reported here is available from the lead author upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Plant materials
Hexaploid wheat genotypes (Triticum aestivum) used here included: wild-type photoperiod-sensitive cv. Paragon; Paragon near-

isogenic lines (NILs) containing the Ppd-D1a photoperiod-insensitive allele or null ppd-1 alleles on the A, B and D genomes11,17,18;

and transgenic lines containing edits in all three homeologs of PDB1 and ALOG1 generated in cv. Fielder (see details below).

Growth conditions
The three Ppd-1 NILs were grown at field sites based at Church Farm, John Innes Centre, Bawburgh, Norfolk, UK (52�62025.700N,
1�21083.200E) in 1 m2 plots. Seeds were sown in week 2 of October 2017. Wild-type Fielder and the pdb1_m1, pdb1_m2, alog1_m1,

alog1_m2 lines used for phenotype analysis were grown in controlled growth cabinets under short-day (8 h/16 h light/dark) or long-

day (16 h / 8 h light/dark) photoperiods at 300 mmol/m2/s (using Plantastar 400-W HQI bulbs [Osram] and Maxim 60-W tungsten

bulbs) and 20�C/15�C (day/night) temperatures. The gene edited lines used for phenotype analysis were from the T3 generation

and traits were verified using T4 generation plants.

METHOD DETAILS

RNA extraction, sequencing, and expression analysis
For RNA-seq transcriptome analysis, inflorescences were collected from wild-type, Ppd-D1a and ppd-1 NILs (cv. Paragon) at the

vegetative (VG), double ridge (DR), lemma primordium (LP) and terminal spikelet (TS) stages. Three biological replicates were

collected per stage, with each replicate being a pool of 5 – 15 inflorescences. RNA was extracted using the RNeasy Plant Mini Kit

(Qiagen, The Netherlands) and treated with TURBO DNA-free Kit (Thermo Fischer Scientific, USA). RNA was examined by gel elec-

trophoresis; RNA purity was checked using the NanoPhotometer spectrophotometer (IMPLEN, USA), and RNA integrity examined
Current Biology 34, 2330–2343.e1–e4, June 3, 2024 e2
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using the RNA Nano 6000 Assay Kit and 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 Generation System using the TruSeq PE Cluster Kit

v3-cBot-HS (Illumina, USA). After cluster generation, the libraries were sequenced on an Illumina NovaSeq platform to generate

150-bp paired-end reads.

For the quantitative real-time PCR analysis (qRT-PCR), RNA was extracted from the following tissues of wild-type cv. Paragon:

young emerging leaves (lamina; harvested at LP stage); flag leaf (lamina; harvested after ear emergence); inflorescences at LP

(pool of 10 inflorescences), and root tips (pool of 10 root tips per replicate) from wheat seedlings. RNA was extracted using the

RNeasy Plant Mini Kit and treated with TURBO DNA-free Kit before cDNA synthesis. Synthesis of cDNA and qRT-PCR were per-

formed as described previously.49 Oligonucleotides for qRT-PCR analysis are provided in the key resources table. Expression of

candidate genes was normalized using TraesCS6D02G145100 and TraesCS5A02G015600,60 and data are average of four biological

replicates and two technical replicates.

Read alignment and expression analyses
Read alignment and differential expression analysis was carried out as described previously.76 Reads were aligned to the IWGSC

Chinese Spring reference genome model index v1.1.75 Read alignment and expression quantification of transcripts were completed

using kallisto-0.42.3 with default parameters,68 30 bootstraps (-b 30) and the –pseudobam option as used previously.20,50 Differential

expression analysis was performed for the stage specific samples of wild-type and between samples of each genotype using

sleuth-0.28.0,69 with default parameters, and transcripts with a mean abundance of < 0.5 TPM in all three genotypes in all stages

were excluded from further analysis. Transcripts that had a false-discovery rate adjusted p-value (q value) < 0.05 and a difference

of > 0.5 TPM were considered to be differentially expressed.76 For each condition, the mean TPM of all three biological replicates

was calculated ± standard error of the mean (s.e.m.).

Predicted functional annotation of transcripts was performed using Ensembl Plants Biomarts, with transcripts selected based on 2

or 3 homeologs displaying similar profiles and being homologs of genes with known functions in Arabidopsis thaliana, maize

(Zea mays) and rice (Oryza sativa). Gene ontology (GO) term enrichment analysis was performed using the R package GOseq

v.1.40.0.70 Significantly enriched GO terms were those that had adjusted p values of <0.05.

