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ABSTRACT

Inflorescence development and flower organ development are important events in plant development, directly affecting
sexual reproduction and plant yield. The molecular mechanism of the inflorescence development in barley (Hordeum
vulgare L.) has rarely been studied. In order to mine the genes involved in the development of barley inflorescence,
published RNA-seq data were analyzed by weighted gene co-expression network analysis (WGCNA), and six modules
were identified. Further analysis showed that three modules (green, light green and purple) were significantly associated
with the stage during floral development. The module-specific genes were enriched in physiological processes such as
transporter activity, metal binding and oxidoreductase activity. In barley, the genes encoding the MADS-box
transcription factor family protein, REDUCED VERNALIZATION RESPONSE! (VRNI) and ASYMMETRIC LEAVESI
were identified as hub genes in the corresponding modules, and were reported previously to be connected with vegetative
apices, leaf growth and auxin signaling. In addition, we also found candidate genes encoding AP2/B3-like transcriptional
factor family protein, proline-rich family protein, growth-regulating factor 2 (GRF2), armadillo-repeat containing protein
(ARP), xyloglucan endotransglucosylase/hydrolase 9 (XTH9) and G2484-1. This work discovered candidate genes that
highly related to the inflorescence development in barley using the constructed genetic network relationship, and
provided new ideas and datasets for studying the molecular mechanism of barley inflorescence development.
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INTRODUCTION maturing. Under long-day conditions, plants with Ppd-H1
are eared about 20 days earlier than those with ppd-H1
In flowering plants, phase transition from (Turner et al., 2005; Kitagawa et al., 2012; Seki et al.,

vegetative to reproductive growth is a critical event in the 2013). In barley, Ppd-HI is often found in winter
plant life cycle. The time of developmental events before produpts, and ppd-H1 i? often found' if} spring varieties
flowering affects the number of grains per plant, which is (Laurie et al., 1995). Wild barley varieties are extremely
directly related to yield traits (Fischer, 1985; Sebastian sensitive to long-day sunlight and mature early under
and Miralles, 2008). Some studies on wheat (Triticum L.) long days (Karsai ez al., 2004). The sensitivity of spring-
and barley (Hordeum vulgare L.) have shown that the grown cultivars to sunlight depends on their origin and
duration of preanthesis in different phenological periods area of cultivation.

is genetically controlled and they have a variety of We.ighted gene co.-expression networl; analysis
sensitivity of vernalization and photoperiod (Slafer and (WGCNA) is a co-expression network analysis method
Rawson, 1994; Gonzalez et al., 2002; Borras-Gelonch et that transforms the connection relationship from "yes/no"
al., 2012). The Ppd-HI gene is located on the short arm to copnection weights, using a biglogically significant
of the 2H chromosome of barley. This gene belongs to criterion-scale-free topology criterion (Langfelder and
the PRR (Pseudo-response regulator) gene family and Horvath, 2008). The relationships among genes are
contains the pseudo-receiver and CCT domains of signal changed from being general to having varying degrees of
transduction. Due to point mutations in the CCT domain, connectivity. The highly related genes are divided into
the encoded glycine (Gly) becomes tryptophan (Trp), one module by calculation, and different modules are
causing long-day insensitivity. Ppd-HI is a gene that associated with similar ~corresponding phenotypes.
responds to long-day sunlight in barley and promotes Studying the genes in the module by reversing the desired
heading under long days, while ppd-HI is relatively late phenotype is actually a new approach to reverse genetics.

A large number of published RNA-seq data can be used
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to reveal potential phenotype-related genes, and WGCNA
has been shown to be effective in the discovery of
previously unscreened specific expression genes. (Bao et
al., 2017).

