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T-Like Genes to Control Floret Development and
Grain Number!!OFEN]

Xiaojing Bi,*® Wilma van Esse,© Mohamed Aman Mulki,> Gwendolyn Kirschner,9¢ Jinshun Zhong,>?
Riidiger Simon,%¢ and Maria von Korff-4.23

“Max Planck Institute for Plant Breeding Research, D-50829 Cologne, Germany

PInstitute of Plant Genetics, Heinrich-Heine-University, 40225 Diisseldorf, Germany

“Laboratory of Molecular Biology, Wageningen University and Research, Droevendaalsesteeg 1, 6708 PB
Wageningen, the Netherlands

dCluster of Excellence on Plant Sciences “SMART Plants for Tomorrow’s Needs” 40225 Diisseldorf, Germany
“Institute for Developmental Genetics, Heinrich-Heine-University, 40225 Diisseldorf, Germany

ORCID IDs: 0000-0003-2240-1246 (X.B.); 0000-0003-3511-537X (M.A.M.); 0000-0001-7086-5470 (J.Z.); 0000-0002-6816-586X (M.v.K.).

CENTRORADIALIS (CEN) is a key regulator of flowering time and inflorescence architecture in plants. Natural variation in the
barley (Hordeum vulgare) homolog HvCEN is important for agricultural range expansion of barley cultivation, but its effects on
shoot and spike architecture and consequently yield have not yet been characterized. Here, we evaluated 23 independent hvcen,
also termed mat-c, mutants to determine the pleiotropic effects of HvCEN on developmental timing and shoot and spike
morphologies of barley under outdoor and controlled conditions. All hvcen mutants flowered early and showed a reduction
in spikelet number per spike, tiller number, and yield in the outdoor experiments. Mutations in hvcen accelerated spikelet
initiation and reduced axillary bud number in a photoperiod-independent manner but promoted floret development only
under long days (LDs). The analysis of a flowering locus t3 (hvft3) hvcen double mutant showed that HVCEN interacts with
HvFT3 to control spikelet initiation. Furthermore, early flowering3 (hvelf3) hvcen double mutants with high HvFT1 expression
levels under short days suggested that HvCEN interacts with HvFT1 to repress floral development. Global transcriptome
profiling in developing shoot apices and inflorescences of mutant and wild-type plants revealed that HvCEN controlled
transcripts involved in chromatin remodeling activities, cytokinin and cell cycle regulation and cellular respiration under LDs
and short days, whereas HVCEN affected floral homeotic genes only under LDs. Understanding the stage and organ-specific
functions of HvCEN and downstream molecular networks will allow the manipulation of different shoot and spike traits and
thereby yield.

Shoot architecture is a major determinant of grain yield
and therefore a primary target for crop improvement.
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Shoot architecture is largely defined by branching (til-
lering) patterns, plant height, leaf shape and arrange-
ment, and inflorescence morphologies. These traits are
controlled by the combined activities of the shoot apical
meristem (SAM) and the axillary meristems (AXMs;
Nakagawa et al., 2002; Teichmann and Mubhr, 2015). A
vegetative SAM gives rise to leaves and AXMs that
form in the leaf axils (Turnbull, 2005). As plants tran-
sition from vegetative to reproductive growth, the
SAM forms an inflorescence, flowers, and eventually
seeds. Grasses exhibit a striking diversity in their
inflorescence architectures that is determined by meri-
stem initiation and determinacy decisions, the acquisi-
tion of spikelet meristem identity, and the determinacy
of the spikelet meristem (Bommert and Whipple, 2018).
The spikes of barley (Hordeum wvulgare) display a
raceme-like branchless shape and consist of triple
spikelets produced on two opposite sides along
the main axis (rachis). Although the barley inflo-
rescence is indeterminate, the barley spikelet is de-
terminate as a defined number of florets is produced,
a maximum of a single floret and grain, per spikelet.
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The triple spikelet meristem of barley consists of one
central spikelet meristem and two lateral spikelet
meristems. Most studies on barley spike architecture
have focused on the genetic basis of two-rowed versus
six-rowed spikes, which is determined by differential
development of the lateral spikelets (Komatsuda et al.,
2007; Ramsay et al., 2011; Koppolu et al., 2013; Bull
et al., 2017; van Esse et al., 2017; Youssef et al., 2017).
However, recent studies have shown that spike archi-
tecture is also affected by genetic factors controlling the
timing of preanthesis development in barley and wheat
(Triticum aestivum). The flowering time regulators
PHOTOPERIOD1 (PPD-H1) and its downstream target
FLOWERING LOCUS T1 (FT1), homolog of Arabi-
dopsis (Arabidopsis thaliana) FT, affect the number of
spikelets produced on the main inflorescence in barley
and wheat, likely by affecting the rate and duration of
spikelet initiation (Boden et al., 2015; Digel et al., 2015).
FT-like genes belong to phosphatidylethanolamine-
binding proteins, whose homolog in humans (Homo
sapiens) was characterized as a Raf kinase inhibitor
protein, mediating the rapidly accelerated fibrosar-
coma (RAF)/mitogen-activated protein kinase kinase
(MEK)/extracellular signal-regulated kinases (ERK)
signal transduction pathway (Bradley et al., 1996,
1997; Ohshima et al., 1997; Kardailsky et al., 1999;
Kobayashi et al., 1999; Yeung et al., 1999). In plants, the
phosphatidylethanolamine-binding proteins family
comprises proteins with antagonistic effects on devel-
opment as they either promote or inhibit floral
transition. FT-like genes generally induce flowering
while CENTRORADIALIS (CEN), first described in
Garden Snapdragon (Antirrhinum mayus), represses
the initiation of floral meristems (Bradley et al., 1996;
Danilevskaya et al.,, 2008; Komiya et al., 2008; Turck
et al.,, 2008; Digel et al., 2015; Kaneko-Suzuki et al.,
2018). In Arabidopsis and rice (Oryza sativa), FT is
expressed in the leaf vascular tissue and the FT protein
is transported through the phloem to the SAM
(Corbesier et al., 2007; Tamaki et al., 2007). In rice, the
FT homolog HEADING DATE 3a (Hd3a) forms a
florigen-activating complex with 14-3-3 proteins and
FLOWERING LOCUS D (FD) homolog OsFD1 to acti-
vate the expression of meristem identity genes (Taoka
et al, 2011). By contrast, TERMINAL FLOWERI1
(TFL1), the Arabidopsis homolog of CEN, functions as a
hypothetical competitor of FT in binding to FD and 14-
3-3 proteins in the shoot apex, thereby preventing the
induction of flowering (Abe et al., 2005; Wigge et al.,
2005; Ahn et al., 2006; Hanano and Goto, 2011; McGarry
and Ayre, 2012; Kaneko-Suzuki et al., 2018). An accel-
eration in flowering time and the formation of a ter-
minal flower are observed in both #I1 mutants and
plants overexpressing FT in Arabidopsis (Bradley et al.,
1997; Kardailsky et al., 1999; Kobayashi et al., 1999). The
function of TFL1 homologs in controlling flowering
time and inflorescence architecture are conserved to
some extent between grasses and eudicots. For exam-
ple, the Antirrhinum TFL1 homolog CENTROR-
ADIALIS controls the determinacy of the inflorescence
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with no effects on flowering time (Bradley et al., 1996),
whereas LpTFL1 in ryegrass (Lolium perenne) represses
flowering and controls AXM identity (Jensen et al.,
2001). RICE CENTRORADIALIS (RCN1 and RCN2),
rice homologs of TFL1, delay flowering and alter the
panicle architecture (Nakagawa et al., 2002). Like-
wise, ectopic expression of the RCN1-CORN CEN-
TRORADIALIS/TFL1-like protein ZCN2, ZCN4, ZCN5
in maize (Zea mays) leads to late flowering and a bushy
tassel with denser spikelets (Danilevskaya et al., 2010).

HvCEN, the barley homolog of Antirrhinum CEN
and Arabidopsis TFL1, contributed to the expansion of
barley cultivation into diverse habitats (Comadran
et al., 2012). A natural Pro-135Ala substitution in
HvCEN has been selected in spring barley cultivars
and prolongs vegetative growth, while hovcen muta-
tions lead to early flowering under natural long-day
(LD) conditions (Comadran et al., 2012). The authors
also show that induced hvcen mutants, originally des-
ignated as maturity-c (mat-c) mutants, flowered a few
days earlier under natural LD conditions (Druka et al.,
2011; Comadran et al., 2012; Lundqvist, 2014). How-
ever, the effects of HvCEN on shoot and inflorescence
architecture and its interaction with FT-like genes have
not been characterized so far.

