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A transcriptional atlas identifies key regulators and
networks for the development of spike tissues in

barley
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e The transcriptome atlas includes 255 samples at 17 stages

and 5 spikelet positions

e The temporal transcriptome dissects the floret initiation and

development process

e The spatial transcriptome shows unbalanced development

among the 5 positions
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In brief

Shen et al. develop a high-resolution
spatiotemporal transcriptome atlas (255
samples) across 17 spike developmental
stages and 5 spikelet positions in barley
(Hordeum vulgare). The authors link
transcriptional signatures to spike
development and morphology. They
identify a GDSL esterase/lipase gene as a
regulator of spike morphology in barley.
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SUMMARY

Grain number and size determine grain yield in crops and are closely associated with spikelet fertility and
grain filling in barley (Hordeum vulgare). Abortion of spikelet primordia within individual barley spikes causes
a 30%-50% loss in the potential number of grains during development from the awn primordium stage to the
tipping stage, after that grain filling is the primary factor regulating grain size. To identify transcriptional sig-
natures associated with spike development, we use a six-rowed barley cultivar (Morex) to develop a spatio-
temporal transcriptome atlas containing 255 samples covering 17 stages and 5 positions along the spike. We
identify several fundamental regulatory networks, in addition to key regulators of spike development and
morphology. Specifically, we show HvGELP96, encoding a GDSL domain-containing protein, as a regulator
of spikelet fertility and grain number. Our transcriptional atlas offers a powerful resource to answer funda-

mental questions in spikelet development and degeneration in barley.

INTRODUCTION

In members of the grass family such as cereals, inflorescences
display a wide variety of architectures. In temperate cereal
crops, the grain-bearing inflorescences are known as spikes,
which consist of several spikelets. An individual spikelet is
composed of one or more florets, which include the floral organs,
e.g., lemma, palea, lodicules, stamens, and carpels. Arranged
along the spike of barley (Hordeum vulgare) plant inflorescences
are rachis nodes (Figure 1A), each being composed of a triplet
structure with one central spikelet and two lateral spikelets. De-
pending on the fertility of the two lateral spikelets, each rachis
node will bear either two-rowed or six-rowed spikes. In wild
barley (H. vulgare ssp. spontaneum), the progenitor of modern-
day cultivated barley, each rachis carries one fertile central
spikelet and two sterile lateral spikelets, forming a two-rowed
spike. In modern-day six-rowed barley cultivars, all three spike-
lets are fully fertile and can develop into grains at each rachis
node. Six-rowed barley arose about 8,000-12,000 years ago
during barley domestication by human selection of spontaneous
recessive variants having the six-rowed phenotype.’? Barley
row type is determined at the early spike developmental stage,
which is the stage following production of the maximum number

Spike development is complex and determines the
morphology of the spike at physiological maturity. The grain
number and spikelet node number are closely associated with
the survival rate of spikelet primordia per spike after the awn pri-
mordium (AP) stage, as nearly 30%-50% spikelet primordia
within an individual spike will spontaneously abort.*>° In partic-
ular, the degeneration of apical spikelet primordia causes the
largest loss in potential grain number. Grain filling after the
tipping stage is the primary factor that regulates grain size in
barley.

Here, we used Morex, a six-rowed barley cultivar whose
whole-genome sequence is available,”® to conduct a spatial-
temporal transcriptome analysis to monitor spikelet develop-
ment and degeneration in barley. Due to the uneven develop-
ment of the top, middle, and bottom positions in the barley spike,
we divided the spike from top to bottom into five positions. This
division into five parts can accurately show the developmental
differences of each node along the spike. The developmental
period we studied comprised the AP stage to full maturity of
the grain,”"" covering the entirety of spike development. Our
spatiotemporal transcriptome atlas (255 samples at 17
stages and 5 positions along the spike) linked spike morphology
to spikelet development and identified regulators and networks

of spikelet primordia. of spikelet development and degeneration. Using this
"L Cell Reports 42, 113441, November 28, 2023 © 2023 The Author(s). 1
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transcriptome atlas, we identified HYGELP96, a gene that en-
codes a GDSL esterase/lipase. It was highly expressed in the
AP-YA (yellow anther) stage and can regulate spikelet fertility
and grain number. This transcriptional atlas provides a compre-
hensive spikelet position- and stage-specific description of
genome-wide transcriptional activity during spikelet develop-
ment and degeneration, and should serve as a valuable future
resource for understanding, and possibly manipulating, the ge-
netic control of grain number and size in barley.

RESULTS

A spatiotemporal transcriptome atlas of spike
development in six-rowed barley

Grain number and size are closely associated with spikelet
development in barley. The spikelets at different positions along
an individual spike display different degrees of development
(Figures 1A-1C). Generally, the central spikelets grow more
rapidly and are more advanced than apical and basal spikelets
(Figures 1B and 1C). Notably, before grain setting at physiolog-
ical maturity, the abortion of apical spikelet primordia within indi-
vidual spikes results in a 30%-50% loss in the potential number
of grains (Figure 1A).

To determine gene expression profiles during spikelet and
spike development, we used a transcriptome deep sequencing
(RNA-seq) approach in samples representing 17 developmental
stages: the AP stage, the white anther stage, the green anther
(GrA) stage, the YA stage, the tipping (TP) stage, the early heading
(EHD) stage (20%-30% of individual spikes visible), the middle
heading (MHD) stage (50% of individual spikes visible), and the
late heading (LHD) stage (more than 90% of individual spikes
visible), in addition to stages representing 4 days following late
heading (4, 8, 12, 16, 20, 24, 28, 32, and 36 DFL) (Figure 1B). To
assess differences in expression at different stages of spikelet
development within individual spikes, we also performed an
RNA-seq analysis of spikelets using samples collected at one
of five positions along individual spikes: spikelets at the top of
the spike (top), the top 25% of the spike (upper middle), the center
of the spike (middle), the top 75% of the spike (lower middle), and
the bottom of the spike (bottom) (Figure 1C). We reasoned that
this spatiotemporal gene expression dataset of spikelets at 17
stages and 5 positions would allow us to dissect the dynamics
and differences in gene expression across stages during spikelet
development and subsequent degeneration of some spikelets.

In this study, we used 3 biological replicates for each tissue,
resulting in 255 (17 stages x 5 positions x 3 replicates) highly tis-
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sue-specific and informative samples for RNA-seq analysis. In
total, we mapped 6.21 billion high-quality reads to the Morex
reference genome.® The mapping ratio to the reference genome
ranged from 76% to 90% (Table S1); we only used uniquely map-
ped reads to calculate normalized gene expression levels (as
transcripts per kilobase million [TPM]). We calculated the
average TPM values across the three replicates to estimate
gene expression levels in all samples. To minimize the effect of
transcriptional noise, we defined a gene as expressed if its
mean TPM value was greater than 1. In total, we considered
30,041 genes as being expressed in at least one of the 85 tissues
(5 positions x 17 stages), including 1,454 transcription factor
(TF) genes (Table S2).

