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Summary 

• The angiosperm embryo and endosperm are limited in space because they grow inside 
maternal seed tissues. The elimination of cell layers of the maternal seed coat by programmed 
cell death (PCD) could provide space and nutrition to the filial organs. 
• Using the barley (Hordeum vulgare L.) seed as a model, we elucidated the role of vacuolar 
processing enzyme 4 (VPE4) in cereals by using an RNAi approach and targeting the enzy
matic properties of the recombinant protein. A comparative characterization of transgenic 
versus wild-type plants included transcriptional and metabolic profiling, flow cytometry, his
tology and nuclear magnetic imaging of grains. 
• The recombinant VPE4 protein exhibited legumain and caspase-1 properties in vitro. Peri
carp disintegration was delayed in the transgenic grains. Although the VPE4 gene and enzy
matic activity was decreased in the early developing pericarp, storage capacity and the size of 
the endosperm and embryo were reduced in the mature VPE4-repressed grains. 
• The persistence of the pericarp in the VPE4-affected grains constrains endosperm and 
embryo growth and leads to transcriptional reprogramming, perturbations in signalling and 
adjustments in metabolism. We conclude that VPE4 expression executes PCD in the pericarp, 
which is required for later endosperm filling, and argue for a role of PCD in maternal control 
of seed size in cereals. 

Introduction 

Major innovations that ensure the evolutionary success of 
angiosperms include double fertilization and the development of 
ovules and seeds enclosed by a maternal ovary or seed coat. The 
seed coat fulfils a protective role against harmful environmental 
conditions and pathogens, perceives environmental cues and acts 
in the transient accumulation of storage products. Water and 
nutrient supply also occurs via the seed coat, determining its 
strategically important role in assimilate allocation within the 
seed (Radchuk & Borisjuk, 2014). The establishment of the seed 
coat coupled with fertilization events occurs in tight relation to 
the development of the filial embryo and endosperm (Creff etal., 
2015). Space for growth inside the maternal body is restricted by 
the seed coat; thus, intense maternal—filial interaction occurs at 
different levels, including molecular signalling networks, struc
tural adjustments and mechanical forces, to satisfy the continu
ously increasing requirements for growth space (Creff etal, 
2015). Initially, the enlargement of the seed coat occurs by cell 

division and expansion, and these processes cease soon after fertil
ization (Radchuk etal, 2011; Figueiredo & Kdhler, 2014). Thus, 
the space requirements of expanding filial organs can be ensured 
by programmed cell death (PCD) of the seed coat (Nakaune 
etal, 2005; Ingram, 2017). It is also experimentally proven that 
crosstalk between the seed coat and endosperm orchestrates seed 
growth (Garcia etal, 2005). However, how this process is imple
mented during cereal seed development is poorly understood. 

PCD occurs during the entire life cycle of plants, from forma
tion of the embryo until death of the plant (Van Hautegem etal, 
2015; Ingram, 2017). Specific proteases called caspases are recog
nized as the main executors of apoptosis in animals (Degterev 
etal, 2003). Caspase-like activities were also detected in plants 
and are associated with PCD in different tissues, including devel
oping seeds (Lopez-Fernandez & Maldonado, 2015). However, 
caspase genes are absent in plant genomes (Vercammen etal, 
2007). Other plant proteases were discovered to possess diverse 
caspase activities, such as the vacuolar processing enzyme (VPE) 
with caspase-1-like activity (Hatsugai etal, 2015), and saspase 



and phytaspase with predominant caspase-6-like activity (Coffeen 
& Wolpert, 2004; Chichkova etal., 2010). Several proteases are 
likely to exhibit caspase-3-like activity: the pi sub unit (PBA) and 
possibly the p2 subunit (PBB) of the 20S proteasome complex 
(Han etal, 2012) and cathepsin B (Ge etal, 2016). 