Barley has six different FT-like homologs, of which
only HvFT1 and HvFT3 have been functionally char-
acterized (Schmitz et al., 2000; Yan et al., 2006;
Hemming et al., 2008; Sasani et al., 2009; Casao et al.,
2011; Chen and Dubcovsky, 2012; Halliwell et al., 2016).
Elevated HuFT1 expression in leaves is correlated with
a strong acceleration of floral development, whereas
HvFT3 only induces spikelet initiation without effects
on later floret development (Digel et al., 2015; Mulki
et al., 2018). In this study, we analyzed a large collec-
tion of independent hvcen mutants to (1) identify plei-
otropic effects of HvCEN on developmental timing and
shoot and spike morphology, (2) determine transcrip-
tional targets of HvCEN in the developing SAM under
different photoperiods, and (3) investigate the genetic
interactions between HvCEN and the FT-like genes
HoFT1 and HoFT3.

We demonstrate that HVCEN has pleiotropic effects
on several shoot traits, as it delays reproductive de-
velopment and flowering, promotes axillary bud initi-
ation/tillering, and increases the number of spikelet
primordia and plant height. Mutations in HvCEN
shortened the vegetative phase under both LDs and
short days (SDs) but accelerated inflorescence devel-
opment only under LDs. These photoperiod-specific
effects of HvCEN were likely dependent on antago-
nistic interactions with different HvFT-like proteins
during development. Global transcriptome analysis
in developing SAMs suggested that spikelet initia-
tion, as promoted by mutations in hvcen, coincided with
a strong reprogramming of transcriptional networks,
the induction of cell proliferation, and changes in the
energy metabolism under SDs and LDs. The subse-
quent rapid floral development in the hvcen mutant
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was linked to the LD-specific up-regulation of floral
homeotic genes.

RESULTS
HvCEN Controls Shoot and Spike Architecture in Barley

To characterize the effects of different HvCEN mu-
tations on shoot development, we analyzed flowering
time, grains per spike, plant height, tiller number, and
different seed parameters in 23 allelic hvcen mutants in
six different spring barley backgrounds under outdoor
conditions (Fig. 1; Supplemental Table S1). All the hvcen
mutants flowered significantly earlier and produced
fewer grains per main spike than the respective wild-
type genotypes (Fig. 1, A and B). In addition, all hvcen
mutants, except for mat-c.19 and mat-c.913, produced
fewer tillers at flowering time compared with the
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Characterization of CENTRORADIALIS in Barley

corresponding parental genotypes (Fig. 1C). Likewise,
plant height of most hocen mutants, excluding mat-c.19,
mat-c.32, mat-c.93 in the Bonus background and
all mutants in the Frida background, was reduced
compared with the respective wild-type genotypes
(Fig. 1D). Seed traits, including length, width, area, and
thousand kernel weight (TKW), were not significantly
different between all mutants versus wild-type plants
(Supplemental Fig. S1).

We calculated the degree of amino acid conservation
across taxa for individual mutations. The analysis
revealed that all single amino acid substitutions are
located in conserved positions within the protein
(Supplemental Table S2). The mutations were positioned
in the potential ligand-binding pocket (mat-c.913, mat-
.93, mat-c.32, mat-c.907, mat-c.1115), the 14-3-3 protein
interaction site (mat-c.943, mat-c.745), and the external
loop (mat-c.400; Supplemental Fig. S2; Ahn et al., 2006;
Ho and Weigel, 2014). The external loop has been
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Figure 1. Phenotypes of hvcen (mat-c) mutants trialed under outdoor conditions over 2 consecutive years. Mutants (red) in six
different genetic backgrounds are shown next to their respective parental lines (blue; Supplemental Table S1). Various traits
including flowering time (A), grain number per main spike (B), number of tillers at flowering time (C), and plant height (D) were
measured over years. Flowering time was scored as time from sowing to heading when the awn of the main spike emerged from
the flag leaf. The line within each box denotes the median. The sample size per genotype is given in Supplemental Table S1. Error
bars: sp. Significant differences between the mutants and their wild-type parents were calculated by a one-way ANOVA using a
Tukey honestly significant difference as a post hoc test, ***P < 0.001, **P < 0.01, *P < 0.05. ns, Not significant.
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shown to represent the most substantial differences
between FT and TFL1 and is critical for FT versus TFL1
activity in vivo (Ahn et al., 2006). The binding pocket
has previously been suggested to play an important
role in binding to phosphorylated interacting partners
(Ahn et al., 2006; Ho and Weigel, 2014), whereas the 14-
3-3 protein interaction site is important for the forma-
tion of the flowering activation complex (Taoka et al.,
2011). All analyzed mutants showed a significant dif-
ference in most of the scored developmental traits,
suggesting that these all altered the function of the
protein.

To further illustrate the effects of HVCEN on repro-
ductive development, we focused on the develop-
ment of primary shoots of three selected hvcen mutants
(mat-c.907, mat-c.94, and mat-c.943) and cv Bonus under
different photoperiods. We also compared the timing
of spikelet initiation and inflorescence development
between the hvcen mutants and the wild-type parent
Bonus (Fig. 2). The hvcen mutants initiated spikelet
primordia (W2.0) significantly earlier under both
LDs and SDs compared with the wild-type cv Bonus
(Fig. 3, A and B). However, hvcen mutants exhibited
photoperiod-specific patterns of growth and floret de-
velopment. Particularly under LDs, floret development
was greatly accelerated in hocen mutants starting from
the stamen primordium stage (W3.5; Fig. 3A). Conse-
quently, the hocen mutant plants flowered (W9.0-10.0)

A bpac 6 39

Bonus
LDs

c.907
LDs

B bac 9

Bonus
SDs

c.907
SDs

W1.0

Figure 2. Representative shoot apices of the hvcen mutant and the wild
type. Apices were scored under LD (A) and SD (B) conditions. Under
SDs, the MSA did not develop beyond the stages W3.5 and W4.5 in the
mutant and Bonus, respectively. DAG, days after germination; W,
Waddington stage. White bar = 1 mm.

1016

about 18 d earlier than Bonus under LDs (Fig. 3A). In
contrast, floret development under SDs did not proceed
beyond the stages W4.05.5 in the mutants and the
stagesW3.5-W4.5 in Bonus (Figs. 2B and 3B).

Because hocen mutants displayed a reduction in grain
number per main spike (Fig. 1B), we also evaluated the
number of spikelet primordia initiated on the main
shoot spike during development. Under LDs, the
number of initiated spikelet primordia reached its
maximal level at different developmental stages, in the
mutant at W4.0 with 24.40 = 1.58 spikelet primordia
and in the wild type at W5.0 with 40.00 = 0.76 pri-
mordia (Fig. 3C). Although the mutants developed
fewer spikelet primordia, we did not observe the for-
mation of a terminal spikelet as has been described for
the Arabidopsis #fI1 mutant and is typical for the de-
terminate wheat inflorescence (Supplemental Fig. S3).
Under SDs, the reduction in the number of spikelet
primordia of hvcen mutants was only apparent before
the lemma primordium stage (W3.0), and no differ-
ences were observed between the mutants and wild
type after this stage (Fig. 3D). Furthermore, hvcen mu-
tants produced fewer and shorter leaves on the main
shoot (Supplemental Fig. S4) and exhibited a reduced
number of axillary buds under both LDs and SDs
(Fig. 3, E and F). No significant differences in leaf width
were observed in the mutants compared with wild type
except for mat-c.943 with wider leaves under LDs
(Supplemental Fig. S54).

Taken together, mutations in the three hvcen (mat-c)
mutants accelerated the initiation of spikelet primordia
under both LDs and SDs, whereas floret development
of the mutants was only accelerated under LDs.
Moreover, hvcen mutants exhibited a reduced number
of spikelet primordia on the main shoot apex (MSA).
Finally, HVCEN affected the total number of leaves and
leaf size on the main culm and tiller number.