To investigate changes in gene expression in different parts of
the barley spike at different developmental stages, we deter-
mined the number of genes expressed in different parts of the
spike at the same stage. The number of genes expressed in
each of the five parts showed the same trend, with the number
of genes detected in the TP-LHD stage being much higher
than the number detected in the AP-YA and 4-36 DFL stages.
An analysis of the spatial expression profile of genes revealed
that the number of expressed genes in the five parts of the
spikelet differ less during the TP-LHD developmental window
than during the AP-YA and 4-36 DFL windows. After pollination
(TP-LHD), the number of expressed genes decreased sharply,
and we observed a greater difference in the number of ex-
pressed genes between the top and bottom parts of the spike
(Figure 1D; Table S8). The identification of genes specifically ex-
pressed at different spikelet positions indicated that the expres-
sion patterns of genes for early flower forming, pollination, and
late seed storage change dramatically during spike develop-
ment, with uneven gene expression levels at different positions
of the spike. Principal-component analysis (PCA) (Figure 1E)
and hierarchical clustering analysis (Figure 1F) of all 85 samples
showed a clear distinction among AP-YA, TP-LHD, and 4-28 and
3-36 DFL windows, indicating that different transcriptional path-
ways are likely activated during the different developmental
stages of spikelets.

Temporal transcriptome analysis identifies regulators
for various events during spike development

An analysis of gene expression profiles across the 5 parts of the
spike revealed that gene expression in the spike exhibits tempo-
ral specificity, with genes expressed in the 5 parts showing
approximately the same expression trend (Figure 2A). We iden-
tified 9,228 genes expressed in all 5 parts of the spike, prompting

Figure 1. Spatiotemporal dissection of spike development in six-rowed barley, cultivar Morex
(A) Spikelet primordium abortion (at the top of the spike) occurs between the AP stage (left) and physiological maturity (right). The image on the left shows 36
developing spikelet nodes for a spike at the AP stage (the stage having the maximum number of spikelet nodes) and 19 spikelet nodes for the spike at physi-

ological maturity on the right.

(B) Diagram of barley spike samples collected at time points representing 17 spike developmental stages used for transcriptome analysis.

C) Spikelet samples at five positions used for transcriptome analysis.

(
(
(
(

D) High-confidence gene expression in each of the five spike parts during spike development.
E) Principal-component analysis (PCA) of the transcriptomes of the samples at the 17 time points.
F) Cluster dendrogram analysis of RNA-seq data showing four distinct developmental windows in the pre-heading and post-heading stages: AP-YA (pre-heading

stages), TP-LHD (pre-heading stages), 4-26 DFL (post-heading stages), 32-36 DFL (post-heading stages). AP, awn primordium stage; WA, white anther stage;
GrA, green anther stage; YA, yellow anther stage; TP, tipping stage; EHD, early heading stage; MHD, middle heading stage; LHD, late heading stage; DFL, day

after late heading.
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us to hypothesize that they are involved in normal spike develop-
ment (Figure 2B). A dynamic expression pattern for genes will
reflect their role in spikelet development. Overlapping or com-
mon pathways can often be revealed by identifying the sets of
genes showing different or similar expression patterns. To this
end, we applied a fuzzy c-means algorithm'? to group the
9,228 above genes. We performed this analysis for the middle
spikelets, which show fuller development compared with the
other positions. We detected 15 clusters, representing genes
with different temporal expression patterns (Figure 2C; Tables
S4 and S5). This observation indicated that different kinetics of
gene expression characterize the changes in transcript abun-
dance at each stage in relation to spike transcriptional activation.
We noticed that genes in clusters 2 and 14 are highly expressed
in the LHD stage, whereas genes in clusters 4, 13, and 15 were
highly expressed in the TP stage. Using the results from PCA
and hierarchical clustering analysis, we determined that the
genes from clusters 1, 5, 6, 8, and 11 are highly expressed during
the AP-YA stages, whereas the genesin clusters 2,4,7,9, 13, 14,
and 15 reached a peak in expression during the TP-LHD stages.
Only three clusters (3, 10, 12) had genes with peaks in expression
during the post-heading stages, with genes from cluster 3 reach-
ing a peak at 4-28 DFL, genes from cluster 12 at 32 DFL, and
genes from cluster 10 at 36 DFL. These results suggest that
gene expression patterns are complex and diverse during early
spike development and that these genes are more likely to
interact with each other.

The sets of genes in clusters 1, 5, 6, 8, and 11 with peak
expression levels during the AP-YA window are likely to repre-
sent genes expressed during the major phase of flower organ
development (Figures 1F and 2C). This developmental stage is
characterized by the completion of meiosis, from the time
when the initiation of all spikelet structures is complete to the
time when the polar gradually grows and completely envelops
the stamens and carpels.'" Gene ontology (GO) term enrichment
analysis showed that the AP-YA stage is associated with genes
involved in meiosis and flower organ formation, as well as with
gene-related phytohormones such as gibberellin (GA), jasmonic
acid (JA), and auxin (Figure 2D; Table S6). Among genes from
cluster 6, we noted auxin response factors (ARFs), YABBY4, a
homolog of snapdragon (Antirrhinum majus) FLORICAULA
(FLO) and Arabidopsis (Arabidopsis thaliana) LEAFY (LFY), and
SQUAMOSA PROMOTER BINDING-LIKE PROTEINs (SPL2,
SPL7, SPL17). ARF and LFY are TFs involved in flower develop-
ment, floral organ development, floral whorl development, and
floral meristem determinacy, with LFY being also involved in
the maintenance of stem cell populations'®>™'® (Table S6). GO
terms associated with genes in cluster 8 were “meiosis,” cell cy-
cle,” “regulation of the metaphase/anaphase transition in the cell
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cycle,” and “sexual sporulation” (Table S6). PAIRING
ABERRATION IN RICE MEIOSIS1 (PAIR1) is essential for the
establishment of homologous chromosome pairing during
meiosis in rice (Oryza sativa),'® and HORMA domain-containing
protein 1 is associated with the meiotic chromosome axis."”
We identified a barley homolog to PAIR1 and a barley homolog
to human HORMA domain-containing protein 1 (HORMAD?1) in
most GO categories related to reproductive sporogenesis
development and meiosis (Table S6). HYMADS32 is a putative
ortholog of OsMADS32, which encodes an important transcrip-
tion factor for maintaining floral meristem identity that integrates
the action of other MADS-box homeotic proteins to sustain floral
organ specification and development in rice."® Epidermal
patterning factor-like1 (TaEPFL1) from wheat (Triticum aestivum)
was previously shown to be highly expressed in pistillody sta-
mens, and overexpression of TaEPFL1 leads to abnormal sta-
mens.'® We also detected a putative barley ortholog to TaEPFL1,
HVvEPFL1, in cluster 5, showing an abnormally high level.