For data visualization, normalized mean TPM of each transcript is shown as log2 fold-changes, relative to wild-type (Figure 4) or

vegetative and terminal spikelet stages (Figures 1 and 5), were visualized as a heatmap using the heatmap.2 function in the R package

gplots v.3.0.4, as described previously.50 For the MADS-box genes, TPM data for each transcript was normalized using a combina-

tion of quantile normalization, log2 and Z score normalization, so transcripts with different abundances could be plotted on the same

graph. Ribbon plots of transcript expressions were plotted using the R package ggplot2 as described previously,10 showing average

TPM (solid line) and s.e.m. (shaded region) of three biological replicates.

Triad analysis
Triad analysis was performed as described previously.20 Traid analysis was performed exclusively on gene triads that had a 1:1:1

correspondence across the three homoeologous subgenomes, and a gene triad was deemed to be expressed when total expression

was >0.5 TPM. (21,627 gene triads were detected). To standardize expression of all genes, the TPM for each gene was represented

as a percentage of total triad expression. The relative triad expressions were then plotted into ternary diagrams using the R package

ggtern.71

Clustering analysis
Clustering analysis was performed using the python package clust72 on the 30,000 most abundant transcripts across the four devel-

opmental stages. TPM data for each transcript was normalized to the input data using a combination of quantile normalization, log2

and Z score. The package was run using default parameters. To confirm clusters generated using the 30,000 most abundant tran-

scripts (including 19,804 HC genes, with 2,674 represented by more than one splice variant) provided a reliable assessment, we per-

formed clust analysis using: 1) TPMof genes where values for multiple transcript variants of a given genewithin the 30,000 transcripts

were collapsed to a single value, and 2) all transcripts with a TPM value > 0.5. These analyses identified similar clusters, validating the

cluster analysis presented in Figures 1 and S1. Following generation of transcript clusters for all three genotypes, transcript profiles

were compared between genotypes and presented using alluvial plot visuals, created using RAWGraphs.77

Co-expression gene network construction and visualization
TPM and count values of the differentially expressed transcripts were summarized at the gene level and used for the construction of

co-expression gene networks. Only genes with TPM R 0.5 in at least one sample were included in this analysis. A scale-free co-

expression network was constructed using the WGCNA package in R for each genotype.73 The count values of the selected genes

were normalized using the varianceStabilizingTransformation function from DESeq2.63 The scale-free topology criterion was used to

select the soft power threshold for adjacency calculation. The adjacencymatrices were transformed into a topological overlapmatrix

(TOM), measuring the network connectivity of a gene defined as the sum of its adjacency with all other genes for network generation.

The blockwiseModules() function was used to calculate matrices and construct blockwise networks using the following parameters:
e3 Current Biology 34, 2330–2343.e1–e4, June 3, 2024
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NetworkType = ‘‘signed hybrid’’; maxBlockSize = 25,000 genes; power = 15, 11, and 20 for WT, Ppd-D1a, and ppd-1, respectively;

corType = ‘‘bicor’’; maxPOutliers = 0.05; TOMType = ‘‘unsigned’’; mergeCutHeight = 0.15; andminModuleSize = 30. Average linkage

hierarchical clustering was used to classify genes with similar expression profiles into gene modules. Hub genes within each module

were identified using the function signedKME. Modules that contain Ppd-1 homeologs were identified and used to assess and visu-

alize the connection to other genes, including those are known to be related to spike development in wheat. The ‘‘exportNetwork-

ToCytoscape’’ function was used to create edge and node files to be used to visualize the network using Cytoscape software (version

3.10.1).74 To reduce the complexity of the visualized networks, a weight (connection strength between two genes) threshold >1 was

used to filter visualized genes.

Phylogenetic analysis
Sequences for homologs of ALOG1 and PDB1 were obtained by BLAST (Basic Local Alignment Search Tool) analysis using Ensembl

Plants website (https://plants.ensembl.org/index.html). Amino acid sequence alignments were performed using MUSCLE v3.8.425

with default parameters andwere checkedmanually.78 Unrooted trees were generated usingMEGAX,79 with themaximum likelihood

method, 100 bootstrap replicates. The Jones-Taylor-Thornton (JTT) matrix-based model was used for both trees, using partial de-

letions and gamma distributed rates. For all, positions with less than 95% site coverage were eliminated, i.e., fewer than 5% align-

ment gaps, missing data, and ambiguous bases were allowed at any position.