HvCEN Interacts with HvFT1 and HvFT3 to Control
Reproductive Development under LDs and SDs

The HvCEN homolog TFL1 acts antagonistically to
FT in the meristem, and the relative abundance of FT
and TFL1 proteins controls floral development and
shoot architecture in Arabidopsis and other crop plants
(McGarry and Ayre, 2012; Kaneko-Suzuki et al., 2018).
Therefore, we tested if and how the effects of HvCEN
on development are dependent on the function of FT-
like genes in barley. Barley has several FT-like genes
(Halliwell et al.,, 2016); however, only HvFT1 and
HuFT3 have been functionally analyzed and integrated
into flowering pathways. HoFT1 is only transcribed
under LDs, and its protein promotes spikelet initiation
and floret development (Yan et al., 2006; Digel et al.,
2015). In contrast, HvFT3 is expressed under SDs and
LDs and specifically accelerates the timing of spikelet
initiation but has no effects on floret development
(Mulki et al., 2018). To test whether the effects of
HvCEN on spikelet initiation are dependent on HvFT3,
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Figure 3. Phenotyping of three hvcen
mutants (mat-c.907, mat-c.94, mat-
o €.943) and the wild-type Bonus under
controlled LD and SD conditions. De-
velopment of the MSA and number of

- spikelet primordia and of axillary buds

at different Waddington stages under
LDs (A, C, E) and SDs (B, D, F) are
shown. The number of spikelet primor-
dia refers to the number of primordia per
main spike. The axillary buds scored
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we examined the development of single and double
hoft3 hvcen mutants under SDs. The hoft3 single and the
hoft3 hvcen double mutants did not differ in develop-
ment and architecture, and both showed a delayed
development and an increase in the number of tillers
and spikelet primordia (Fig. 4, A-C). Consequently, the
hvucen allele advanced spikelet initiation and decreased
the number of spikelet primordia and axillary buds, but
only in the presence of a functional HvFT3. We, there-
fore, inferred that the photoperiod-independent effects
of HvCEN on spikelet initiation are dependent on
HvFT3. However, there was no clear effect of HvCEN
on the expression of HvFT3 (Supplemental Fig. S5),
suggesting that both interact on the protein level.
Next, we examined if the LD-specific effects on floret
development could be explained by the interaction of
HvCEN with HvFT1 as HoFT1 is only expressed under
LDs and not SDs. For this purpose, we crossed the hvcen
mutant with a mutant line carrying a nonfunctional
EARLY FLOWERING 3 (HvELE3) allele. Arabidopsis
ELF3 is a circadian clock gene that modulates light

Plant Physiol. Vol. 180, 2019

Waddington stage

signal transduction downstream of phytochromes and
mediates the circadian gating of light perception and
responses (Hicks et al., 1996; Zagotta et al., 1996; Liu
et al., 2001). Barley hvelf3 mutants are characterized by
photoperiod-independent expression of HuvFT1 and
early flowering (Faure et al., 2012). We confirmed that
expression levels of HvFT1 were comparable between
HvELF3 wild-type plants grown under LDs and hvelf3
mutant plants grown under SDs (Supplemental Fig.
56). We then examined MSA development in single
and double hvelf3 hvcen mutants under SDs. The plants
carrying hvelf3 mutations developed significantly
faster when compared with those carrying the wild-
type HvELF3 allele irrespective of the HuvCEN allele
(Fig. 4D). More interestingly, variation at HvCEN
strongly affected floral development under SDs in the
background of the hvelf3 mutant but had only a minor
effect on floral development in HvELF3 wild-type
plants. This suggested that under conditions where
HuFT1 is expressed, either under LDs or in the hvelf3
mutant background, HvCEN genetically interacted
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Figure 4. Microscopic phenotypes of A n D n
hvft3, hvelf3, and hvcen single mutants s 8 10 e
and hvft3 hvcen and hvelf3 hvcen double e 2 9 g2
mutants in Bonus under SDs. Develop- g e g 8 ®3
ment of the MSA, number of spikelet pri- 2 L g7 ® 4
mordia, and number of axillary buds in 5 ®s 5 g o5
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with HvFT1 to modulate floral development. The mu-
tation in hovcen reduced the number of spikelets per
MSA and axillary buds in the background of hvelf3 as it
did in the HvELF3 background under LDs (Fig. 4, E and
F). The genotype and photoperiod-specific expression
patterns suggested that the photoperiod-dependent
effects of hucen on floret development and spikelet
number were likely regulated via HoFT1. However,
amutations in the clock gene HvELF3 modify the ex-
pression of a large number of genes (Faure et al., 2012),
we therefore could not rule out that the hvelf3-specific
effect of hvcen might be caused by genes other than
HuFT1.

Molecular Characterization of HvCEN

To further characterize the function of HvCEN, we
examined the spatial expression patterns of HvCEN in
the main shoot apex and crown tissue of cv Bonus and
cv Bowman by RNA in situ hybridization at the spikelet
initiation and stamen primordium stages. HvCEN RNA
was localized in the AXMs and leaf axils, but no signals
were detected in the inflorescence meristems (Fig. 5,
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A-D; Supplemental Fig. S7). To test if HvCEN was also
expressed in the inflorescence but at levels too low for
detection by in situ hybridization, we dissected the in-
florescence meristems only and tested for HVCEN ex-
pression by real-time quantitative PCR (RT-qPCR).
HuCEN mRNA was expressed in the inflorescence at
both spikelet initiation (W2.0) and stamen primor-
dium stages (W3.5) with a higher level at spikelet ini-
tiation (Fig. 5E). These results indicate that HvCEN is
expressed in both the AXMs and leaf axils as well as the
main inflorescence.

To further understand how HvCEN regulates the
development of MSA in a photoperiod-dependent and
independent manner, we performed genome-wide
transcriptome profiling in developing MSA in two al-
lelic hocen mutants (mat-c.907 and mat-c.943) and the
wild type (cv Bonus). We focused on three develop-
mental stages during which genotypes exhibited phe-
notypic differences under LDs and SDs (Fig. 3;
Supplemental Fig. 54), including the vegetative stage
(W1.0, MSA enriched tissue), the spikelet initiation
stage (W2.0, MSA enriched tissue), and the stamen
primordium stage (W3.5, MSA tissue). Transcriptome
analysis revealed the expression of 24703 and 25037
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Figure 5. Expression pattern of HvCEN under LDs. A and B, RNA in situ
hybridization using the antisense probe. Red arrows indicate the
HvVCEN expression domains. C and D, Negative controls using the sense
probe of HVCEN in the shoot apex of cv Bowman at Waddington stages
2.0 and 3.5. Scale bars = 100 um. E, Expression of HvCEN in the pure
inflorescence meristem of cv Bonus. Pure meristems, with six replicates
per stage, were obtained by carefully removing leaf primordia and stem
tissue beneath the inflorescence under the microscope. LDs are 16 h/8 h
light/dark. W, Waddington stage. Error bars = sp.

transcripts, 62.2% and 63.0% of the total number of
annotated transcripts in barley (Mascher et al., 2017), at
levels greater than 5 counts in at least 2 libraries under
LDs and SDs, respectively (Supplemental Table S3).
Principle component (PC) analysis on all expressed
genes clustered the samples according to the develop-
mental stage under LDs and SDs and separated wild-
type and mutant samples at all stages under SDs but not
under LDs (Supplemental Fig. S8). To determine dif-
ferentially expressed transcripts (DETs), we performed
individual pairwise comparisons between each mutant
(two allelic mutants) with the wild-type background
Bonus at each developmental stage (three stages)
within each photoperiod treatment (LDs and SDs),
yielding 12 sets of DETs. A large number of DETs were
identified at the spikelet initiation stage (W2.0) with
3177 DETs in mat-c.907 and 2876 DETs in mat-c.943
under LDs and 5200 DETs in mat-c.907 and 5585 DETs
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in mat-c.943 under SDs. At the vegetative stage (W1.0),
only 50 DETs in mat-c.907 and 419 DETs in mat-c.943
under LDs and under SDs 14 DETs in mat-c.907 and 17
DETs in mat-c.943 were found. At the stamen primor-
dium stage (W3.5), we identified 503 DETs in mat-c.907
and 477 DETs in mat-c.943 under LDs and 281 DETs in
mat-c.907 and 489 DETs in mat-c.943 under SDs
(Supplemental Fig. S9).

Differences in the number of genes that were affected
in the two allelic hvcen mutants may be due to other
background mutations in the mutants. Variant calling
revealed that 12 and 78 transcripts contain mutations in
the mutants mat-c.907 and mat-c.943, respectively,
compared to Bonus. Among them, only one transcript
(HvCEN) carried different mutations in both mutants
(Supplemental Table S4). In order to minimize possible
effects of other background mutations, we focused
further analyses on transcripts that were differentially
regulated in both hvcen mutants, with 33, 1926, and 229
DETs under LDs and 7, 4310, and 117 DETs under SDs
at W1.0, W2.0, and W3.5, respectively (Supplemental
Fig. S9). Most DETs under both LDs and SDs
were observed at W2.0, which corresponded to the
developmental stage where the highest expression of
HvCEN was observed in the MSA (Figs. 5E and 6A;
Supplemental Fig. S9). Hierarchical cluster analysis
separated the developmental stages on the first PC and
the photoperiods on the second PC. Only samples
harvested at W2.0 were separated for mutants and wild
type (Fig. 6B; Supplemental Fig. S8C). The majority of
genes showed photoperiod-specific regulation. At W2.0
~73% of the DETs were photoperiod specific, whereas
at W3.5 92% of the DETs were photoperiod specific
(Fig. 6A).