WGCNA has achieved reliable results under a
variety of biological environments (Ping et al., 2015;
Giulietti et al., 2017; Lin et al., 2018). In agricultural
research, it can be used to mine genes with higher
correlations with specific phenotypes, i.e., inflorescence
development (Feng et al., 2017), fruit ripening (Ghan et
al., 2017) and response to stress (Wang et al., 2014). The
use of the WGCNA method to study barley-related
phenotypes has only been used to a limited extent thus
far, including the studies of starch biosynthesis during
barley development and response to powdery mildew
(Tang et al., 2017; Yuan et al., 2018). In this study, we
used WGCNA to reanalyze the published RNA-seq data
for barley inflorescence (Digel et al., 2015), which can be
used to confirm previous conclusions. It is also possible
to discover candidate genes highly related to
inflorescence development in the constructed genetic
network relationship.

MATERIALS AND METHODS

Data: The research data PRJEB8748 is derived from the
Sequence Read Archive (SRA) database of NCBI,
including 29 samples collected from main shoot apices
(MSAs). Details of the samples can be found in
Supplementary Table 1. The Reads Per Kilobase per
Million mapped reads (RPKM) values of the genes were
based on the results of Supplemental Data set 3 in Digel
et al (Digel et al., 2015).

Methods: We used the R software (v. 3. 4. 1) and
WGCNA (v. 1. 49) software package to construct a
weighted gene expression network and to divide the
modules (Langfelder and Horvath, 2008). First, the
average value of RPKM in the three replicates of each
gene was calculated, and the top 3,000 genes were used
for further analysis. After clustering the samples with the
average method, we set the cut height to 3,000 to remove
outliers. As shown in Supplementary Fig. 1, 4 outliers
were detected. Then we created a sample dendrogram and
used the corresponding trait heatmap to verify that the
remaining 25 samples exactly matched the phenotype
(Supplementary Fig. 2).

A proper adjacency matrix weight parameter 3
value was determined by correlation coefficient and gene
connectivity. Using Supplementary Fig. 3, we chose the
leading matrix weight parameter [=22. Then we
constructed a WGCNA network using the automatic
network constructor block wise modules. The branches of
each cluster tree form a gene module, and each branch in
the cluster tree branch represents a gene. Using the
dynamic shearing method, genes with higher similarity
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(0.8) were defined as a module and were assigned
corresponding colors. Screening for genomes (modules)
with the same expression pattern based on their
correlation with phenotype. Then we made a correlation
analysis between the module genes and traits, and the
modules with correlation coefficients >0.45 were selected
to analyze their connection with floral development
(Zhang et al., 2018). Furthermore, GO (Gene ontology)
annotation for each gene in these modules was applied
from Supplemental Data Set 2 of Digel et al. (2015). GO
enrichment analysis was performed using the OmicShare
tools, a free online platform for data analysis
(www.omicshare.com/tools).

The hub genes refer to genes with high
connectivity in the module, which are more
representative than other genes in the module and can be
used for differential expression analysis between different
materials (treatment). To further explore the interaction
of genes within the module, we used intra-modular
linkage (kIN) to look for key genes from the module and
selected those genes with connectivity >0.2 to map the
gene network.

RESULTS

Gene network constructed by WGCNA: WGCNA
divided all genes into 28 modules based on the optimal
of 22. As shown in Fig. 1, after using the dynamic
shearing method only six modules were retained. The
number of genes divided by each module ranges from
202 to 1,464 (Fig. 2A). The matrix representing all
Module—trait relationships (MTRs) is different. These
modules include a large number of positively or
negatively related genes and having a high or low
expression levels at different stages of development of
the inflorescence.

Major modules correlated with different stages of
floral development: Due to S42-IL107 (S1) is an
introgression line with a photoperiod-responsive
dominant Ppd-HI allele, the genetic background of S42-
IL107 and Scarlett (S2) is similar. We identified three
modules significantly associated with S1. The purple
module (r = 0.77, p = 8¢-06) was highly correlated with
the W3.5 stage under LD (long-day) conditions, and the
green module under LD conditions showed high
correlation (» = 0.48, p = 0.01) with the W1 stage (Fig.
2A). The light green module was highly correlated with
the SD (short-day) conditions at the W3.5 (r = 0.46, p =
0.02) stage and the W1 stage (» = 0.61, p = 0.001),
respectively (Fig. 2A).