Members of the SPL family, whose transcripts are targets of
microRNAs from the miR156 family, are unique to plants and
are involved in many aspects of plant development.”® We de-
tected the expression of SPL family members, including
HVSPL8, HVSPL17, HYSPL21, and HVvSPL22, during the AP-YA
stage. SPL8 affects the early stages of microsporogenesis and
megasporogenesis in Arabidopsis,”’ with is in line with the devel-
opmental events occurring in the AP-YA stages in barley.'' We
also observed an enrichment for ABCDE model genes underly-
ing flower development, including the B-class gene APETALA
3 (HvAP3), the E-class genes HVMADS1, SEPALLATA 5
(HVSEPS5), and HvYSEPS. In Arabidopsis, AP3 is specifically ex-
pressed in petals and stamens, and AP3 and C-class genes
work together to regulate stamen development.”>** The SEP
genes are expressed together with the ABC genes and partici-
pate in the transition from vegetative to floral organs.””
HvVMADS1 regulates cytokinin homeostasis to maintain an un-
branched spike architecture at high temperature.”> We also
identified the AP2-like genes, HVAP2L5 and HvVAP2L7, during
the AP-YA stage; AP2L5 plays a critical role in the specification
of axillary floral meristems and lemma identity in wheat.?®

The genes from clusters 2, 4, 7, 9, 13, 14, and 15 showed an
expression peak between stages TP and LHD, and likely repre-
sent genes related to flowering and pollination in barley. At this
stage, the awn first emerges from the leaf sheath, followed by
emergence of the spike.”” We identified genes involved in
most of the phytohormone-related pathways during this phase,
such as response to cytokinins, regulation of JA-mediated
signaling pathways, GA-mediated signaling pathways, and ab-
scisic acid (ABA) homeostasis (Figure 2D; Table S6). Genes
associated with GO terms related to pollen tube formation in

Figure 2. Composition of the transcriptome at 17 developmental stages and 5 spikelet positions

(A) Heatmap representation of gene expression levels during the AP to 36DFL transition at five spikelet positions.

(B) Number of genes expressed at each of the five spikelet positions. Specifically, the x axis defines the total number of differentially expressed genes (DEGs)
identified at each spikelet position, while the y axis provides the number of DEGs unique to each set of DEGs across different positions.

(C) Fifteen clusters for the 9,228 genes (expressed in all 5 spikelet positions) with different expression patterns across the 17 developmental stages. For each
cluster, one line represents an individual gene, yellow or green lines indicate genes with low values of membership; red and purple lines indicate genes with high

values of membership.
(D) Gene ontology (GO) terms associated with genes in the 15 clusters.

Cell Reports 42, 113441, November 28, 2023 5




¢? CellPress

OPEN ACCESS

Cell Reports

A B C -
o N - o - 2= cluster8 AP-WA EE—— g
15
_ = g 15/ \‘
- & 10 1S
HVABCG25 & \,
3 5 N
W AL M7-1 N~ . MIKC-MADS
[ HVALMT-2 0 Tmel TememerThe MYB-related
HvAP2L5 — _ 60 '\ cluster8 AP-WA B3
| HVHDZipl-4 & \
HVKAO 40 \
HvPift N
T . QL 20 - -
L HVPif5 < = \
HvSPL16 T ol M ee . -
HVSRL1S =150 .t cluster11 GrA
[ HvSPL22 A /
_|HVSPL3 ©100| _ < 1
| | HvSus1 T = ||
HVAG2 % 50 - '\
HVAGL2 T
HVAGL37-1 e o e —— —|_E .
HVAGL37-2 S 150 pee=HD l =] Nindi
HvAP3 a
i M M-type-MADS
HVEPF1 - 100 \ l NEYE
HVFT1-1 w / NF-YC
Vi $ 50 | O ARR-B
HVFT1-2 . A
HVFT4 0lm mme - — BES1
I | HvHDZipl-5 3000 cluster13 4-12DFL ‘ [} C3H_
HvMADS & = l Uspe
HvPI2 2000 ﬁEF "
3 -other
I HvsEP4 31000 \ O il
HVSEP5 T . - . m \S(égBY
HvSEP6 oL . SR
HvsOC1 x NF-YA
HYWM16 = &0 cluster10 36DFL AP2
@l_ HVTPP1 = L.
| HVTPP7 540 RF
HVTPPA s CETTOYVOURLENIOND
VRS2 <_§‘ L cluster S22 5 e C252E
| ] 2 2328
xSgsrPeederdordae = I P —— 65533525555 55653
©7 W3-28R833888 S oY T g e e e eLee
- ANNN®O O §o>- EEEDODDDDDDD < [T
TRNOQIINS Peak = 00nn 5L
stage ool T T ~
9 FEESFREEELSIIINS

Figure 3. Expression patterns of different TF genes and other genes during spike development
(A) Heatmap representation of the expression of genes belonging to different clusters across the 17 developmental stages. The color key at the top shows

normalized TPM values for relative gene expression.

(B) Expression patterns of 6 representative genes shown in (A) across the 17 developmental stages. The colored regions highlight the peaks in gene expression.
(C) Peak stages of different families of TF genes from the 15 clusters. A value of 1 indicates that a TF gene was identified in the cluster, 0 indicates that it was not

identified.

clusters 13 and 7 had high expression in the TP and MHD stages
(Figure 2D; Table S6). During this period, we detected the
expression of FLOWERING LOCUS T (FT) genes (HvFT1 and
HvFT4) and CENTRORADIALIS (HvCEN) (Table S5). The barley
genome harbors 12 known FT-like genes in barley, of which
HVFT1 is the main FT-like gene involved in flowering, with
HVFT2 and HVvFT4 being expressed later in development.?®
HvFT4 was previously shown to regulate flowering time and
floret fertility.” CEN is a key regulator of flowering time and inflo-
rescence architecture in plants, and HVCEN interacts with HvFT1
to repress floral development under short day photoperiods.*°
These results suggest that FT genes and CEN regulate spikelet
development in the TP-LHD window in barley.

MADS-box genes are master regulators of floral structures;
PISTILLATA (PI) is a class B gene in the ABC model, regulating
the formation of petals and stamens, while AGAMOUS (AG) is a
C-class gene that regulates the development of stamens and
pistils in Arabidopsis.®' Expression of some MADS family
genes, including HvPI2, HYAG2, HvSEP4, HVAGL2, HvAGL37,

6 Cell Reports 42, 113441, November 28, 2023

HvAGL37-2, and HvSOC1, was prevalent during the TP-LHD
stages (Figure 3A; Tables S4 and S5). SEP4 works together
with other SEPs; a sep1 sep2 sep3 sep4 quadruple mutant in Ara-
bidopsis exhibits a conversion of floral organs into leaf-like or-
gans.*> AGAMOUS-LIKE 2 (AGL2) is expressed in all four whorls
of the flower and plays a fundamental role in the development of
all floral organs.** SUPPRESSOR OF OVEREXPRESSION OF CO
1 (SOC1) is regulated by two antagonistic flowering regulators,
and CONSTANS and FLOWERING LOCUS C (FLC) act as a gen-
eral regulators in organogenesis.** Overall, these results suggest
that the TP-LHD period is also an important time for organ devel-
opment, as MADS genes play an important function in the stage
and many are highly expressed in barley spikelets.

The differentially expressed genes (DEGs) at this stage (TP-
LHD) included members of the trehalose 6-phosphate phos-
phatase (TPP) gene family, such as HvTPP1-1, HvTPP1-2,
HVTPP1-3, and HVTPP7 (Tables S4 and S5). TPP proteins regu-
late and reprogram carbon metabolism in the light, and can
improve drought tolerance in plants. AtTPPI enhances drought
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tolerance by regulating stomatal aperture in Arabidopsis,> while
OsTPP7 increases tolerance to anaerobic germination in rice.*®
Thirty-two homeodomain leucine zipper (HD-Zip) genes
(HvHD-Zip 1-32) are present in the barley genome and play an
important role in plant growth and environmental responses.®”
HvHDZipl-4 and HYHDZipl-5 were highly expressed in the period
between the TP and LHD stages. These results suggest that
this stage may also be a critical period for tolerance to
adverse growth conditions in spikelets. Two phytohormone-
related genes, one encoding the brassinosteroid (BR) receptor
BR-insensitive 1 (HvBRI1) and one encoding the ABA exporter
HvABCG25, were specifically highly expressed (Tables S4 and
S5), suggesting that ABA and BR signaling pathways contribute
to spikelet development at this stage.