The barley {Hordeum vulgare L.) genome contains eight VPE 
genes (Julian etal, 2013) that are differentially expressed during 
vegetative and generative development (Radchuk etal, 2011; 
Julian etal, 2013). VPE4 expression was predominantly detected 
in the developing pericarp and is potentially related to cell elimina
tion in the tissue (Radchuk etal, 2011). A barley grain represents 
a caryopsis in which the endosperm occupies the bulk of the grain 
and the pericarp is fused with the thin seed coat at maturity. The 
dry grain weight is largely determined by the size and feeding 
capacity of the endosperm. However, during early grain develop
ment, when endosperm expansion occurs, the pericarp represents 
the major tissue of the grain. As revealed in a terminal 
deoxynucleotidyl transferase-mediated dUTP nick end labelling of 
the 3'-OH groups (TUNEL) assay, degenerating cells first appear 
in the innermost cell layer of the pericarp c. 5 d after flowering 
(DAF) and then spread to the outer cells, which coincides with an 
increase in caspase-like activities (Tran etal, 2014). Whether 
PCD in the pericarp is important for providing space for the 
expanding endosperm and/or the reallocation of storage com
pounds to the endosperm was a focus of the present study. Here, 
we demonstrate that VPE4 strongly acts on the caspase-1 substrate 
in vitro and is required for PCD execution in the developing peri
carp of barley. Further, the importance of pericarp PCD for proper 
development of the endosperm is described. 

Materials and Methods 

Plant material and growth conditions 

Wild-type (WT) and the transgenic barley {Hordeum vulgare L.) 
plants were grown as described previously (Radchuk etal, 2011). 
Plants were divided into eight sub-batches, and manually sepa
rated pericarp and endosperm tissues from grains of separate sub-
batches were collected and frozen in liquid nitrogen. Accumula
tion of fresh weight during caryopsis development was calculated 
from c. 50 developing caryopses collected from c. 10 spikes. 
Thousand-grain weight and other seed parameters were calcu
lated using the Marvin seed analyzer (GTA Sensorik, Neubran-
denburg, Germany). 

Plasmid construction and plant transformation 

The RNAi construct pVPE4i consisted of the VPE4 promoter 
region (884 nucleotides (nt) upstream of the ATG start codon), a 
sense VPE4 (gene ID HORVU5HrlG066250.3) fragment (557 
nt), an intron of gibberelic acid 20 oxidase from potato {Solarium 
tuberosum L.) (199 nt) and an antisense VPE4fragment (557 nt). 
The appropriate DNA fragments were PCR amplified and cloned, 
using of the specific restriction sites, into a modified pAX vector 
that already contained the potato intron and the nopaline synthase 
terminator. The primers and restriction sites were as follows: 

for the VPE4 promoter, 5'-GCGCGTTAAATACAGGCCTTT-
TTATGAC-3' {Stul underlined, as are further restriction sites) 
and 5'-GCGAGCCCTGCAGAACTGCTTCTCTC-3' {PsA); 
for the VPE4 sense fragment, 5'-GACCACATCTTCGT-
CTACTACGCCGATC-3' (BamHl) and 5'-CAGCTGC 
GTCGACGAGGAGGA-3' {SaA); for the VPE4 antisense frag
ment, 5'-ACGGCGGACTAGTGATCCTTGGGA-3' {Spel) 
and 5'-CGTCCCGCTGGTTCACTCTGG-3' (Xhol). The 
VPE4i cassette was sequenced (LGC Genomics, Berlin, Germany) 
to confirm the sequences and VPE4 fragment orientations. Then 
the cassette was introduced into the p6U binary vector (DNA 
Cloning Service, Hamburg, Germany) with SJA. RNAi transgenic 
barley lines were generated by Agrobacterium tumefaciens-
mediated transformation of immature embryos of cv Golden 
Promise following Hensel etal. (2009). 

RNA extraction 

Total RNA was isolated as described previously (Tran etal, 
2014) and used for northern blots, quantitative reverse transcrip
tion—polymerase chain reactions (qRT-PCRs) and array 
hybridizations. 

Purification of the VPE4 recombinant protein from Pichia 
pastoris and enzyme activity assays 

The open reading frame of VPE4 was amplified by PCR and 
inserted in-frame into the vector pPICZaA (Invitrogen), 
transferred to Pichia pastoris ((Guillierm.) Phaff) cells and 
tested for protein expression as described previously (Julian 
etal, 2013). To induce the expression, methanol was added 
every 24 h to maintain a final concentration of 0.75%. 
Recombinant VPE4 was partially purified by ammonium sul
phate precipitation after 24 h of methanol induction as 
described previously (Julian etal, 2013). Purification was 
checked using sodium dodecyl sulfate—polyacrylamide gel 
electrophoresis (SDS-PAGE). The protein concentration was 
quantified using the BioRad kit (BioRad, Hercules, CA, 
USA) with bovine serum albumin as standard. For negative 
controls in the enzymatic activity assays, P. pastoris cells, 
transformed with the empty vector, were subjected to the 
same purification procedure. 