Hub gene selection for S1 co-expression networks: As
the heatmaps displayed (Fig. 3A), green-module-specific
genes were overrepresented in the W0.5 and W1 stages in
S1. Eigen-gene expression profiles for the green module
are shown in Fig. 3B and the correlation network of green
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module are shown in Fig. 3C. For green module-specific
genes, the GO term is rich in sequence-specific DNA
binding, transcription factor activity and nucleic acid-
binding transcription factor activity. (Fig. 4). Among the
hub genes in this module, seven genes encoding
transcription factor (TF), including three MADS-box TFs
(Hv.15491, Hv.19680, Hv.110), two AP2/B3-like TFs
(Hv.12609, MLOC 54060.1), one bZIP
TF(MLOC 14596.3), one NAC TF (Hv.35231) and one
BEL1-like homeodomain 11 (BLHI1, Hv.34830). Genes
encoding growth-regulating factor 2 (GRF2, Hv.15756),
phytochrome-associated protein 1 (PAPI, Hv.31348),
LIGHT SENSITIVE HYPOCOTYS 3 (LSH3, Hv.17107),
LSH6 (Hv.34251) were also found. Three genes,
VEGETATIVE TO REPRODUCTIVE TRANSITION?2
(VRT2; Hv.15491), BARLEY MADS BOXI10 (BMI0;
Hv.19680), and a homolog of REDUCED
VERNALIZATION RESPONSE 1 (VRNI; Hv.12609) were
in the center of green-module network (Fig. 3C).

Light green module-specific gene heatmaps
(Fig. 3D) were overrepresented in the W2 and W3.5
stages. Eigen-gene expression profiles for the light green
module are shown in Fig. 3E and Fig. 3F reveals the
correlation network of this module. GO enrichment
demonstrated that genes in the light green module were
significantly enriched in GO terms with metal binding,
such as zinc ion binding, transition metal ion binding,
metal ion binding, ion binding and cation binding (Fig.
4). Twenty-four of the 30 hub genes in the light green
module were annotated, including one AP2/B3-like TF
(Hv.11103), one BTB/POZ/NATH-domains containing
protein (Hv.11353), two C2H2-like zinc finger proteins
(Hv.8749, Hv.13792), one F-box/RNI-like/FBD-like
domains-containing protein (Hv.19756), one CCCH-type
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RING/FYVE/PHD zinc finger superfamily protein
(MLOC 60146.1). More importantly, we found two
genes directly associated with flowering, Hv.17103
encodes armadillo-repeat containing protein (ARM),
which is involved in leaf and flower development;
Hv.4496 encodes a proline-rich family of proteins, a
nuclear targeting protein that is involved in the regulation
of inflorescence development and affects flowering time,
independent of FLC (FLOWERING LOCUS C). As
shown in Fig. 3F Hv.4496 was in the center of the light
green module network (Fig. 3F).