The expression peak of genes from cluster 3 was in the 4-28
DFL stage (Figure 2D), corresponding to the period of seed
development and grouting. SUS1, a sucrose synthase, catalyzes
the reaction between sucrose and UDP to form UDP-glucose
and fructose and regulates the level of sucrose in plants.*®
SUS1 can affect endosperm filling in maize (Zea mays)*° and is
associated with the thousand-kernel weight of wheat grains.*°
The timing of SUST expression was consistent with the biolog-
ical events occurring in this period (Figure 3B; Table S4).
HVAGL6-1 and HVAGL6-2 genes were also highly expressed at
this stage (Figure 3A; Table S4). AGL6 is highly expressed in ov-
ules, lodicules, paleas, and floral meristems, and directly regu-
lates FACTOR OF DNA METHYLATION LIKE1 (FDML1) to affect
flower development in rice.”’ In wheat, TaAGL6 regulates the
expression of TaAP3 to affect stamen development.*’ Because
of its high expression level during the period of 4-28 DFL, we
conclude that AGL6 may influence the development of spikelets
after fertilization in barley.

As the endosperm is an important storage organ for starch and
protein in wheat seeds, we hypothesized that some of the prod-
ucts encoded by highly expressed genes at this stage store nu-
trients by inhibiting catabolic enzymatic activity to prevent them
from being degraded. Some GO biological process terms were
indeed associated with starch and glucose, such as starch meta-
bolic process, cellular glucan metabolic process, and response
to glucose (Figure 2D; Table S6). GO molecular function classifi-
cation of cluster 3 genes suggested inhibition of various proteo-
lytic reactions, for example, serine-type endopeptidase inhibitor
activity, which delays protein degradation and has both pepti-
dase inhibitor activity and endopeptidase inhibitor activity.****
Programmed cell death in seeds was reported to correlate with
increased seed-filling rate and grain weight, and mainly occurs
5-13 days after anthesis.*® We noticed a number of peroxidase
genes in this cluster (Table S4); these genes may be linked to
programmed cell death in barley starch endosperm.*>°

The genes in clusters 10 and 12 were highly expressed during
spikelet maturation and dehydration (32-36 DFL). Seed toler-
ance to dehydration is derived from a combination of character-
istics acquired during seed development, and is accompanied
by seed dehydration at a later stage of development. Seed toler-
ance to dehydration is linked to phytohormonal and antioxidant
enzyme systems. During this stage, we identified 27 genes en-
coding late embryogenesis-abundant (LEA) proteins (Table S4),
which are involved in protecting land plants from damage
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caused by environmental stresses, especially dehydration dur-
ing drought conditions.*” The presence of LEAs is consistent
with the GO terms for response to water deficit (Table S6).

Spatial transcriptome analysis identifies regulators of
differential spikelet development in individual spikes

To identify regulators of differential spikelet development at
different positions, we looked for genes expressed in a posi-
tion-specific manner. Spikelets in the top position had the high-
est number of DEGs, whereas those in the bottom position had
the fewest. Overlap of genes among the five spikelet positions
accounted for 61.0% (9,228/15,127) of the detected genes.
Notably, we detected no gene specifically expressed in the up-
per-middle or lower-middle spikelet positions; of all DEGs,
6.9% (1,043 genes) were specific for the top spikelet position,
with another 3.85% (583 genes) being specific for the middle
spikelet position and 1.4% (213 genes) specific for the bottom
position (Figures 2B and S1; Table S7).

Several genes encoding senescence-associated proteins
were highly expressed in the top spikelet position; these genes
may be directly related to the observed spikelet abortion that oc-
curs at the top of the spike (Figure S1). In addition, among the
DEGs in the apical spikelets, genes related to the auxin and
BR pathways were significantly enriched (Table S8). Auxin is a
key phytohormone in plant growth and development; enriched
auxin pathway genes in the apical spikelets included INDOLE-
3-ACETIC ACID INDUCIBLE 21 (HvIAA21), HvIAA18, HYARF10,
and GRETCHEN HAGEN 3.2 (HvGH3.2). The AUX/IAA family in-
cludes early response proteins that can regulate the expression
of auxin response genes by specifically binding to ARFs, which
are transcriptional activators of auxin-responsive target genes
and are essential for regulating auxin signaling throughout the
plant life cycle.*®*° GH3 genes encode acyl acid amidosynthe-
tases, which catalyze conjugation reactions of salicylic acid,
JA, and auxin with amino acids,”® suggesting that auxin plays
an important role in the development and degradation of the
top spikelets.

BRs are plant steroid hormones that play important roles in
plant growth and development.‘r” Brassinazole-resistant 1
(BZR1) is a core component of the BR signal transduction
pathway in Arabidopsis. After being activated by a BR signal,
BZR1 binds to the promoter region of downstream target genes
to regulate their expression.*” In this study, HvBZR1 was specif-
ically expressed at the top of the spike (Table S8). Previous
studies on the function of BRs have mainly focused on acceler-
ating crop growth and increasing crop yield®?; the results pre-
sented here indicate that BRs regulate apical spikelet develop-
ment and abortion, which influences grain number and size.

DEGs in the top position also included the LATERAL ORGAN
BOUNDARIES (LOB) genes HvLBD26 and HvLBD37 (Table S8).
LBD genes encode plant-specific TFs that have conserved LOB
domains, which are involved in crosstalk between different
signaling pathways. LBD proteins regulate a large number of
developmental and metabolic programs in land plants, such as
meristem programming, inflorescence development, lateral
root formation, vascular patterning, anthocyanin biosynthesis,
and nitrogen metabolism.>**> LOB family genes are also
involved in the development of lateral organs.>* The LOB genes
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that were specifically expressed at the top of the spike may have
new functions and are candidates for subsequent exploration.

Nitrate transporter 1 (NRT1)/peptide transporter family pro-
teins were originally identified as nitrate or di/tri-peptide trans-
porters. Members of this family transport auxin, ABA, and GAs,
as well as secondary metabolites such as glucosinolates.*® In
this study, we detected the specific expression of one NRT1/
PTF gene (HvNRT1.9) at the top of the spike (Table S8). We spec-
ulate that this NRT1/PTR gene may regulate the development of
apical spikelets by coordinating the action of various phytohor-
mones. Small auxin upregulated RNA (SAUR) proteins are
involved in a wide range of cellular, physiological, and develop-
mental programs involving phytohormonal and environmental
control of plant growth and development,®” and the SAUR-like
auxin-responsive gene HYSAURG61 was also a DEG in the apical
spikelet and may regulate the development and degeneration of
the spike apex in barley.

The DEGs at the basal spikelet included the GA pathway gene
GIBBERELLIN 2-OXIDASE 1 (HvGA20x1) and the auxin pathway
genes HvARF10 and PIN-FORMED 5 (HvPIN5) (Table S8).
GA2o0xs catalyze the formation of an inactive GA form in plants.
Auxin can interact with GAs by upregulating GA20ox and GA3ox
expression, while also downregulating GAZ2ox expression.®®
PIN5 belongs to a functionally uncharacterized subclade of PIN
proteins, which are auxin transporters required for auxin-medi-
ated development.®® Previous studies have shown that the GA
content in the top and bottom positions of barley spikes was
lower than in the middle position, while the content of auxin is
higher at the bottom of the spike®; this differential distribution
of GAs and auxin may be related to a high expression level of
the above genes.