The legumain activity of recombinant VPE4 was determined 
using 100 (iM fluorogenic substrate Z-AAN-AMC (N-
carbobenzoxyloxy-Ala-Ala-Asn-7-amido-4-methylcoumarin (AMC); 
Bachem Bioscience, Bubendorf Switzerland) as described pre
viously (Julian etal, 2013). Caspase activities were determined 
using the fluorogenic substrates (Bachem Bioscience): caspase-1 
substrate, Ac-Tyr-Val-Ala-Asp-AMC; caspase-3 substrate, Ac-
Asp-Glu-Val-Asp-AMC; caspase-4 substrate, Ac-Leu-Glu-Val-
Asp-AMC; caspase-6 substrate, Ac-Val-Glu-Ile-Asp-AMC, and 
caspase-8 substrate, Ac-Ile-Glu-Thr-Asp-AMC, at a concentra
tion of 25 (iM (for the caspase-1 and caspase-6 substrates) or 
50 (iM (for the others) in 50 mM citrate-phosphate buffer, pH 
5.0, containing 2.5 mM DTT, for 24 h at 30°C. To determine 
the pH effect, reactions were carried out in the following 



buffers: 50 mM citrate-phosphate buffer (pH range 3.0-7.0) 
and 50 mM Hepes (pH 7.0-10.0) supplemented with 2.5 mM 
DTT for 1 h (legumain activity) or 24 h (caspase-1 activity) at 
30°C. To determine the inhibitory activities of barley cystatin 
HvCPI-4 and iodoacetamide (IAA), the enzyme was incubated 
in 50 mM Hepes (pH 7.0) or 50 mM citrate-phosphate (pH 
5.0) buffers, containing 2.5 mM DTT at 30°C with 25 (iM of 
IAA or 1 (ig of barley HvCPI-4 for lOmin. Then, the corre
sponding substrate was added and the reactions were incubated 
as above. The system was calibrated with known amounts of 
AMC hydrolysis product in a standard reaction mixture. The 
assays were performed in triplicate. Blanks were used to 
account for the spontaneous breakdown of substrates. Emitted 
fluorescence was measured with a 365-nm excitation wave
length filter and a 465-nm emission wavelength filter in a spec-
trofluorimeter (GeniosPro; Tecan, Mannedorf Switzerland). 

Total soluble protein was isolated from pericarp tissue or old 
leaves and measured using the Bradford assay (BioRad). Caspase-
like activities were measured essentially as described previously 
(Tran etal, 2014). 

Determination of starch and storage protein 
concentrations, metabolite and microelement profiling 

Extraction of starch and storage proteins and determination of 
their concentrations were performed as described previously (Faix 
etal., 2012). Gas chromatography—mass spectrometry (GC-MS) 
measurements were performed as described previously (Riewe 
etal., 2012). Microelemental analysis was carried out using 
inductively coupled plasma mass spectrometry as detailed in 
Eggert & von Wiren (2013). 

Histochemical techniques 

Grains were fixed, embedded in butyl-methyl-methacrylate, 
cross-sectioned (1 (im), stained with toluidine blue and viewed 
with an Axio Imager 2 microscope (Zeiss, Oberkochen, 
Germany). 

Flow cytometric analysis 

Grains with detached embryos (12 grains per stage and line) were 
subjected to absolute cell counting using flow cytometry. For 
this, nuclei were isolated as described by Dolezel etal. (2007) 
using nuclear isolation buffer (Galbraith etal, 1983) supple
mented with 50| igml~ propidium iodide and 50| igml~ 
DNase-free RNase. Nuclei were analysed and counted on a 
CyFlow Space flow cytometer (Sysmex Europe GmbH, 
Norderstedt, Germany). 

Measurement of 13C uptake of grains 

For measurement of C uptake, 400 ppm CO2 was applied 
to bag-covered flag leaves of W T and transgenic spikes at 10 
DAF for 24 h. Afterwards, isolated caryopses were separated into 
pericarp and endosperm fractions, lyophilized, ground and 

analysed on an elemental analyser coupled to a stable isotope 
ratio mass spectrometer (Vario MICRO cube/Isoprime Vision, 
Elementar Analysensysteme GmbH, Langenselbold, Germany). 
Seven biological repetitions with three technical replicates each 
were analysed. 