Taken together, HvCEN had the strongest effect on
gene expression at spikelet initiation, specifically under
SDs. In addition, the majority of transcripts showed a
photoperiod- and stage-specific regulation in the mu-
tant and the wild-type plants.

Transcripts Regulated at the Spikelet Initiation Stage in
hvcen Mutants

Because spikelet initiation was accelerated in the
mutants under both photoperiods, we first focused on
all transcripts that were regulated at W2.0 independent
of the photoperiod. Gene ontology enrichment analy-
sis suggested that HVCEN primarily affected tran-
scripts involved in chromatin modification, ribosome
biogenesis, response to cytokinin, cell proliferation, and
metabolic and biosynthetic processes (Supplemental
Table S5).

Among the genes with roles in chromatin modifica-
tion (selected genes in Supplemental Table S6), we ob-
served, for instance, the up-regulation of two homologs
of Arabidopsis MULTICOPY SUPRESSOR OF IRA1
(AtMSI1), HORVU5Hr1G084160 (Fig. 7A) and HOR-
VU5Hr1G093230. MSI1 is involved in de novo nucleo-
some assembly during DNA replication and SAM
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of mat-c.907, mat-c.943, and Bonus grown under LD and SD conditions and harvested at different developmental stages (W1.0,
W2.0, W3.5). LDs are 16 h/8 h, light/dark; SDs are 8 h/16 h, light/dark. W, Waddington stage. Transcripts with false discovery rate

(FDR) < 0.01 were considered as DETs.

organization and promotes floral transition in Arabi-
dopsis by inducing the expression of CONSTANS (CO)
and SUPPRESSOR OF OVEREXPRESSION OF CON-
STANS (SOC1; Bouveret et al., 2006; Steinbach and
Hennig, 2014). In addition, the expression of homo-
logs of PROTEIN ARG METHYLTRANSFERASES
(AtPRMT5, HORVU6Hr1G019540 [Fig. 7A], and
AtPRMT10, HORVU7Hr1G020620) was increased
in the mutants compared with wild type. In Arabi-
dopsis, PRMT genes promote flowering by mediating
the epigenetic silencing of FLOWERING LOCUS C
(AtFLC) and by affecting pre-mRNA splicing (Schmitz
et al., 2008; Deng et al., 2010). A putative target of epi-
genetic factors and repressor of flowering, a homolog of
FLC, the grass-specific MADS-box gene HvODDSOC2
(HORVU3Hr1G095240), was downregulated in the
mutants. In addition, we observed a higher expres-
sion of a homolog of ARABIDOPSIS TRITHORAX-
RELATED PROTEIN 6 (ATXR6; HORVU6Hr1G011950;
Fig. 7A), which encodes a [Su(var)3-9, Enhancer-of-
zeste and Trithorax]-domain protein, a H3K27 mono-
methyltransferase required for chromatin structure
and gene silencing (Jacob et al., 2008). Among the
upregulated genes were also ribosomal proteins (se-
lected genes in Supplemental Table S6) with functions
in inflorescence development, vascular patterning,
and adaxial cell fate, such as two homologs of
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PIGGYBACK 2 (PGY2, HORVUOHr1G006020;
Fig. 7B; HORVU3Hr1G001140), and a homolog of
PGY3 (HORVU5Hr1G092630). A nucleolar GTPase
NUCLEOSTEMIN-LIKE 1 (AtNSN1)-like transcript
(HORVU2Hr1G016650; Fig. 7B), which plays a role in
the maintenance of inflorescence meristem identity and
floral organ development by modulating ribosome bi-
ogenesis in Arabidopsis (Wang et al., 2012; Jeon et al.,
2015), was upregulated in the mutants. Furthermore,
we found DETs with putative roles in cytokinin re-
sponse and cell cycle regulation (Supplemental Table
S6). For example, we observed the up-regulation of a
barley 26S proteasome non-ATPase regulatory subunit
8 homolog A (RPN12a, HORVU4Hr1G002140; Fig. 7C),
which regulates cytokinin responses by up-regulating
type A Arabidopsis thaliana RESPONSE REGULATOR
proteins (ARRs), which are in turn negative regula-
tors of cytokinin signaling (Ryu et al., 2009). In addi-
tion, barley homologs of type A and B RESPONSE
REGULATORS (ARR2, HORVU5Hr1G097560.5; ARR3,
HORVU2Hr1G077000, HORVU3Hr1G108540; ARRG6,
HORVU2Hr1G120490, Fig. 7C) that act as regulators in
the two-component cytokinin signaling pathway were
up-regulated. In contrast, barley homologs of His kinases
and putative cytokinin receptors, HIS KINASE 3 and HIS
KINASE 4 (AHK3, HORVU3Hr1G094870, Fig. 7C;
AHK4, HORVU6Hr1G077070), were down-regulated in
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Figure 7. Expression profiles of selected DETs between the hvcen mutants (mat-c.907, mat-c.943) and wild type (Bonus) at W2.0.
Genes related to chromatin modification regulation of development, and organ initiation (A); ribosomal proteins, leaf devel-
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ological replicates for each time point and genotype.

the mutants compared with wild-type plants. Altera-
tions in the expression of cytokinin response genes were
accompanied by the up-regulation in the expression of
genes involved in cell division. These included, for ex-
ample, homologs of CELL DIVISION CONTROL 6
(CDC6, HORVU3Hr1G084800, Fig. 7B), PROLIFERATING
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CELL NUCLEAR ANTIGEN 2 (PCNA2, HOR-
VU6Hr1G088120, HORVUOHr1G031140), and REPLI-
CON PROTEIN A2 (HORVU6Hr1G094080). A faster
transition to a reproductive MSA and induction of
cell cycle genes coincided with the differential expres-
sion of genes involved in cellular respiration, including
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glycolysis, pyruvate metabolism, and citrate cycle
(Supplemental Table S6). For example, transcripts with
roles in glycolysis and carbohydrate metabolism were
up-regulated in the mutant compared with wild type,
i.e. CELL WALL INVERTASE 2 (HORVU2Hr1G073210;
Fig. 7D), a RAFFINOSE SYNTHASE family protein
(HORVU7Hr1G027930), and a TREHALOSE-6-PHOS-
PHATASE (TPS1, HORVU1Hr1G013450). Further pro-
teins with roles in glycolysis, such as a PYRUVATE
KINASE family protein (HORVU3Hr1G039200),
three homologs of FRU-BISPHOSPHATE ALDOL-
ASE 2 (FBA2, HORVU3Hr1G002780; Fig. 7D; HOR-
VU3Hr1G088540, HORVU3Hr1G088570), and three
homologs of ATP-dependent 6-PHOSPHOFRUC-
TOKINASES (PFK2, HORVU2Hr1G081670; PFK3,
HORVU3Hr1G070300; PFK7, HORVU6Hr1G070270;
Fig. 7D) were up-regulated in the mutant versus wild-
type plants. The up-regulation of genes involved in
cellular respiration might be a consequence of changes
in the source sink balance and a stronger energy de-
mand required for the accelerated vegetative to repro-
ductive stage transitions in the mutant plants compared
with the wild type. Taken together, HvCEN had the
strongest molecular effects on the MSA transcriptome
at spikelet initiation, and these involved genes with
functions in chromatin remodeling activities, cytokinin
and cell cycle, and regulation and cellular respiration
independent of the photoperiod.