The cytokinin pathway gene HvCKX2 and two auxin pathway
genes, HYGH3.2 and HvIAA7, were DEGs in the top and bottom
positions (Table S8). Cytokinins can control growth and cell divi-
sion, and cytokinin oxidase 2 (CKX2) is a member of a family of
enzymes involved in cytokinin catabolism. This result is consis-
tent with the previously reported graded distribution of auxin
and cytokinins in barley spikes.®® The top and bottom positions
of barley spikes undergo spikelet degradation, and the auxin and
cytokinin phytohormone pathways may be involved in these
stages. Identification of DEGs in the five positions provides a
useful resource to understand the differential development
occurring in the different spikelet positions.

Co-expression analysis of genes involved in spike
development

The identification of known genes and phytohormone-related
genes in the 15 clusters defined above revealed that genes
related to the transition from vegetative to flowering (HvSPL3,
HvSPL16, HvSPL18, HvSPL22), and related to anthesis
(HVFT1-1, HvFT1-2, HvFT4), sugar transport (HvSUST), or
stress (aluminium-activated malate transporter, HYALM7-1 and
HVALM?7-2) were highly expressed during the AP-YA, EHD-
LHD, and 4-12 and 32-36 DFL windows, respectively (Figures
3A and 3B; Table S9). These results demonstrate the reliability
of our gene classification in the 15 clusters. Most of these known
genes were highly expressed mainly prior to pollination (Fig-
ure 3A). The expression of inducible genes in plants is largely
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regulated at the transcriptional level by specific TFs and phyto-
hormones. We thus analyzed TF- and phytohormone-related
genes separately and identified 193 phytohormone-related
genes and 670 TF genes (Table S4). The 670 TF genes identified
in the 15 clusters were grouped into 46 categories. Enrichment
analysis of the TFs showed that TCP TFs were significantly en-
riched (p < 0.05) in cluster 1, and NAC-, FAR1-, and MYB-related
TFs were significantly enriched (p < 0.05) in cluster 3. Significant
enrichment (p < 0.05) for GO term “SBP TFs” were observed in
clusters 5 and 11, while significant enrichment (p < 0.05) for
GO term “ERF TFs” were detected in clusters 9 and 12 (Table
S10). The enrichment analyses of TFs indicated that most of
the TFs were cluster specific.

TF genes subsequently used for analysis included members
from the GRF, E2F/DP, AP2, NF-YA, LFY, and YABBY families
(Figure 3C), which are associated with androgynophore develop-
ment and morphological establishment of organs.®'? At the AP
stage, the embryo spike has its full complement of spikelet
primordia, and the initiation of all the structures within the central
spikelet of the spike is complete. At this stage, we identified the
TF gene LFY (Figure 3C), which initiates the floral gene expres-
sion program and is a key TF gene in floral organ develop-
ment.5*%* We identified genes encoding GRF TFs in clusters 6
and 8, including a GRF-interaction factor (GIF) gene in cluster 6
(Figure 3C). GIFs encode transcriptional co-activators that
form a transcriptional complex with GRFs, involved in the main-
tenance of organoid meristemoid cells reproduction and regu-
lating organ size by activating cell production and influencing
cell number.®>°® Some TF genes, such as CO-like, DBB, NF-
YB, and NF-YC, were highly expressed during the flowering
stage (TP-LHD) (Figure 3C). CO-like is an important regulator of
photoperiodic response and flowering and was detected in clus-
ters 9 and 15. FT genes, such as HvFT1-1, HVFT1-2, and HVFT4,
also belonged to cluster 9 (Figure 3C). Previous studies have
shown that FT acts downstream of CO and regulates flowering
time.®>7% Cluster 3 contained genes encoding an ARF, a TF
that is specific to the seed-filling stage of the spike, and related
to ABI3 and VP1 (RAV), a TF associated with response to
ethylene and BRs’" (Figure 3C).

Genes with different functions tend to exhibit substantially
different expression profiles across developmental stages. We
identified genes associated with GO terms involved in phytohor-
mones, development, and metabolism in most stages (all 17
stages except GrA), and genes representing functionally similar
GO terms were present in similar stages (Figure 4A; Table S6).
We therefore attempted to correlate the possible role of genes
with developmental stages. To this end, we performed a correla-
tion analysis on the above genes and selected those with high
correlations (Pearson’s r > 0.9 or r < —0.9) to draw the resulting
correlation network between known genes, phytohormone-
related genes, and TF genes (Table S11). We detected a high
correlation with cluster peak stage in the AP-YA window (clus-
ters 1, 5, 6, 8, and 11), the TP-LHD period (clusters 2, 4, 7, 9,
183, 14, and 15), the 4-28 DFL period (cluster 3), and the 32-36
DFL window (clusters 12 and 10) (Figure 4B). This finding sug-
gests that the expression pattern of barley genes is largely
consistent with the dynamics of the major stages of the normal
growth cycle. Using this correlation analysis, we can predict
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possible regulatory relationships among genes in different clus-
ters. For example, although the expression patterns of HYAGL6
and HvSOCT1 were specific to different clusters, they were highly
correlated (Figure 4B; Table S11). Previous studies in Arabidop-
sis showed that SOC1 expression is significantly upregulated in
transgenic plants heterologously expressing AGL6."*

Network analysis identifies interrelated functional
modules and important genes associated with spike
length and spike weight

We applied weighted gene co-expression network analysis
(WGCNA) to obtain a system-wide understanding of genes and
TF genes whose co-expression patterns are highly correlated
during spike development. Barley spike growth follows an
S-growth curve, with a significant increase in spike length at
the AP-LHD stage (Figure 5A). During post-anthesis, the main

change in spike is an increase in spike weight traits (spike weight,
lateral spikelet weight, central spikelet weight, and spikelet
weight) (Figures 5B and 5C), reaching a maximum at 32 days af-
ter anthesis (Figure 5B). To identify the genes and TF genes that
influence spike length and weight, we separated the 17 stages
into 2 groups: spike length-increasing stages (AP-LHD) and
spike weight-increasing stages (LHD-32 DFL); we then sub-
jected each group to WGCNA.

We identified eight modules associated with spike length (Fig-
ure S2), and selected genes with linkage (linkage weight > 0.3)
within the module with a positive correlation in spike length
(green, royal blue and dark green modules) (Table S12). We
extracted TF genes and homologous genes for network analysis.
In the network related to spike length, we noticed phytohor-
mone-related genes and TF genes as potentially interacting to
regulate spike length. The phytohormone-related genes included
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Figure 5. Network analysis identifies hub genes associated with spike length and weight

(A and B) Dynamics of spike length (A) and weight (B) across the 17 stages.

(C) Dynamics of lateral spikelet weight, central spikelet weight and the weight of the 3 spikelets at 1 rachis node (2 lateral spikelets and 1 central spikelet) across 12

stages following the early heading stage (EHD).

(D) Regulatory network of genes and TF genes for positive spike length-related modules. Blue triangles represent transcription factors and yellow circles indicate

homologs or known published genes.