Array hybridization and analysis 

For cRNA synthesis and Cy3 labelling, 100 ng of RNA was used. 
Labelled cRNA (600 ng) was hybridized with an Agilent (Agilent 
Technologies, Santa Clara, CA, USA) 8 x 60 K customized bar
ley array (accession E-MTAB-3040 at EMBL-EBI ArrayExpress). 
Labelling, hybridization and data evaluation were performed as 
described previously (Kohl etal, 2015). Differentially expressed 
genes were defined as having a false discovery rate (FDR)-
adjusted P-value < 0.05 and at least a two-fold difference between 
the W T and the transgenic line at each stage. 

Quantitative RT-PCR 

qRT-PCRs were performed and relative transcript abundances 
were estimated as described by Tran etal. (2014). Primers are 
listed in Supporting Information Table SI. The H. vulgare actin 
gene (HORVUlHrlG002840.6) was used as a reference. Experi
ments were run with three to four biological replications and 
three technical repetitions each. 

Magnetic resonance imaging 

The magnetic resonance imaging (MRI) data were acquired on 
an 11.7 Tesla AMX instrument (Bruker, Billerica, MA, USA) as 
described by Fuchs etal. (2013). The visualization of the mature 
seeds was performed with a custom-built Helmholtz coil and 
adjusted nucleic magnetic resonance (NMR) sequences (spin-
echo: eight averages, TR 750 ms, TE 5.3 ms and resolution 
36 |tm; 3D radial sequence: TR 50 ms, 61995 spokes, 128 read
out points and resolution 62 (im). Image processing was per
formed in MATLAB (The Mathworks, Natick, MA, USA) and 
AMIRA (Mercury Inc., Idaho Falls, ID, USA). 

Results 

Recombinant active VPE4 is able to degrade legumain and 
caspase substrates 

To analyse the protease properties of VPE4, we expressed the 
full-length recombinant protein in P. pastoris culture and assessed 
its proteolytic activity in supernatant on the legumain-specific 
substrate Z-AAN-AMC. Maximum legumain activity was 
detected 24 h after induction (Fig. SI a). Then, the VPE4 was 
partially purified from the supernatant and analysed by SDS-
PAGE (Fig. Sib). A major band at 52 kDa corresponding to the 
pre-processed form was observed. Because several plant VPEs 
have the capacity to degrade caspase-1 substrate in a pH-
dependent manner (Hatsugai etal, 2015), we analysed the pro
tein activity under different pH conditions. VPE4 exhibited 



activity against the legumain substrate over a relatively broad pH 
range, with the highest activity at pH 6.0. The breakdown of cas
pase-1 substrate was strongly pH-dependent and was only 
detected at c. pH 5.0 (Fig. la). These results corresponds to the 
activity optima found for barley VPE2a (HvLeg-2) and VPE3 
(HvLeg-4; Julian et al., 2013). Further, we measured the activity 
of the recombinant VPE4 against caspase-1, caspase-3, caspase-4, 
caspase-6 and caspase-8 substrates at pH 5 (Fig. lb). The highest 
activity was detected against the caspase-1 substrate. The maxi
mum activity against caspase-6 and caspase-8 substrates reached 
c. 15-17% of measured caspase-1 activity, whereas the activities 
against caspase-3 and caspase-4 substrates were < 5% of that of 
caspase-1. No activity on any of the studied caspase substrates 
was detected at pH 7.5 (not shown). Both legumain and caspase 
activities were inhibited when the legumain inhibitor iodoac-
etamide or the barley HvCPI-4 cystatin (bifunctional papain/ 
legumain inhibitor; Martinez etal, 2007) was added (Fig. Sic). 
No legumain or caspase activities were recovered when isolates 
from yeast cells transformed with the empty expression vector 
were used. Thus, the recombinant VPE4 protein predominantly 
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Fig. 1 Enzymatic activity of recombinant barley (Hordeum vulgare) 
vacuolar processing enzyme 4 (VPE4). (a) Enzymatic activity at different 
pH values of VPE4 using the fluorogenic substrates for legumain (Z-AAN-
AMC) or caspase-1 (AC-YVAD-AMC) after 24 h of incubation, (b) 
Caspase (casp) activities of VPE4 using the fluorogenic substrates for 
caspase-1, caspase-3 (AC-DEVD-AMC), caspase-4 (AC-LEVD-AMC), 
caspase-6 (AC-VEID-AMC) and caspase-8 (AC-IETD-AMC) after 24 h of 
incubation. Triplicate assays were performed for determination of each 
value and the average and SE were calculated. 

exhibits legumain and caspase-1 activities at pH 5.0, whereas its 
activity against other caspase substrates is negligible. 