HvCEN Controls Floral Homeotic Genes under LDs

Spikelet initiation was advanced in the mutants un-
der both LDs and SDs, but only florets developed and
set seeds under LDs, whereas the MSAs were aborted
under SDs. To gain a better understanding of the
photoperiod-dependent effects of HvCEN on floret
development, we analyzed the photoperiod-dependent
transcripts at the stamen primordium stage (W3.5).
The photoperiod-specific DETs, including 179 LD-
specific and 83 SD-specific DETs, were enriched for
transcripts with functions in reproductive pro-
cesses, response to stimuli, and cell communication
(Supplemental Table S7). Among the 179 LD-specific
DETs at W3.5, 50 DETs were up-regulated and 129
DETs down-regulated in the mutants compared with
wild type. Among the transcripts (selected genes in
Supplemental Table S8) that were up-regulated to a
higher extent in the mutants compared with wild type
only under LD were HvCEN (HORVU2Hr1G072750;
Fig. 8A) and flowering promoting genes such as barley
homologs of SOC1 (HORVUI1Hr1G051660; Fig. 8A),
AGAMOUS-LIKE6 (AGL6, HORVU6Hr1G066140),
and FLOWERING PROMOTING FACTOR 1 (HOR-
VU2Hr1G007350; Fig. 8A). In addition, we observed the
LD-dependent up-regulation of transcription factors
that act in a combinatorial manner to achieve floral
patterning in Arabidopsis (Coen and Meyerowitz,
1991). These are designated as class A, B, C, and E
genes and, except for the class A gene AP2, encode
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members of the MADS intervening keratin-like and
C-terminal type of MADS-box transcription factors. A
class A protein, AP1-like (HvBMS, HORVU2Hr1G063800,
FDR < 0.05; Fig. 8C; Supplemental Table S9), and a class B
like gene, PISTILLATA (PD-like (HORVU1Hr1G063620,
FDR < 0.05; Fig. 8C; Supplemental Table S9), were up-
regulated in the mutant lines under LDs but not SDs. In
addition, the mutations in HvCEN caused an up-
regulation of five E class genes, the SEP-like genes
(SEP1, HORVU7Hr1G025700, HORVUS5Hr1G095710;
SEP2, HORVU4Hr1G067680; SEP3, HORVU7Hr1G054220,
HORVU5Hr1G076400, FDR < 0.05) at the stamen pri-
mordium stage (Supplemental Table S9; Fig. 8B). An
ABERRANT PANICLE ORGANIZATION (APO1)-like
transcript (HORVU7Hr1G108970) was down-regulated
in the mutants compared with wild type. Interestingly,
the ABERRANT PANICLE ORGANIZATION protein
positively controls spikelet number by suppressing the
precocious conversion of inflorescence meristems to
spikelet meristems in rice (Ikeda et al., 2007). In addi-
tion, barley homologs of a SWEET Suc transporter
(HORVUS5Hr1G076770; Fig. 8C), of a GLYCOGEN
SYNTHASE (HORVU2Hr1G106410), and a TREHALOSE-
6-PHOSPHATE PHOSPHATASE (HORVU6Hr1G074960)
were up-regulated specifically at W3.5 in the mutants
compared with the wild type. Likewise, a barley homolog
of a SHAGGY-related kinase (HORVU3Hr1G034440) re-
quired for the establishment of tissue patterning and cell
fate determination and a KNOTTED1-like homeobox gene
(HORVU7Hr1G114650) involved in meristem differentia-
tion were up-regulated in the mutants at W3.5 under LDs.

Under SD, 83 DETs were detected at W3.5, and 58
among them were down-regulated and 25 up-regulated
in the mutants compared with wild type. Among the
upregulated genes (selected genes in Supplemental
Table S8), we identified a number of stress-related
genes involved in detoxification such as a stress re-
sponsive A/B Barrel Domain protein (DABB, HOR-
VUOHr1G011450; Fig. 8D) and a homolog of
ACYL-COA-BINDING PROTEIN 6 (AtACBP6, HOR-
VU7Hr1G008320; Fig. 8D). Furthermore, we recorded
the mutant-specific up-regulation of transcripts with
roles in cellular transport, such as a homolog of CYCLIC
NUCLEOTIDE-GATED ION CHANNEL? (AtCNGC2,
HORVU5Hr1G096440; Fig. 8D), building nonselective
cation channels and of PLASMA MEMBERANE IN-
TRINSIC PROTEIN 3 (AtPIP3, HORVU5Hr1G125600)
forming water channels (Fig. 8C). Finally, proteins
with roles in starch and sugar metabolism, such as a
TREHALOSE-6-PHOSPHATE PHOSPHATASE (TPPH,
HORVU5Hr1G058300), a SUC SYNTHASE (HOR-
VU7Hr1G033230), and a UDP-GLC 4-EPIMERASE
(HORVU7Hr1G053260), showed a stronger up-
regulation in the wild type than the mutants.

Taken together, the LD-specific expression patterns
of floral homeotic genes with putative functions in in-
florescence, spikelet, and flower development were
linked to the differential floret development of mutants
and wild type under LDs. Under SDs, the hucen mutant
lines were characterized by the differential regulation of
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Figure 8. Expression profiles of selected DETs between the hvcen mutants (mat-c.907, mat-c.943) and wild type (Bonus) at W3.5
under both LDs and SDs. A, Transcripts (selected genes in Supplemental Table S8) up-regulated to a higher extent in the mutants
compared with wild type only under LD. B and C, Floral homeotic genes and SWEET Suc transporter upregulated in the mutants
compared with wild type under LDs and SDs. D, transcripts down-regulated over development under SDs and higher expressed in
the mutants vs wild type. LDs and SDs are shown by white and gray colors. LDs are 16 h/8 h, light/dark; SDs are 8 h/16 h, light/
dark; white, light period (16 h); gray, dark period (8 h); W, Waddington stage. Error bars = sp. Ten MSAs were pooled for each of
the three biological replicates for each time point and genotype. FPF1, FLOWERING PROMOTING FACTOR 1; AB, ALPHA/
BETA BARREL domain protein; ACB, ACYL-COA-BINDING PROTEIN 6 (AtACBP6); CNG, CYCLIC NUCLEOTIDE-GATED ION
CHANNEL2 (CNGC2).
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genes implicated in abiotic stress responses, in cellular
transport, and carbohydrate metabolism.

DISCUSSION

In the present work, we analyzed induced hucen
mutants to dissect the effects of HvCEN on spike de-
velopment and plant architecture under different pho-
toperiods and to identify potential molecular targets of
HvCEN in the MSA. Mutations in HvCEN accelerated
spikelet initiation under LDs and SDs, whereas subse-
quent floral development required LDs. Therefore,
HvCEN showed stage and photoperiod-dependent ef-
fects on the development of the MSA. Previous studies
have already indicated that spikelet initiation occurs
under LDs and SDs, whereas floral development re-
quires LDs in spring barley genotypes (Digel et al.,
2015). Floral development, but not spikelet initiation,
requires the expression of HvFT1 and TaFT in barley
and wheat, respectively (Pearce et al., 2013; Digel et al.,
2015). Spikelet initiation occurs in the absence of FT1
expression, likely promoted by FT3. However, the
timing of spikelet initiation is affected by variation in
FT1 expression (Digel et al., 2015; Dixon et al., 2018).

In Arabidopsis, TFL1 acts antagonistically to the FT
protein to repress floral transition and development
(Ruiz-Garcia et al., 1997; Jaeger et al., 2013). In addition,
rice TFL1-like proteins, such as RICE CENTROR-
ADIALIS (RCN), compete with the rice FI' ortholog
Hd3a for the binding activities of the 14-3-3 protein,
thereby antagonizing the activities of the florigen
(Kaneko-Suzuki et al., 2018). Therefore, we also tested if
HvCEN genetically interacts with HvFT1 and HvFT3,
which affect different stages of preanthesis develop-
ment (Yan et al., 2006; Casao et al., 2011; Halliwell et al.,
2016; Mulki et al., 2018). Although HvFT1 primarily
accelerates floral development under LDs (Hemming
et al., 2008; Sasani et al., 2009), HvFT3 controls spike-
let initiation under LDs and SDs (Mulki et al., 2018). The
double mutant hvcen hoft3 did not differ in the timing of
spikelet initiation under SDs from the HvCEN hvft3 line,
suggesting that the repressive effect of HvCEN on the
timing of spikelet initiation depends on a functional
HuFT3 gene. In contrast to HuvFT3, HuFT1 is only
expressed under LDs, and HvFT1 expression is crucial
for floral development and flowering (Digel et al.,
2015). Consequently, we tested if the LD-specific ef-
fect of HvCEN on floral development was dependent
on HoFT1 expression. For this purpose, we analyzed an
HvuCEN hvelf3 single and hucen hvelf3 double mutant
that both expressed HvFT1 under SDs to similar levels
as seen under LDs. The strong delay in inflorescence
development and higher number of the spikelets in the
hvelf3 single mutant as compared with the hocen hvelf3
double mutant under SDs indicated that the repressive
effect of HvCEN on floral development depended on
HuFT1 expression in the hvelf3 mutant. In addition, the
interaction between HvCEN and FT1 had a strong ef-
fect on the determination of spikelet primordia number.
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However, as many light-dependent transcripts are
misregulated in the hvelf3 mutant (Faure et al., 2012),
we cannot rule out that other genes influenced the
observed phenotype. Our results suggested that
HvCEN genetically interacted with different FT-like
genes in the shoot apical meristem to control different
phases of inflorescence development: with HvFI3 to
control spikelet initiation, and with HvFT1 to control
floral development. The photoperiod-specific effects of
HvCEN are therefore likely caused by the photoperiod-
specific expression of its putative competitors HvFT3
and HvFT1.