(E) Module trait relationship, numerical representation correlation; blue represents negative correlation, while red represents positive correlation.
(F) Regulatory network of genes and TF genes from the brown module. Blue circles represent transcription factors, yellow circles indicate homologous or
published genes, and red circles represent other transcription factor-related genes in the module.

auxin-related genes (HVIAA31, HvSAUR61-14, HYSAUR61-26,
LIKE AUX1 2-2 [HvLAX2-2]), salicylic acid-related genes
(HVNHL1-8, HYNHL1-4, HVvEPS 1-3, HYMES5-3), GA-related genes
(HVPYR2-2), and BR genes (HvPBL19-3, HvPBL28, HvPBL32-8).
In addition, several NDR1/HIN1-like (NHL) genes (HVvNHL1-4,
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HvNHL1-5, HYNHL1-8, HYNHL29-3) were associated with spike
length (Figure 5D). NHL genes trigger plant defense in response
to biotic stresses and seed germination under chilling stress
through the ABA pathway.”® GO terms analysis revealed that
genes in the red module are enriched in categories involved in
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the regulation of shoot system development and cytokinin-acti-
vated signaling pathways (Figure S2D; Table S13). These results
not only make it possible to understand the chain of events under-
lying spike elongation during spike development, but also help to
identify key factors regulating spike length.

The correlation obtained from the WGCNA analysis means that
the trait is correlated with the taxonomic module; the eigenvalues
of the module are correlated with the expression of the genes.
This does not mean that spike length is directly correlated with
gene transcription levels. The WGCNA of spike weight-related
traits identified eight modules (Figure S3), with consistent corre-
lations between the different traits and the module (Figure 5E).
We performed GO analyses on each of the eight modules
and determined that genes in the black module are enriched
in GO terms related to response to 1-aminocyclopropane-1-
carboxylic acid, a precursor for the biosynthesis of the phytohor-
mone ethylene’* (Figure S3C), seed dormancy, seed maturation,
protein stabilization, anatomical structure maturation, and devel-
opmental maturation (Table S14). Genes in the brown module
were enriched in pathways related to the mitotic cell cycle and
plant-type secondary cell wall biogenesis (Figure S3D). Notably,
some important genes that are essential for floral development
(e.9., HVSPL13, HVSPL16, HvSPL18, HvSPL23, NAC, bHLH,
bZIP, MYB, TCP, C2HC, B3, ERF) were present in the brown
module (Figure 5F). Genes in the brown module maintained their
expression levels until the LHD stage (Table S14).

GDSL esterase/lipase genes in cluster 5 affect spike
morphology

To verify the correlation between different gene expression pat-
terns and their functions, we next selected genes from cluster
5 for in-depth analysis. The expression of the genes in cluster 5
peaked at YA stage (Figure 2C). This stage is an important period
of spike development, during which pollen matures and prepares
for the fertilization process. A large number of GO terms related
to pollen, floral, and anther development were detected in cluster
5 (Table S6). Ten GDSL esterase/lipase protein genes were iden-
tified. GDSL esterase/lipase proteins are associated with pollen
development and fertility in rice.”>’® A GDSL esterase/lipase
(GELP) gene (HORVU5Hr1G068460), orthologous to OsGELP96
(http://plants.ensembl.org/index.html), had the highest expres-
sion level among these 10 genes (Figure S4). We named this
gene HVYGELP96. To investigate the function of this gene, we ob-
tained a mutant in this gene from an ethyl methanesulfonate
(EMS)-mutagenized population library”” and derived homozy-
gotes from the mutant line M7963, harboring an A203V substitu-
tion of HYGELP96. Compared with the wild-type “Hatiexi” (HTX),
the homozygous mutant showed a reduction in spikelet fertility
(Figures 6A and 6B) and significantly shorter and lighter spikes,
together with fewer grains (Figures 6C-6E). The phenotypes of
the mutant indicated that HYGELP96 is associated with spike
morphology in barley. Further functional verification of
HVvGELP96 should be performed in the future.

DISCUSSION

To better understand the regulation of spikelet development in
barley, we generated an RNA-seq dataset to spatially and
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temporally dissect gene expression over 17 stages and at 5
spikelet positions. High-quality barley reference genome was
released in 2017.° Few studies about barley transcriptome
have been reported.”®®" Recently, using laser capture microdis-
sected tissues, Thiel et al.’ reported transcriptional landscapes
of floral meristems in a two-rowed barley cultivar (Bowman).
Compared with previous transcriptome work in barley, the sam-
ples in this study cover a longer window of spike development,
and include the development of structures in five positions
across individual spikes, providing a comprehensive analysis
of gene expression patterns for spikelet development. We
selected the six-rowed barley cultivar Morex because this variety
eliminates the interference caused by the lack of lateral spikelets.
In addition, complete genome sequencing data are available for
Morex. Using these expression profile data, we summarized key
features of gene expression related to spike development in
barley.

Genes expressed at different stages display obvious
different expression pattern

From the transcriptome data, we determined that the number of
expressed genes gradually increases from the AP to the TP
stages (Figure 1D). This window represents the development
and maturation of stamens and pistils after spikelet primordium
differentiation, and the completion of meiosis. The AP to TP
stages, which are the most critical period for spikelet maximum
survival yield potential in barley, are precisely regulated.® During
these stages, genes involved in stamen development, meiosis,
glucose transport, cell cycle, vascular bundle transport, and
cell wall assembly are highly expressed, a result consistent
with the development taking place during these stages (Fig-
ure 2D). During the TP-LHD stages (the early stage of carpel
development), expression of a number of genes reached a
peak (Figure 1D). The genes in pathways related to phytohor-
mones such as cytokinins and JA and related to pollen tube elon-
gation were highly expressed at certain stages (Figure 2D), sug-
gesting that these phytohormone pathways are crucial for the
regulation of carpel and pollen development. After LHD, the
number of expressed genes decreased significantly until 36
DFL (Figure 1D). This period represents the gradual maturation
of embryos and grains, primarily involving the accumulation of
assimilates via associated metabolic pathways. By clustering
the expressed genes at the 17 stages, we successfully identified
key regulators for a variety of events during spike development.

Genes expressed in the apical spikelet are significantly
different from those expressed in other parts of the
spike

Based on our gene expression dataset of spikelets, we noticed
that the number of DEGs for the top part of the spikelet is the
largest (Figure 2B), indicating that gene expression directing
the development of the apical spikelet is different from that in
other parts. In panicle development of monocots, the develop-
ment of the apical spikelet is regulated by specific genes, phyto-
hormone levels, the environment, and other factors.®> For
example, previous studies largely focused on the regulation by
auxin and cytokinins of the top of the spike.®® In this study, we
showed that expression of genes involved in the BR pathway
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Figure 6. A GDSL esterase/lipase gene (HORVU5Hr1G068460, HvGELP96) affected spike morphology in barley

(A and B) Representative photograph of spikes (A) and grains of an individual spike (B) from the wild-type “Hatiexi” (HTX) and a homozygous M7963 mutant plant.
(C-E) Spike length (C), spike weight (D), and grain number per spike (E) of the barley gelp96 mutant and its wild-type (HTX). Data are means + SD (n = 5 spikes).
Significant differences were determined by Student’s t test (“p < 0.05, **p < 0.001).

is also higher in the apical spikelet, indicating that BR signaling
contributes to the degradation and differentiation of the top of
the spike. In rice, apical spikelets of rice panicles usually show
degeneration characterized by small whitish spikelets with ar-
rested development and sterile anthers, leading to failure of
seed setting and a reduction in grain yield.?*** The development
of the panicle apex is an important step that is closely related to
yield. However, only a few genes associated with the degrada-
tion of apical spikelets have been identified to date, and the un-

12 Cell Reports 42, 113441, November 28, 2023

derlying mechanism at the top of the panicle needs to be
explored further. In our expression profile data, over 1,000 genes
were preferentially expressed in apical spikelets, offering a list of
candidate genes for future analysis of the development and
degeneration of apical spikelets.