VPE3 and VPE4 exhibit partially distinct tissue specificity 

VPE3 and VPE4 genes are expressed in the pericarp of developing 
grains (Radchuk etal, 2011). We analysed their activity in other 
organs of barley plants (Fig. 21). The VPE4 transcripts were more 
abundant in older tissues, including mature leaves, differentiating 
nodes and internodes, and senescing anthers. However, the VPE3 
mRNA levels in these organs were similar to those of the VPE4 
transcripts, except for the pericarp, where VPE4 expression was 
> 50-fold that of VPE3. We concluded that VPE3 may operate 
redundantly with VPE4 in vegetative tissues whereas VPE4 is 
predominantly functional in the developing pericarp. 

Transcriptional VPE4 repression impairs seed size and 
composition 

To study the impact of VPE4 on pericarp development, we gen
erated 35 independent transgenic plant lines with RNAi-
mediated VPE4 knockdown driven by the gene's own promoter. 
In the primary transgenic plants, the number of integrated trans-
gene copies and levels of VP£¥mRNA and caspase-1-like activity 
were determined in the developing grains. The severity of the 
grain phenotype was largely related to the reduction of VPE4 
expression and capsase-1-like activity (Figs 2, S2). Three 
homozygous transgenic lines (VPE4i-13, VPE4i-17 and VPE4i-
23) with one transgene copy and strong reduction of both VPE4 
expression and caspase-1-like activity were selected for detailed 
investigation (Fig. 2a, b). No phenotypic differences between 
transgenic and W T plants were observed until flowering. During 
seed development, the transgenic spikes entered the desiccation 
phase c. 1 wk later compared with W T spikes (Fig. 2c) and pro
duced smaller seeds (Fig. 2d). Correspondingly, the thousand-
grain weight was lower in transgenic lines (up to 24.5% in 
VPE4i-13) compared with W T (Fig. 2e). Grain width was 
reduced (Fig. 2f), whereas the seed length remained unchanged 
or even slightly increased in transgenic lines (Fig. 2g). 

We applied MRI-based imaging to investigate the structure of 
mature grains and to estimate the volume of individual organs. 
The volumes of both embryo and endosperm were reduced in 
caryopses of transgenic lines compared with the W T (Fig. 3a-c; 
Table 1), and the endosperm shape was changed (Fig. 3d—f). The 
thickness of the seed coat, however, appeared to be unchanged 
(Fig. 3d-f). Thus, the main reduction in the seed size of VPE4-
repressed lines was attributable to the smaller size of the 
endosperm and embryo. 

All VPZ^repressed mature grains accumulated significantly 
less starch (Fig. 2h). The seed protein content was slightly 
increased in the transgenic grains, but a significant difference was 
only observed for the gliadin fraction of two lines (Fig. 2i,j). 
Comparative imaging of lipid distribution by MRI (Neuberger 
etal, 2008) revealed nearly identical lipid signal intensity in the 
scutellum, whereas the lipid concentration in the aleurone 
appeared to be decreased in transgenic versus WT grains 
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Fig. 2 Molecular and phenotypic analysis of transgenic barley (Hordeum vulgare) plants with vacuolar processing enzyme 4 (VPE4) repression, (a) 
Reduction of VPE4 mRNAin the transgenic VPE4i-repressed developing grains compared to the wild-type (WT) as analysed by northern blot with a VPE4 
probe, (b) Northern blot hybridization with 25S rDNA probe used as a quantitative control of RNA loading, (c) Transgenic grains stay green longer 
compared with the WT, as visualized at 20 d after flowering (DAF). (d) Transgenic plants produce smaller seeds, (e-k) Changes in seed (e) weight, (f, g) 
size, and accumulation of (h) starch, (i, j) storage proteins and (k) lipids in the transgenic grains compared with the WT. Data are mean ±SD,/i = 8; t 
significant at: *, P<0.05; **, P<0.01; ***, P< 0.001. (I) Expression of VPE3 and VPE4 in the diverse vegetative and generative tissues of barley as 
analysed by quantitative reverse transcription-polymerase chain reaction (qRT-PCR). 
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Fig. 3 Noninvasive nuclear magnetic 
resonance (NMR) imaging of mature barley 
(Hordeum vulgare) caryopses and fresh 
weight accumulation in developing grains of 
VPE4i-transgenic and wild-type (WT) lines, 
(a-c) Lipid distribution and shape of the 
mature grains. Three-dimensional 
visualization of grains is shown in Supporting 
Information Videos S1-S3. (d-f) Virtual 
cross-section through the central part of the 
caryopses. em, embryo; al, aleurone; sc, seed 
coat; se, starchy endosperm. Bars, 1.25 mm. 
(g) Accumulation of fresh weight during 
grain development. Data are mean ± SD; 
n > 50; t significant at: **, P < 0.01; 
***,P< 0.001. 