The hvcen mutants were altered in different shoot
architecture traits, including the number of leaves on
the main culm, leaf length, the number of tillers per
plant, and the number of seeds per spike. The mutant
plants developed 1 to 2 fewer leaves on the main culm
under LDs and SDs, possibly as a consequence of the
earlier transition from a vegetative to a reproductive
meristem. Because AXMs initiate in the leaf axils, a re-
duction in the number of leaves may have caused the
reduction in tiller number observed in the mutant lines.
In addition, the leaves in the hvcen mutants were
shorter, indicating that leaf size is controlled by
HvCEN-dependent progression of plant development.
It has already been demonstrated that flowering time
genes may affect leaf size in barley by affecting the
duration of leaf growth and consequent variation in leaf
cell number (Digel et al., 2016). The earlier termination
of leaf growth in the hvcen mutants was matched by an
earlier termination of spikelet induction. However, the
barley hocen mutants did not form a terminal spikelet as
has been described for the Arabidopsis #fI1 mutant
(Shannon and Meeks-Wagner, 1991). Nevertheless, the
mutation in hvcen reduced the period of spikelet pri-
mordia initiation and thereby decreased the number of
spikelets on the MSA. The wild type reached the max-
imal number of spikelets at awn primordium stage as
observed in previous studies (Riggs and Kirby, 1978;
Waddington et al., 1983; Kirby and Appleyard, 1987;
Kernich et al., 1997; Alqudah and Schnurbusch, 2014),
whereas the hvcen (mat-c) mutants stopped to produce
further spikelets at the pistil primordium stage under
inductive LD conditions. It has already been shown
before that variation in the developmental timing of the
early reproductive phase has strong effects on the
number of spikelet primordia on the MSA (Campoli
and von Korff, 2014; Digel et al., 2015; Ejaz and von
Korff, 2017). For instance, in the presence of a wild-
type PPD-HI1 allele, the development of the MSA is
accelerated, and this is associated with a reduction in
number of spikelet primordia and final grain number
per main spike (Digel et al., 2015). In wheat, Alvarez
et al. (2016) observed an acceleration of flowering time
and an associated reduction in spikelet number in an
elf3 mutant. Both PPD-H1 and HVELE3 likely affect
developmental timing and spikelet number by induc-
ing or repressing HvFT1, respectively. Taken together,
the pleiotropic phenotypes of the hucen mutants sug-
gested that changes in the HvFT1/HvCEN ratios may
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control meristematic activity or its termination in
different meristems of the barley shoot as has been
proposed for tomato (Solanum lycopersicum; Krieger
et al., 2010; Jiang et al., 2013; Lifschitz et al., 2014;
Park et al., 2014). However, the molecular basis for
these coordinated effects on meristems remain poorly
understood.

In Arabidopsis, TFL1 mRNA is expressed in young
AXMs but later becomes restricted to the central inflo-
rescence meristem (Shannon and Meeks-Wagner, 1991;
Bradley et al., 1997; Wigge et al.,, 2005; Conti and
Bradley, 2007). By contrast, HUCEN mRNA signals
were detected primarily in the AXMs, and expression
levels were low in the shoot apex despite the strong
effect of mutations in HvCEN on developmental timing
and spike morphology, i.e. the number of spikelets and
seeds per spike. Similarly, expression of the HvCEN
homologs RCN1-4 in rice was not detected in the SAM,
but in the vasculature of the subtending stem and
young primordia and leaf blade (Kaneko-Suzuki et al.,
2018). However, the authors demonstrated that the
RCN protein is transported through the phloem to the
inflorescence meristem where it controls phase transi-
tion and inflorescence determinacy. Consequently,
HvCEN protein might also travel to the inflorescence
meristem where it acts on spike development. Ac-
cordingly, the largest number of differentially tran-
scribed genes was detected at the spikelet initiation
stage when the SAM switches from vegetative to re-
productive growth. This acceleration of spikelet initia-
tion in the hocen mutants under LDs and SDs coincided
with the differential regulation of transcripts associated
with chromatin modifications. Epigenetic genes puta-
tively upstream of floral regulators included, for ex-
ample, MSI1, which is part of the evolutionarily
conserved Polycomb group chromatin-remodeling
complex and controls spatial and temporal expression
of several homeotic genes that regulate plant develop-
ment and organ identity (Chanvivattana et al., 2004;
Hennig et al., 2005; Derkacheva et al., 2013; Steinbach
and Hennig, 2014). Similarly PRMT-like genes were
upregulated in the mutants, and these control the epi-
genetic silencing of the floral repressor FLC and
flowering time in Arabidopsis (Niu et al., 2007; Pei
et al., 2007; Wang et al., 2007; Schmitz et al., 2008).
The up-regulation of PRMT-like genes was linked to a
down-regulation of a putative repressor of flowering
and homolog of FLC, HvODDSOC2, suggesting that
its expression might also be controlled epigeneti-
cally. Further, we recorded a strong up-regulation
of Trithorax-like proteins that act as H3K27 methyl-
transferases required for transcriptional repression in
Arabidopsis (Jacob et al., 2009). HvCEN-dependent
regulation of epigenetic regulators in the MSA of bar-
ley, specifically at spikelet initiation, suggested that the
transition from vegetative to reproductive meristem
requires strong reprogramming of transcriptional net-
works by epigenetic modifiers. These modifiers and
their role for developmental transitions in barley await
further functional characterization.
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Further, we observed the up-regulation of genes in-
volved in cell cycle regulation, cytokinin signaling, and
response and many ribosomal proteins that are thought
to control cellular growth (Naora, 1999; Bhavsar et al.,
2010; Schaller et al., 2014). The up-regulation of ribo-
somal proteins in the mutants was specific for the
spikelet initiation stage, suggesting that the transition
from a vegetative to a reproductive meristem re-
quires a strong increase in translational efficiency
and de novo protein synthesis. However, several of
the ribosomal proteins up-regulated in the mutants
may have more specific effects on organ develop-
ment as these are also described as important regulators
of leaf and inflorescence development, vascular pat-
terning, and phase change, such as RPS13-like and
PGY-like genes (Ito et al., 2000; Pinon et al.,, 2008).
Spikelet initiation also coincided with the up-regulation
of genes involved in carbon metabolism, glycolysis,
cellular respiration, and tricarboxylic acid cycle. These
transcripts may be important to prepare the plant for
the subsequent fast inflorescence growth and increased
energy demand. Ghiglione et al. (2008) have demon-
strated that fast growing wheat inflorescences show
strongly reduced soluble carbohydrate levels as com-
pared with slowly developing spikes and suggested
that these fast-growing tissues suffer from carbohy-
drate starvation. Consequently, the up-regulation of
cellular respiration genes was possibly important to
allow for a higher energy supply to the developing
organs in the fast-growing mutants.

In contrast with spikelet initiation, floral develop-
ment was photoperiod dependent, and the majority of
transcripts in the MSA were regulated by HvCEN only
under LDs. In particular, floral homeotic genes were
primarily regulated under LD conditions by HvCEN,
and these included homologs of floral patterning tran-
scription factors designated as class A, B, and C genes
(for review, see Theissen, 2001). The mutations in
HvCEN caused an up-regulation of five E class, SEP-
like, genes; a class B gene (PI, OsMADS4); and one AP1-
like gene (HvBMS) at the stamen primordium stage. In
rice, the SEP-like gene OsMADS34 (PANICLE PHY-
TOMER?) is important for controlling inflorescence and
spikelet development (Gao et al., 2010; Kobayashi et al.,
2010), whereas the other SEP-like genes OsMADSI,
OsMADS5, OsMADS7, OsMADS8, and OsMADS34
control the development of different floral organs
(Malcomber and Kellogg, 2005; Zahn et al., 2005; Arora
et al, 2007). Interestingly, the barley homolog of
OSMADS34 was regulated by HvCEN under both
photoperiods, whereas the other SEP-like genes were
controlled by HvCEN only under LDs. This suggested
that genes important for floral development but not
those involved in spikelet initiation were LD depen-
dent. The repression of these genes by HvCEN is not
only essential to delay floral development but also to
prolong leaf initiation and leaf maturation, probably as
a strategy to match vegetative and reproductive de-
velopment of the plant.
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MATERIAL AND METHODS

Germplasms of hvcen (praematurum-c, mat-c), hvelf3 hvcen,
and hoft3 hvcen Double Mutants