The role of TFs in barley spike development
As important proteins regulating gene expression, TFs play crucial
roles in spike development. For example, the TFs forming the ABC
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model regulate the formation and morphological maintenance of
lemmas, lodicules, stamens, and pistils. Four class E genes,
SEP1, SEP2, SEP3, and SEP4, show partially redundant functions
in determining the identity of sepals, petals, stamens, and car-
pels.®?#° The genes AGL6 and AGL 13 regulate floral organ forma-
tion, most likely in ovule formation.®® In our RNA-seq data, the
expression levels of HYSEP5 and HVSEP6 peaked at the GrA
and YA stages, and their expression levels gradually decreased af-
ter the LHD stage (Figure 3A). This finding indicates that these two
SEP genes also play animportant regulatory role in the formation of
floral organs during the GrA and YA stages. SPL genes have
diverse functions, including roles in plant growth and develop-
ment.®”®® The expression patterns of SPL and AGL family genes
were higher before LHD and then gradually decreased (Figure 3A),
suggesting that their encoding TFs regulate inflorescence devel-
opment mainly before flowering. Using our expression profile
data, we can predict new functions for some previously well-
known genes.

In summary, the high spatiotemporal resolution of our tran-
scriptome dataset revealed a number of key regulators and
fundamental regulatory networks for the development of spike
tissues in barley. It will not only facilitate functional analysis of
relevant genes and molecular patterns of spike development
and morphology, but also provide information that is helpful, if
not essential, for the improvement of grain yield during barley
breeding.

Limitations of the study

The AP stage was the starting point for sample collection in this
work. However, the developmental process before AP stage is
also important, transcriptome analyses can be performed spe-
cifically for this developmental stage. In addition, we identified
a series of genes associated with different developmental
events, and only one gene was selected for function validation,
more important genes can be investigated. We investigated
the phenotypes of the candidate gene using EMS mutants, and
the results would be better if there were knockout mutants and
overexpressed lines.
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Chemicals, peptides, and recombinant proteins

TRIzol™ Reagent Invitrogen Cat# 15596018

DNase | Promega Cat# 23585

Phanta Max Master Mix (Dye Plus) Vazyme P525-01

Critical commercial assays

RNeasy Plant Mini Kit QIAGEN 74904

Next Ultra™ RNA Library Prep Kit NEB E7530L

TruSeq PE Cluster Kit v3-cBot-HS lllumina PE-401-3001

Plant Genomic DNA Extraction Kit Tiangen DP305-03

Deposited data

Raw data of RNA-sequencing This paper CRAO011642

Experimental models: Organisms/strains

Barley: Morex This paper N/A

Barley: hatiexi (HTX) This paper N/A

Barley: hvgelp96 Jiang et al.”’ N/A

Oligonucleotides

Forward PCR primer for mutant genotyping: This paper N/A

5-GTGATGGTAGCAGCCATGGTA-3'

Reverse primer for mutant genotyping: This paper N/A

5-TACCAAGACTCCGCTATGGC-3

Software and algorithms

Fastqc Andrews.®’ http://www.bioinformatics.babraham.ac.
uk/projects/fastqc/

Trimmomatic Bolger et al.*®° http://www.usadellab.org/cms/index.php?
page=trimmomatic

Salmon Patro et al.”’ https://combine-lab.github.io/salmon/

Tximport package
ImpulseDE2 (v1.6.1)
DESeq2

Mfuzz package
Eggnog Mapper
ClusterProfiler

WGCNA package

Cytoscape3.7.1

Soneson et al.*?

Fischer et al.®
Love et al.**

Kumar et al.®®
Cantalapiedra et al.®®
Wu et al.”’

Langfelder et al.”®

Shannon et al.”®

https://github.com/mikelove/tximport
https://github.com/YoseflLab/ImpulseDE2

https://bioconductor.org/packages/
release/bioc/html/DESeqg2.html

http://mfuzz.sysbiolab.eu/
http://eggnog-mapper.embl.de

http://bioconductor.org/packages/release/
bioc/html/clusterProfiler.html

http://www.genetics.ucla.edu/labs/
horvath/CoexpressionNetwork/

http://cytoscape.org

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to the Lead contact, Zifeng Guo (guozifeng@ibcas.ac.cn).

Materials availability

Plant materials generated in this study are available from the lead contact on request.
This study did not generate new unique reagents.
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Data and code availability
® The raw sequence data reported in this paper have been deposited in National Genomics Data Center (https://ngdc.cncb.ac.
cn/gsa) under accession number CRA011642.
® This paper does not report original code.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant materials and growth conditions

Six-rowed barley (Hordeum vulgare cv. Morex) plants, wild-type “Hatiexi” (HTX) and the mutant of HvGELP96 (gelp96) were grown in
a greenhouse under the photoperiod of 16-h light/8-h dark, temperature of ~20°C day/~16°C night and light intensity of 250 umol
m~2s~". Seeds were germinated in Petri dishes with water-soaked paper for 4 days. Four seedlings were transplanted to one pot
(19 x 19 x 18 cm, 6.5 L). Supplemental light was supplied and plants were irrigated when required.

METHOD DETAILS

Sample collection for transcriptome analysis

Spikes were manually dissected for an overall view of floret development and abortion at 17 spikelet developmental stages in barley:
1) the awn primordium (AP) stage (the spikelet primordium number reaches its maximum); 2) the white anther (WA) stage (the anthers
are partially surrounded by the young carpel, the two bumps at the top of the carpel initiate the development of styles and stigma, the
palea partially encloses the carpel and stamen, the rachilla can be seed between the palea and lemma); 3) the green anther (GrA)
stage (the stamens grow to approximately 1 mm in length, the carpel is enclosed by the lemma and palea); 4) the yellow anther
(YA) stage (development of the anthers and pollen is more advanced, the lemma and palea grow and completely enclose the stamens
and carpel); 5) the tipping (TP) stage (the tips of awns are visible); 6) the early heading (EHD) stage (the tip of the top spikelet is visible);
7) the middle heading (MHD) stage (half of the spike is visible); 8) the late heading (LHD) stages (more that 90% of the spike is visible).
(9-17) Days following late heading. Information describing these different developmental stages can be found elsewhere.®'"%”

For the temporal transcriptome analysis of the six-rowed cultivar Morex, spikelets we harvested at each rachis node at each of the
17 developmental stages (Figure 1). For the spatial transcriptome analysis of spikelet gene expression, all three spikelets were used
at each rachis node at each of the five positions of the rachis node (Figure 1) within each individual spike. Three biological replicates
were collected for each of the time points/positions. Each replicate was obtained by pooling samples from at least five to ten plants.
Total RNA was extracted using TRIzol reagent (Invitrogen).