For S1, heatmaps (Fig. 3G) showed that purple
module-specific genes were overrepresented in the W2
and W3.5 stages. The characteristic gene expression
profile of the purple module is shown in Figure. 3H.The
GO terms of genes in this module were enriched in
oxidoreductase activity, monovalent inorganic cation
transmembrane transporter activity, and inorganic cation
transmembrane transporter activity (Fig. 4). In total, three
genes encode TFs: one MYB-like HTH transcriptional
regulator family protein (Hv./2064), one zinc finger
(CCCH-type) family protein (Hv.9817), and one zinc
finger (C2H2-type) (MLOC 60374.1). In addition, we
also found genes encoding xyloglucan
endotransglucosylase/hydrolase 9 (XTHY, Hv.12170),
gamma tonoplast intrinsic protein (MLOC 73301.3),
GYF domain-containing protein (Hv.1693) and
polygalacturonase inhibiting protein 1 (Hv.1123).
Hv.12064 and Hv.1878 were in the center of the purple
correlation network. Hv./2064 encodes a MYB domain
protein that is involved in leaf growth and auxin signaling
(Digel et al., 2015), while Hv.1878 encodes G2484-1
protein, indicating this protein maybe provide new clues
for understanding the mechanism of floral development
(Fig. 30).
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Fig. 1. Hierarchical cluster tree showing co-expression modules identified by WGCNA. Each leaf in the tree
represents one gene. The major tree branches constitute 6 modules, labeled with different colors.
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Fig. 2. Module-Trait Relationships (MTRs) and gene significance in selected modules. A) Matrix of module-trait
relationships. Each row corresponds to a module. The number of genes in each module is indicated on the
left. Each column corresponds to a specific treatment. MTRs are colored based on their correlation. A
high degree of correlation is indicated by dark red and dark green. B-D) Scatterplots of gene significance
versus the selected modules (green, light green and purple).
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Fig. 3. Co-expression network analysis of green, light green and purple modules. (A, D, G) Heatmaps respectively
represent genes that are significantly overexpressed in the three modules. (C, F, I) Eigen-gene expression
profiles for the three modules at different treatments, respectively. The y-axis indicates the value of the
module Eigen-gene and the x-axis indicates the samples under different treatments. (B, E, H) The
correlation networks corresponding to the three modules, respectively.
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Inflorescence development.
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Sample dendrogram and trait heatmap
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Supplementary Table 1. Detailed information sheet for 29 samples.

Stage Photoperiod Library Sample
library A S42-1L017__repl
WO0.5 SD library B S42-1L017__rep2”
library C S42-1L017 _ rep3”
library D Scarlett_repl”
library E Scarlett_rep2
LD library F Scarlett_rep3
library G S42-IL017_repl
W1 library H S42-1L017_rep2
library 1 S42-1L017_rep3
library S S42-1L017 repl
SD library T S42-1L017_rep2
library U S42-1L017 _rep3
library J S42-1L017_repl
w2 LD library K S42-1L017 rep2
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library P Scarlett_repl
library Q Scarlett_rep2
library R Scarlett rep3
library V S42-1L017 repl
SD library W S42-1L017_rep2
library X S42-1L017 _rep3
library J1 S42-IL107_repl
library K1 S42-1L107 _rep2
LD library L1 S42-1L107_rep3
library P1 Scarlett_repl
W3.5 library X1 Scarlett_rep2
library Y1 Scarlett rep3
library ACI S42-1L107 _repl”
SD library AD1 S42-1L107_rep2
library AE1 S42-1L107 rep3
1. LD, long-day; SD, short-day;
2. W, Waddington stage.

* samples filtered before WGCNA analysis.
DISCUSSION

Barley is one of the oldest cereals in the world.
It has wide adaptability and strong resistance to stress,
and is also one of the raw materials for beer production.
Inflorescence development and floral organ formation
directly affect the sexual reproduction of plants, thus
affecting yield. The published barley transcriptome gene
expression profiles are generally used to describe the
expression of genes in physiological processes and are
rarely used to explore molecular mechanisms (Greenup et
al., 2011). The dataset obtained by WGCNA can provide
a theoretical basis for the hypotheses on the regulation of
the development of barley inflorescence and could guide
further experimental design required for functional
verification.