All barley (Hordeum vulgare) mutants and parental lines were obtained from
the Nordic Gene Bank (NordGen; http:/ /www.nordgen.org/). The 21 allelic
hvcen mutants were originally generated using different mutagens in various
barley spring cultivars (wild-type parents): Bonus, Foma, Frida, Kristina, and
Semira (Franckowiak and Lundqvist, 2011; Comadran et al., 2012; Matyszczak,
2014; Supplemental Table S1; Supplemental Fig. S2). The different mutants
were characterized by distinct changes in the gene body, including premature
stop codons, changes in splice sites, amino acid replacement, frameshift, and
whole gene deletions (Comadran et al., 2012). The mutation in mat-c.770 in-
troduced a stop codon, resulting in a truncated protein. Mutations in mat-c.94,
mat-c.1111, and mat-c.1114 caused splice site changes. Amino acid substitution
at conserved sites were detected in mat-c.32, mat-c.770, mat-c.907, mat-c.943, mat-
¢.913, mat-c.93, mat-c.400, and mat-c.1115 (Supplemental Table S2). The mat-
¢.1109 genotype carried a 1-bp deletion that resulted in a frame shift. Sanger
Sequencing of HVCEN in mat-c.1118 revealed a 12-bp deletion (GATGCAAA-
CAAT) including 2 bp from the end of the 4th exon and 10 bp from the un-
translated region (10 bp), leading to a larger protein consisting of 229 instead of
173 amino acids (Supplemental Fig. S2). The mat-c.16, mat-c.19, mat-c.1096, mat-
¢.1107, mat-c.1102, mat-c.1108, and mat-c.1120 mutants were putative deletion
mutants as HUCEN could not be amplified in these genotypes. In addition, two
backcross-derived introgression lines BW508, with an introgression of mat-c.19,
and BW507 with an introgression of mat-b.7 in the background of Bowman,
were analyzed (Druka et al., 2011). BW507 likely contains a large deletion of
HouCEN since no amplicons of this gene were found (Matyszczak, 2014). The
effects of a single amino acid substitution in the point mutants were evaluated
by PROVEAN (Protein Variation Effect Analyzer; http://provean.jcvi.org),
which computationally predicts the influence of alternations in amino acids on
the biological function of the protein (Supplemental Table S2). The program
assesses the functional effects of protein variation using an alignment-based
score (PROVEN score) that measures the change in sequence similarity between
a query sequence and its variants to a homologous protein sequence (Choi et al.,
2012).

To determine if HVCEN interacts with HvFT1 and HvFT3 genetically, hvelf3
hvcen (with HoFT1 expression under SDs) and hoft3 hvcen double mutants were
produced. The hvelf3 hvcen double mutants were derived from the cross of the
hvcen mutant in Bonus (mat-c.907) with the hvelf3 mutant in Bonus (mat-a.8,
NGB110008). Three F2 progenies verified as homozygous hvelf3 hucen double
and two as hvelf3 HVCEN single mutants were propagated. F4 plants from these
selected five lines were grown and dissected in a controlled climate chamber
under SD conditions (8 h/16 h, light/dark, 20°C/18°C).

To obtain hvft3 hvcen double mutants, the hvcen mutant (mat-c.907) in the
Bonus background was crossed to an introgressed line carrying a natural mu-
tation in hoft3 in the background of Golden Promise. This introgression line was
an F3 progeny derived from crosses between the winter barley cultivar Igri and
the spring cultivar Golden Promise. Specifically, the introgression line carried a
nonfunctional hvft3 allele from Igri and the natural mutation at Ppd-H1, a de-
letion in the first regulatory intron of VRN1, and a deletion of the VRN2 locus
from Golden Promise. This introgression line shows a reduced photoperiod
response and does not require vernalization. By genotyping, three F2 lines
carrying homozygous huft3 hvcen double mutations and two huft3 HvCEN
progenies were identified and propagated.

Plant Growth Conditions and Phenotyping in Outdoor
Conditions and Climate Chambers

All mutants and their parental lines (Supplemental Table S1) were evaluated
under outdoor conditions over 2 consecutive years for the number of tillers and
spikelets per main spike, plant height, and flowering time. Plants were sown in
96-well trays in mid-February in 2014 and early March in 2015, germinated in
the greenhouse and then transferred outside (Cologne, Germany). After
5 weeks in 2014 and 3 weeks in 2015, plants were transferred to 12 L pots with
one plant per pot during late March, each filled with a custom-made peat and
clay soil mixture (EinheitsErde ED73 Osmocote, Einheitserdewerke Werkver-
band e.V., Sinntal-Altengronau, Germany) containing a long-term fertilizer.
The pots were arranged in 22 rows with a distance of 1 m between rows where
each row contained 54 pots with a distance of 10 cm. To avoid edge effects, the
plot was surrounded by border pots containing cv Morex barley plants. The

1026

plot was irrigated by a sprinkling robot and treated with additional fer-
tilizer or pesticides when necessary. Flowering time was scored as the time
from sowing to heading, when the awns emerge from the flag leaf of the
main culm. Tiller number was recorded at heading, whereas the number of
grains per main spike and plant height (soil to base of topmost spike) were
measured at full maturity, 2 weeks before harvest. The numbers of mat-c
mutants and wild-type plants grown in each year are indicated in
Supplemental Table S1.

In parallel, phenotyping was conducted in environment-controlled growth
chambers using selected hvcen mutants. Specifically, three hvcen mutants in the
Bonus background (mat-c.907, mat-c.94, and mat-c.943) and Bonus were grown
in 96-well trays using “Mini Tray” (Einheitserde) soil. To synchronize germi-
nation, the trays were stratified in dark at 4°C for 3 d followed by growth under
LDs (16 h,22°C day; 8 h, 18°C night) or SDs (8 h, 22°C day; 16 h, 18°C night). The
developmental stage of the MSA was determined using the Waddington
quantitative scale of shoot apex development that is based on the progression of
spike initiation and then the most advanced floret primordium and pistil of the
inflorescence (Waddington et al., 1983). Five to six individual plants for each
focal accession were scored for their MSA development every 3 d, and the
number of spikelet primordia per main spike, the number of axillary buds, and
leaf primordia number were scored during the dissection. The axillary buds
scored include all the axillary buds, primary, secondary, and higher order buds.
Each leaf was dissected to see the axillary bud under the leaf sheath. Leaf size
and visible leaf number on the main culm were scored in 20-well trays as de-
scribed by Digel et al. (2016).

The hvelf3 hvcen and huft3 hvcen double mutants and their control or parental
lines were scored for differences in preanthesis development, number of
spikelet primordia per main spike, and number of axillary buds, including all
the axillary buds, primary, secondary, and higher order buds by dissecting the
lines every 2/4 d (hvelf3 hvcen) or weekly (hoft3 hvcen) in 96-well trays
under SDs.

Statistical Analysis

One-way ANOVA was conducted followed by a post hoc Tukey honestly
significant difference test to test for differences in flowering time, plant
height, tiller number, and number of seeds per main spike of the mutants
compared with their respective parental lines. In addition, a one-way
ANOVA was conducted to compare HvFT3 expression in HvCEN wild-type
and hovcen mutant backgrounds. In the dissection experiments, differences
between the parental lines, the mutant, and double mutant lines were
revealed by calculating a polynomial regression model at a 95% confidence
interval (Loess smooth line).

RNA Isolation and Sample Preparation for
RNA Sequencing

Total mRNA was isolated from plants grown under LDs and SDs. MSA-
enriched tissues were harvested and pooled for three distinct developmental
stages: the vegetative stage (W1.0), the spikelet initiation stage (W2.0), and the
anther primordium stage (W3.5; Waddington et al., 1983). The samples were
harvested 2 h before dark under both LD and SD conditions. To enrich shoot
apex-specific mRNA, leaves surrounding the MSA were removed manually
using a microsurgical stab knife (5-mm blade at 15° [SSC#72-1551]). The
enriched MSA tissue was cut from the base of the MSA and still included leaf
primordia. At least 10 MSAs were pooled for each of the three biological rep-
licates per time point. All samples harvested for RNA extraction were frozen
immediately in liquid nitrogen and stored at —80°C. Total mMRNA was extracted
using TRIzol reagent (Invitrogen) and further purified using an RNA easy
Micro Kit (Qiagen). The residual DNA was removed using a DNA-free kit
(Ambion), and the quality of the RNA was assessed using a bioanalyzer (Agi-
lent 2100 Bioanalyzer). The Illumina complementary DNA (cDNA) libraries
were prepared according to the TruSeq RNA sample preparation (version 2;
Mumina). A cBot (Illumina) was used for clonal sequence amplification and
generation of sequence clusters. Single-end sequencing was performed using a
HiSeq 3000 (Illumina) platform by multiplexing 8 libraries resulting in ~ 18
million reads per library. The requested single end read length was 100 bp for
LD samples and 150 bp for SD samples. The initial quality control of the raw
reads was performed using the FastQC software (version 0.10.1; http://www.
bioinformatics.bbsrc.ac.uk/projects/fastqc/).
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Transcriptome Profiling and Variant Calling

The obtained RNA sequencing reads were mapped to a barley High Con-
fidence (HC) transcripts reference (Mascher et al., 2017) using Salmon in quasi-
mapping-based mode. When the quasi-mapping-based index was being built,
an auxiliary k-mer hash over k-mers of length 31 was used. U (unstranded
single end read) was chosen as library type to quantify the reads of each library.
The expected number of reads (NumReads) that have originated from each
transcript given the structure of the uniquely mapped and multimapped reads
and the relative abundance estimates for each transcript and transcripts per
million values were extracted using Salmon (Patro et al., 2017). Transcripts with
expression levels greater than 5 NumReads in at least two libraries under LDs or
SDs were retained. Tables with expected NumReads (raw counts) and ex-
pression levels (normalized cpm) are provided in a supplementary table
(Supplemental Table S10).