At all 17 spike developmental stages, spike length and spike dry weight were measured. At 14 stages (excluding the AP, GrA, and
YA stages) and the five positions, awn dry weight, spikelet dry weight (without the awn), central spikelet dry weight (without the awn),
lateral spikelet dry weight (without the awn) were measured. Due to the small size of structures at the AP, GrA, and YA stages, dry
weight was not determined at any of these three stages.

Tissue preparation and mRNA sequencing

The spikes of 17 stages were frozen in liquid nitrogen, ground into powder, and total RNA was extracted using TRIzol reagent (Invi-
trogen), treated with DNase |, and purified using RNeasy columns (QIAGEN). A total of 1 pg total RNA per sample was used as input
material for the preparation of sequencing libraries using Next Ultra RNA Library Prep Kit for lllumina (NEB, USA) following the man-
ufacturer’s recommendations. Index codes were added to attribute sequences to each sample following sequencing and demulti-
plexing. The clustering of index-coded samples was performed on a cBot Cluster Generation System using a TruSeq PE Cluster
Kit v3-cBot-HS (lllumina) according to the manufacturer’s instructions. After cluster generation, the libraries were sequenced on
an lllumina Novaseq platform and 150-bp paired-end reads were generated and analyzed.

Read mapping and differential gene expression analysis

The reference genome used here was the barley genome (International Barley Sequencing Consortium (IBSC), 2016) downloaded
from https://galaxy-web.ipk-gatersleben.de/libraries/folders/F5969b1f7201f12ae. The quality of raw data was assessed using
Fastqc®® (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Raw RNA-seq reads were processed to remove low-quality
reads using trimmomatic.® The software tool Salmon®' and the Tximport package in R°® were used to quantify RNA-seq data and
import transcript-level quantifications from Salmon and optionally aggregate them to gene levels for differential expression analysis.
Raw read counts were normalized to transcripts per million (TPM) expression levels.

Differentially expressed genes (DEGs) throughout the reproductive period (AP-36DFL)

DEGs were identified by comparing time courses for each of the 17 developmental time points at each position using ImpulseDE2
(v1.6.1) in R.%® ImpulseDE2 was used in case-only mode and no batch effects settings were added to the parameters. Identification of
DEGs was according to false discovery rate (FDR)-adjusted p-values below 0.05. A total of 15,127 DEGs were identified from the
same genes between the five positions time points different genes.

18 Cell Reports 42, 113441, November 28, 2023


https://ngdc.cncb.ac.cn/gsa
https://ngdc.cncb.ac.cn/gsa
https://galaxy-web.ipk-gatersleben.de/libraries/folders/F5969b1f7201f12ae
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/

Cell Reports ¢? CellPress

OPEN ACCESS

Differential expression of genes in the top, middle and bottom positions during the same developmental stage
Barley inflorescences are continuously growing; however, the apical inflorescence degenerates at certain stages during barley devel-
opment. The DESeq2 R package® was used to identify DEGs (log,FC > 1 or log,FC < —1 and FDR-adjusted p-values < 0.05) between
the top and middle positions or between the bottom and middle positions of the inflorescence.

Clustering of gene expression profiles and GO enrichment analysis

A total 9,228 DEGs with TPM were clustered using Mfuzz®® into 15 significant discrete clusters. The TPM for each gene was deter-
mined from the mean values of three biological replicates. GO term enrichment analysis in each gene cluster was performed using
Eggnog Mapper®® and the -i Barley_Morex_V1.fasta -d virNOG -m diamond settings to find the GO category corresponding to
each set of genes, using the R package clusterProfiler?” for GO enrichment. The significance of enrichment was estimated using
an FDR-adjusted p-value < 0.05.

Weighted gene co-expression network analysis (WGCNA)

The first step was to acquire data for each of the three biological replicates for each time point/position. TPM data were obtained
using 255 tissue samples (17 stages x 5 positions x 3 replicates), and data for all genes were used for co-expression network con-
struction, module detection, module-traits relationship determinations, and identification of hub genes from the interesting modules.
Co-expression network modules were identified using average TPM values and the WGCNA package®® in R. In the spike length-
increasing stages (AP to LHD), genes with a low coefficient of variation for average TPM (CV < 0.25) among all sample types (5
different positions, 17 points) were discarded and the remaining 9,117 genes were used for analysis. The co-expression modules
were obtained using theTOMtype parameter unsigned, and a Pearson correlation matrix was calculated between all pairs of selected
genes from which an adjacency matrix was constructed by raising the correlation matrix to the power of nine (Figure S2A) The min-
ModuleSize parameter was 50, and the modules were identified using the Dynamic Hybrid Tree cut algorithm, with mergeCutHeight
set to 0.25. A total of 8 modules (Figures S2B and S2C) were identified for spike length from the WGCAN results. For hub gene iden-
tification, a weight value greater than 0.4 was selected for connectivity in the positive correlation module as the hub gene. In the spike
weight-increasing stages (LHD to 32DFL), the coefficient of variation on average TPM (CV < 0.25) was first calculated among all sam-
ple types (5 X 17), yielding a power value of more than 30, prompting us to raise the coefficient of variation (CV < 0.7) among all sam-
ple types (5 x 17); the remaining 3,995 genes were used for analysis. The co-expression modules were obtained using the TOMtype
parameter unsigned and a Pearson correlation matrix was calculated between all pairs of selected genes from which an adjacency
matrix was constructed by raising the correlation matrix to the power of 18 (Figure S3A) The minModuleSize was set to 50; the mod-
ules were identified using the Dynamic Hybrid Tree cut algorithm, and mergeCutHeight was 0.25. A total of 8 modules (Figures S3B
and 5E) were identified for spike length from the WGCAN results. Furthermore, relative TPM values were averaged to summarize
expression patterns within individual modules. A module eigengene (ME) value summarizes the expression profile of a given module
as the first principal component. For hub gene identification in the brown module, genes were selected with absolute correlation
values greater than 0.8 for both the gene and module and spike weight traits. The networks were visualized using Cytoscape3.7.1.%°

Mutant identification

The mutant of HYGELP96 was obtained from an ethyl methanesulfonate (EMS)-mutagenized population library in the barley landrace
“Hatiexi” (HTX), which was a spring-type, hulled barley whose entire body turns black when the plants reach full maturity. The HTX
genome and Morex genome were highly collinear.”” TILLING (targeting induced locus lesion in genomes) technology and the assem-
bled HTX genome were used to identify the mutant of HYvGELP96 gene.”” Homozygous M4 plants were harvested for phenotyping. To
validate the genotype of the mutant, genomic DNA was extracted from the leaves of individual plants. The region encompassing the
target site was amplified by PCR using genomic DNA as template. Homozygous mutants were identified via sequence alignment after
the PCR products were sequenced by Sanger sequencing. The primers used for mutant genotyping: forward primer, 5'-GTGATGG
TAGCAGCCATGGTA-3’; reverse primer, 5-CGGATGCTACTGGCACACTAA-3'.

QUANTIFICATION AND STATISTICAL ANALYSIS
R software (v 3.5.3) was used for data analysis. The data are presented as mean + SD. Statistical analyses were performed using a

paired two-tailed Student’s t-test (*p < 0.05, **p < 0.01, ***p < 0.001) for comparisons between two groups. Details about the statis-
tical analyses are described in the method and figure legends.
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