Wheat transformation, DNA extractions and sequencing
Gene sequences for PDB-A1, -B1, -D1 and ALOG-A1, -B1 and -D1 were obtained from the Ensembl Plants website (https://plants.

ensembl.org/index.html). Four single guide RNA (sgRNA) sequences were designed to target all three homeologs of PDB1 and

ALOG1 in the respective experiments (sequences are provided in KRT). The pdb1 and alog1 gene edited lines were generated using

Clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9 and Agrobacterium-mediated transformation of immature

embryos isolated from cv. Fielder, as described previously.80,81 Leaf tissue from seedlings of gene-edited plants (T1, T2, T3 and T4
generations) were sampled and genomic DNA was extracted.60 Clones of PDB1 and ALOG1 homeologs were amplified to detect

gene edits using PrimeSTAR GXL DNA polymerase (Takara Bio) and oligonucleotides provided in KRT. DNA fragments were

sequenced using the Big-Dye Terminator Sequencing v3.1 Ready Reaction Kit (PerkinElmer, Applied BioSystems, Thermo Fischer

Scientific) or with Mix2Seq Kit (Eurofins), and aligned to the reference sequences using SnapGene software (www.snapgene.com).

Corresponding DNA regions from other members of the group S bZIP and ALOG transcription factor families were amplified and

sequenced to confirm edits only occurred in the target sequences.

Phenotype analysis of inflorescence architecture, flowering, and grain morphology
All primary and secondary spikelets (fertile and rudimentary) were counted using the inflorescence of the main shoot. Images of in-

florescences from alog1 gene-edited lines highlight secondary spikelets in pink, performed using Adobe Photoshop (Adobe). Flower-

ing-time measurements and secondary spikelet distribution were determined as described previously,15,50 with values being the

average ± s.e.m. for 4-5 biological replicates. Grain morphology measurements (grain area and thousand grain weight) were re-

corded using the MARVIN grain analyzer (GTA Sensorik GmbH, Germany). Measurements for each genotype include 4-5 biological

replicates. The grain of alog1_m1 mutants separated into those derived from either the primary or secondary spikelets.

In situ mRNA hybridization experiments
In situ hybridization was performed as described previously,82 using inflorescence samples collected at the double ridge and glume

primordium stages from cv. Paragon. Probe templates for PDB1 and ALOG1were amplified by PCR using gene-specific oligonucle-

otides, which were fused with the T7 promoter (KRT). Images were obtained using an optical microscope (Ni-E, Nikon).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using R version 4.2.0 (http://www.r-project.org/). Principal component analysis of transcript

libraries from each of the three genotypeswas performed using the R package DESeq2.63 For analysis of the phenotypes of the gene-

edited lines, the normality of the data was confirmed using the Shapiro–Wilk test, andmeanswere compared statistically using a one-

way ANOVA with Tukey post hoc test. Data comparing the grain of primary and secondary spikelets from alog1_m1 were analyzed

using a Student’s two-tailed t-test. In all boxplots, each box is bound by the upper and lower quartiles, and the center line represents

the median. Whiskers show the maximum and minimum values, and filled circles or dots represent individual data points.
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Figure S1: Cluster analysis of transcripts expressed during early wheat inflorescence development, related to Figure 1. Analysis of the 
30,000 most abundant transcripts during early inflorescence development of wild-type plants identified 15 clusters that show unique stage-
specific profiles between the vegetative (VG), double ridge (DR), lemma primordium (LP) and terminal spikelet (TS) stages.