WGCNA reveals molecular modules that are closely
related to inflorescence development: Co-expression
gene cluster analysis demonstrated the temporal
distribution of core molecular events during inflorescence
development in barley. When we built the matrix, we
used published RNA-seq data that were more reliable
than chip data and detected more number of genes (Ju et
al., 2018). Different stages of inflorescence development
have different characteristics. The stages W1 to W3.5 are
processes in which plants change from a vegetative
growth stage to an early reproductive stage. MSAs act as
a “marker” in which transcriptional changes can represent
transcriptional changes during inflorescence development
in barley. The gene expression characteristics of the
variant material S42-IL107 in the W1 and W3.5 stages
under LD conditions were significantly correlated with
the green and purple modules, respectively. This
indicates that the two modules are enriched for genes that
are highly expressed in the corresponding inflorescence
developmental stages.
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Transcriptional regulation in different stages:
Analysis of genes involved in transcriptional regulation
indicates that transcription factors play an important role
in flower bud formation. The expression profile during
different developmental stages indicates the specificity of
the transcription factor. MTRs and GO analysis identified
key transcription factors within the module that are
associated with the control of flowering time. We found
that during the W0.5 and W1 stages, genes encoding
MADS-box transcription factor family protein (Hv.110,
Hv.15491 and Hv.19680 in the green module) were
identified as hub genes. These three MADS-box TFs are
homologous to SHORT VEGETATIVE PHASE (SVP),
and are highly expressed at the apex of the vegetative
growth phase and gradually downregulated during MSA
development. (Digel et al., 2015). MADS-box TF family
protein has been shown to play an important role in floral
evolution (Theissen et al., 2000). The MADS-box TF
inhibitor CO (SOCI), which is dependent on GA-
dependent pathway overexpression, affects flowering
time under short daylight conditions (Zhao et al., 2014).
Hv.12609, a homolog of VRNI, encodes an AP2/B3-like
transcriptional factor family protein and is involved in
epigenetic gene silencing in Arabidopsis (Digel et al.,
2015). AP2/B3-like transcriptional factor family protein
contains a B3 domain, and proteins containing this
domain have been shown to be involved in early flower
development (Wang et al., 2012). In the purple module,
Hv.12064 encodes a MYB-like HTH transcriptional
regulator family protein, which is involved in leaf growth
and patterning, and auxin signaling (Digel et al., 2015).
The above genes were also identified by Digel et al.
(2015) and confirmed the reliability of the WGCNA
analysis.

In addition, we found genes that also have a
potential function during inflorescence development.
GRF2 (Hv.15756) in the green module, identified as a
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hub gene, represents a class of plant-specific transcription
factors that are members of the growth regulator family.
GRF2 is a type of growth regulating factor encoding a
transcription activator. It is unclear how GRF2 protein
regulates growth in barley. However, the overexpression
of AtGRF2 has been shown to accelerate embryonic
cotyledon development, germination of apical meristem
differentiation and vegetative growth in Arabidopsis
(Kim et al., 2010). Due to the specific expression of
GRF2 during the W1 stage, we infer that it also has a
function in the regulation of inflorescence development.
Two flower-related genes were identified in the light
green module of the W2 and W3.5 stages, including
proline-rich family protein (Hv.4496) and ARM repeat
superfamily protein (Hv.17103). The proline-rich protein
is one of the structural cell wall proteins in plants (Chen
et al., 1985). In rice, the proline-rich family protein has
been shown to be involved in flower organ development,
and after knocking out the gene, rice flower buds
withered (Gothandam et al., 2010). However, its
mechanism of action in barley is still unclear. The ARM
protein is located in the nucleus and is broadly expressed
throughout vegetative and floral tissues. In the purple
module, XTH9 (Hv.12170) transcripts were identified as
one of the hub genes and accumulated in the MSAs.
During the breeding season, the transcript level of the
shoot tips further increased, and they were also detected
in flower buds, pedicels and internodes with flowers. It
has been shown to be coordinated with plant
development, including the growth of meristems and the
elongation of the cells of the inflorescence stems. (Hyodo
et al., 2003). The G2484-1 protein contains an agenet
domain, but its function is unclear. However, the gene
AIP] identified in Arabidopsis thaliana contains the
Agenet/Tudor domain and is expressed in reproductive
tissues, with its downregulation delaying flower
development (Brasil ef al., 2015). Therefore, we conclude
that the specific expression of the G2484-1 protein is
similar to that of AIP1 and may play a regulatory role in
flower development.
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