To identify DETSs, pairwise comparisons, including mat-c.907 vs Bonus and
mat-c.943 vs Bonus at each stage and photoperiod condition were done using
the R bioconductor package Limma-vroom with a Benjamin & Hochberg ad-
justment for multiple testing (FDR; Ritchie et al., 2015). The comparisons be-
tween the stages and between the photoperiods were not conducted to avoid
false positive DETs due to differences in the sample types and potential effects
of diurnal gene expression differences between photoperiods. The FDR value of
0.01 was used as initial cutoff value for the selection of DETs. In the end, the
DETs were extracted per mutant per developmental stage per photoperiod. To
minimize the background mutation effects in the two hvcen mutants, the DETs
regulated in both mutants were focused on compared with wild type. To vi-
sualize the number of genotype- or stage- or photoperiod-dependent DETs,
Venn diagrams were drawn using the R package VennDiagram (Chen and
Boutros, 2011). The DETs that were observed in both mutants were consid-
ered as candidate DETs regulated by HvCEN under each condition. Total, 4527
DETs regulated in the two hvcen mutant at least at one stage compared with
wild type under LDs or SDs were obtained. The expression patterns were then
examined using hierarchical cluster analysis (using Pearson correlation coeffi-
cients) and principle component analysis of the DETs with R.

To determine which gene categories were enriched under each treatment, de
novo Gene Ontology (GO) annotations were first produced for High Confidence
(HC) transcripts using Blast2Go local blast (e value cutoff 1 X 1073, Conesa et al.,
2005). To assess the effect of HYCEN on biological process, the overrepresen-
tation analysis of particular GO terms was performed based on the Fisher’s
Exact Test (significant cutoff 0.05) using TopGo package in R (Alexa et al., 2006).
The redundant GO categories were removed by first filtering annotated tran-
scripts and allowing similarity as 0.5 (Supek et al., 2011). Then the represen-
tative GO categories were retained by keeping the enriched transcripts number
=10 and = 5 at W2.0 and W3.5, respectively.

Variant calling to verify the HvCEN mutation in mat-c.907 and mat-c.943 and
evaluate the number of mutated transcripts in the RNA sequencing reads was
done as described in van Esse et al. (2017). Briefly, RNA sequencing reads were
mapped to a barley High Confidence (HC) coding sequence reference (Mascher
et al, 2017) using Burrows-Wheeler-Aligner using maximal exact matches
(version 0.7.15; Li, 2013), allowing a mismatch penalty of 3. Mapping was
evaluated using PicardTools (version 1.1.00; http://picard.sourceforge.net)
CollectAlignmentSummaryMetrics, and SAMtools (version 1.1.3; Li et al., 2009)
was used to determine the number of reads mapped with good mapping
quality scores (MAPQ > 1). Read duplicate removal and indel realignment
were done using PicardTools MarkDuplicates and GATK IndelRealigner
(version 3.1-1; McKenna et al., 2010), respectively. Variant calling was done
with GATK UnifiedGenotyper using 30.0 as a minimum confidence threshold
and 10.0 for emitting of called single nucleotide polymorphisms and 1 for
ploidy. Filtered variants with a depth of coverage = 100, a quality of the
assigned genotype = 98, and a value of Phred-scaled likelihood = 2000 were
taken into consideration. Mutation types included single nucleotide polymor-
phism and insertion/deletion. The number of mutations and number of mu-
tated transcripts were summarized in Supplemental Table S3.

Gene Expression using RT-qPCR and RNA in
Situ Hybridization

RNA was isolated from leaf tissues harvested from plants grown under LD
and SD conditions. Under LD conditions, the second youngest leaf on the main
shoot of Bonus (HvCEN HvELF3) and mat-c.907 (hvcen HvELF3) at W3.5 was
harvested at 2 h before dark. Under SD conditions, the second youngest leaf of
three hocen hvelf3, two HvCEN hvelf3, mat-a.8 (HvCEN hvelf3 -3), mat-c.907, and
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Bonus were harvested 7 h after the beginning of the dark period at the four- to
five-leaf stage. Total RNA extraction, first-strand cDNA synthesis, and RT-
qPCR were performed as described in Campoli et al. (2012). The primer for
HouFT1 expression is listed in Supplemental Table S10. Two technical replicates
were used for each cDNA sample, and starting amounts for each data point
were calculated based on the titration curve for each target gene and the ref-
erence (HvACTIN) gene using the LightCycler 480 Software (Roche;
version 1.5).

The expression of HUCEN (HORVU2Hr1G072750.4) was detected using
RNA in situ hybridization on SAMs of Waddington stages W2 and W3.5 as
described in Kirschner et al. (2018). The probes were prepared using the whole
gene sequences followed by carbonate hydrolysis to ~200 bp fragments. The
antisense probe was used for detecting HVCEN expression, and the sense probe
was used for the negative control.

Images were taken using a plan-neofluar 10X objective with a numerical
aperture of 0.30 using the Zeiss Axioskop light microscope, and image pro-
cessing, i.e. stitching, was performed with the Stitching Plugin in Fiji (Preibisch
et al., 2009; Schindelin et al., 2012).

Data availability was Illumina data in the European Short Read Archive:
E-MTAB-7807.

Accession Numbers

Accession Numbers of major flowering time genes are listed in Supplemental
Table S10.

Supplemental Data

Supplemental Figure S1. Seed parameters of hvcen (mat-c) mutants trialled
under outdoor condition.

Supplemental Figure S2. The mutation sites of the 14 mat-c mutants on the
schematic structure of the HCEN gene.

Supplemental Figure S3. Determinate spike with a terminal spikelet in
wheat (Chinese Spring) and indeterminate spike without terminal spike-
let in barley (mat-c.907 and Bonus). W: Waddington stage; white bar:
1 mm.

Supplemental Figure S4. Leaf length and number of leaves on the main
culm of hvcen mutants (mat-c.907, mat-c.94, mat-c.943) and Bonus under
LDs and SDs.

Supplemental Figure S5. HVFT3 expression in leaves of Bonus, mat-c.907
and mat-c.943 at W2.0 and W3.5 under SDs.

Supplemental Figure S6. HvFT1 expression in leaves.

Supplemental Figure S7. Expression pattern of HvCEN in cv Bonus
under LDs.

Supplemental Figure S8. Principal component analysis (PCA) of normal-
ized expression profiles for all expressed genes under LDs and SDs.

Supplemental Figure S9. DETs in each mutant (maf-c.907 or mat-c.943)
compared with the wild type (Bonus) under each photoperiod (LDs,
SDs) at W1.0, W2.0 and W3.5.

Supplemental Table S1. mat-c (hvcen) mutants carrying different types of
mutations in HvCEN.

Supplemental Table S2. Effects of amino acid substitutions in the mat-c
(hvcen) mutants.

Supplemental Table S3. Normalized expression value (cpm), log2FC, FDR
and annotation of all expressed transcripts.

Supplemental Table S4. Number of transcripts mutated in the two mu-
tants compared to wild type.

Supplemental Table S5. GO enrichment analysis of photoperiod-
independent DETs at W2.0.

Supplemental Table S6. Selected transcripts differentially regulated in the
mutant MSA at W2.0 under LDs and SDs (FDR < 0.01).

Supplemental Table S7. GO enrichment analysis of photoperiodic-specific
DETs (FDR < 0.01) at W3.5.
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Supplemental Table S8. Selected photoperiod-independent/dependent
DETs at W3.5 (FDR < 0.01).

Supplemental Table S9. Selected DETs involved in floral development
and identity at W3.5 (FDR < 0.05).

Supplemental Table S10. Primers used in RT-qPCR and genotyping.
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