 
 
 
 



 
Figure S2: Expression profiles of transcripts identified from each of the stage-specific 
clusters, related to Figures 1 and 2. Example expression profiles of transcripts from the 
identified GO-terms of C2 (VG), C5 (DR), C0 (LP), C8 (LP) and C13 (TS) of the developing 
inflorescence transcriptome analysis from wild-type plants. Data are presented as ribbon plots 
that show transcript levels (TPM, solid line with data points) ± s.e.m. (shaded region) of three 
biological replicates from the wild-type (WT, orange), photoperiod insensitive (Ppd-D1a, cyan) 
and null (ppd-1, magenta) genotypes. Stages include vegetative (VG), double ridge (DR), 
lemma primordium (LP) and terminal spikelet (TS) stages. *, P < 0.05; **, P < 0.01; ***, 
P < 0.001.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 

 
 
 
Figure S3: Co-expression gene network analysis and analysis of Ppd-1 expression 
during early inflorescence development, related to Figures 2, 3 and 5. (A) A summary of 
genes connected to each of the Ppd-1 homeologs in the co-expression networks constructed 
for the photoperiod insensitive (Ppd-D1a) and null (Ppd-1), and wild type (WT). (B-C) A sub-
network showing genes connected to Ppd-D1 in the co-expression network of developing 
inflorescences from (B) wild-type (WT) and (C) photoperiod insensitive NIL. Guide genes 
shown in green circles are those shown to perform roles during inflorescence development in 
wheat and other plant species and Ppd-D1 gene is shown as a red circle. Blue circles 
represent transcription factor genes. Edge weight = 1 was used as threshold to visualise genes 
in the subnetwork using Cytoscape 3.10.1 software. (D) Transcript values for Ppd-A1, Ppd-B1 
and Ppd-D1 in wild-type (WT, orange), photoperiod insensitive (cyan, Ppd-D1a) and null (ppd-
1, pink) NILs during the vegetative (VG), double ridge (DR), lemma primordium (LP) and 
terminal spikelet (TS) stages. Data are TPM ± s.e.m. of three biological replicates; *, P < 0.05; 
**, P < 0.01; ***, P < 0.001.   
 
 
 
 
 
 



 
 
 
 

 
 
Figure S4: Stage-specific expression profiles of transcripts encoding MADS-box 
transcription factors, related to Figure 4. Expression profiles of transcripts encoding MADS-
box transcription factors in the developing inflorescence, which show a modified 
developmental expression pattern in either the Ppd-D1a (cyan) or ppd-1 (magenta) NILs, 
relative to wild-type (orange). Data are presented as ribbon plots that show transcript levels 
(TPM, solid line with data points) ± s.e.m. (shaded region) of three biological replicates. Stages 
include vegetative (VG), double ridge (DR), lemma primordium (LP) and terminal spikelet (TS) 
stages. *, P < 0.05; **, P < 0.01; ***, P < 0.001.   
 
 
 
 
 
 
 
 
 
 
 



pdb1_m1 
PDB-B1 
GCGCAAGCAGCGCCACCTCGACGACCTCGCCGCGCAGGCGGCGCACCTCCGCCGCGAGAACGCGCACGTC 
GCGCA-------------------------------GGCGGCGCACCTCCGCCGCGAGAACGCGCACGTC 
PDB-D1 
GCGCAAGCAGCGCCACCTCGACGACCTCGCCGCGCAGGCGGCGCACCTGCGCCGCGAGAACGCGCACGTC 
GCGCAAGCAGCGCCACCT------------------------------GCGCCGCGAGAACGCGCACGTC 

pdb1_m2 
PDB-A1 
GCGCAAGCAGCGCCACCTCGACGACCTCGCCGCGCAGGCGGCGCACCTGCGCCGCGAGAACGCGCACGTC 
GCGCAAGCAGCGCCACCT------------------------------GCGCCGCGAGAACGCGCACGTC 
PDB-D1 
GCGCAAGCAGCGCCACCTCGACGACCTCGCCGCGCAGGCGGCGCACCTGCGCCGCGAGAACGCGCACGTC 
GCGCAAGCAGCGCCACCT------------------------------GCGCCGCGAGAACGCGCACGTC 

alog1_m1 
ALOG-A1 
GGCAGCGCGTCGTCGGTGTTGGGAGCGCCGCGGCCGAGCAGGTACGAGTCGCAGAAGCGGCGGGACTGGCAGACGTTCGGGCAGTACCTACGGAACCACCGCCCCCCGCTGGAGCTGGCGCGGTGC 
GGCAGCGCGTCGTCGGTGTTGGGAGCGCCGCGGCCGAGCAGGTACGAGTCGCA—-AGCGGCGGGACTGGCAGACGTTCGGGCAGTACCTACGGAACCACCGCCCCCCGCTGGAGC--GCGCGGTGC 
ALOG-B1 
GGCAGCGCGTCGTCGGCGCTGGGAGCGCCGCGGCCGAGCAGGTACGAGTCGCAGAAGCGGCGGGACTGGCAGACGTTCGGACAGTACCTACGGAACCACCGCCCCCCGCTGGAGCTGGCGCGGTGC 
GGCAGCGCGTCGTCGGCGCTGGGAGCGCCGCGGCCGAGCAGGTACGAGTCGCAGAAGCGGCGGGACTGGCAGACGTTCGGACAGTACCTACGGAACCACCGCCCCCCGCTGGAG---GCGCGGTGC 
ALOG-D1 
GGCAGCGCGTCGTCGGCGCTGGGAGCGCCGCGGCCGAGCAGGTACGAGTCGCAGAAGCGGCGGGACTGGCAGACGTTCGGGCAGTACCTACGGAACCACCGCCCCCCGCTGGAGCTGGCGCGGTGC 
GGCA---------------------------------------------------------GGGACTGGCAGACGTTCGGGCAGTACCTACGGAACCACCGCCCCCCGCTGGAGCTG-CGCGGTGC 

alog1_m2 
ALOG-A1 
GGCAGCGCGTCGTCGGTGTTGGGAGCGCCGCGGCCGAGCAGGTACGAGTCGCAGAAGCGGCGGGACTGGCAGACGTTCGGGCAGTACCTACGGAACCACCGCCCCCCGCTGGAGCTGGCGCGGTGC 
GGCAGCGCGTCGTCGGTGTTGGGAGCGCCGCGGCCGAGCAGGTACGAGTCGCA—-AGCGGCGGGACTGGCAGACGTTCGGGCAGTACCTACGGAACCACCGCCCCCCGCTGGAGCTGGCGCGGTGC 
ALOG-B1 
GGCAGCGCGTCGTCGGCGCTGGGAGCGCCGCGGCCGAGCAGGTACGAGTCGCAGAAGCGGCGGGACTGGCAGACGTTCGGACAGTACCTACGGAACCACCGCCCCCCGCTGGAGCTGGCGCGGTGC 
GGCAGCGCGTCGTCGGCGCTGGGAGCGCCGCGGCCGAGCAGGTACGAGTCGCAGAAGCGGCGGGACTGGCAGACGTTCGGACAGTACCTACGGAACCACCGCCCCCCGCTGGAG---GCGCGGTGC 
ALOG-D1 
GGCAGCGCGTCGTCGGCGCTGGGAGCGCCGCGGCCGAGCAGGTACGAGTCGCAGAAGCGGCGGGACTGGCAGACGTTCGGGCAGTACCTACGGAACCACCGCCCCCCGCTGGAGCTGGCGCGGTGC 
GGCAGCGCGTCGTCGGCGCTGGGAGCGCCGCGGCCGAGCAGGTACGAGTCGCAGAAGCGGCGGGACTGGCAGACGTTCGGGCAGTACCTACGGAACCACCGCCCCCCGCTGGAGCTG-CGCGGTGC 
 
Figure S5: A summary of the gene edits generated in the pdb1 and alog1, related to Figure 6. The reference sequence for PDB-A1, PDB-B1 and PDB-
D1, and ALOG-A1, ALOG-B1 and ALOG-D1, is provided in black text, with the guideRNA sequence highlighted in red (PAM is underlined). The gene edited 
sequence is shown underneath the reference (blue text), with deleted base pairs shown as dashes.



 
 
 
 
Figure S6: Inflorescence architecture and grain phenotypes of the ALOG1 and PDB1 
gene-edited lines, related to Figure 6. (A-B) Representative inflorescences of the alog1_m2 
line (A) and the pdb1_m2 line (B), with the secondary spikelets highlighted in pink. (C) The 
rachis nodes of the alog1_m1 lines that form paired spikelets are located predominantly in the 
central region of the inflorescence. (D-F) Grain number per inflorescence, grain area and 
thousand grain weight phenotypes for the alog1_m-1 (green) and pdb1_m1 (pink) gene edited 
lines, relative to wild-type (WT, cv. Fielder). Data is also shown for grain isolated from the 
primary (1º) and secondary (2º) spikelets of nodes that formed paired spikelets in the 
alog1_m1 lines (light green). In the boxplots (D-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 4-5 biological replicates. **, P < 0.01; ***, P < 0.001. 
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