Table 1 Volumes of endosperm and embryo in dry barley (Hordeum 
vulgare) grains of the transgenic and wild-type lines (mm3) 

Plant line Endosperm Embryo 

Wild-type 
VPE4i-17 
VPE4i-23 

25.13 ±4.00 
16.43 ±2 .31* 
11.28 ±1.29*** 

1.95 ±0.32 
1.07 ±0.35* 
1.01 ±0.30* 

Data are mean ± SD; n = 3; t significant at: *, P < 0.05; **, P < 0.01; ***, 
P< 0.001. 

(Fig. 3a-c). Indeed, lipid accumulation was decreased in the 
transgenic grains (Fig. 2k). 

To conclude, repression of the pericarp-specific VPE4 resulted 
in a significantly reduced grain weight and decreased starch and 
lipid contents, which could not be compensated by prolonged 
development, increased protein levels or slightly longer transgenic 
grains. 

Growth dynamics is different in VPF4-repressed and WT 
grains 

To establish when differences in weight between transgenic and 
WT seeds occur, we analysed the accumulation of fresh weight in 
the developing grains (Fig. 3g). VPE4-repressed seeds were signif
icantly lighter at 4 and 8 DAF. However, between 10 and 14 
DAF, the fresh weight of the transgenic seeds increased to that 
of the WT. Because intensive disintegration of the pericarp tis
sue occurs between 8 and 12 DAF in W T grains (Radchuk 
etal, 2011), we hypothesized that the increase in the fresh 
weight accumulation in the transgenic seeds is caused by 
delayed cell autolysis, implying a VPE4 function in pericarp 
degradation. Later in development, delay in transgenic grain 
fresh weight accumulation was observed at the grain-filling and 
maturation stages (from 16 DAF onwards) and resulted in a 
reduced dry seed weight (Fig. 2e). 
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Fig. 4 Changes in the cellular structure and cell number associated with repression of vacuolar processing enzyme 4 (VPE4). (a) Cross-section of a barley 
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grains. Data are mean ± SD; n = 12; t significant at: *, P < 0.05; ** , P < 0.01; * * * , P < 0.001. 



Pericarp disintegration is delayed in the transgenic grains 

To investigate pericarp disintegration, we performed comparative 
histological analyses of W T and transgenic seeds of two lines 
(Figs 4, S3). In WT grains, the thickness of the pericarp 
decreased progressively with the onset of seed development, espe
cially in the dorsal and lateral regions, the decrease being less 
prominent in the ventral region (Fig. 4). The pericarp of the 
transgenic VPE4i-23 line appeared thicker than that of the WT 
already at 4 DAF (Fig. S3a). The dorsal and lateral but not ven
tral pericarp regions in the VPE4i-23 transgenic grains remained 
significantly thicker than those of the W T at 8 and, especially, 12 
DAF (Fig. 4b) as a consequence of not only the more rounded 
cells but also the higher cell number in the transgenic pericarps 
(Fig. 4c-n). A similar cellular pattern was observed in the peri
carp of the VPE4i-13 line at 12 DAF (Fig. S3c). However, the 
pericarp of the VPE4 down-regulated grains eventually dimin
ished, at the late maturation stage (20 DAF), to the WT thickness 
(Fig. S3b), which resulted in the formation of thin seed coats 
(Fig.3e,f). 

We next examined the cell number in developing grains 
with detached embryos. The diploid nuclei of maternal tissues 
were easily distinguishable from triploid endosperm by flow 
cytometry. The transgenic maternal tissues consisted of more 
cells compared with the W T at all analysed stages (Fig. 4o). 
Because the pericarp represents the bulk of maternal tissues 
(Gubatz etal, 2007), we concluded that more pericarp cells 
remain alive during early and middle grain development. This 
result is consistent with the development of VPZ?£repressed 
seeds (Fig. 4b-n) and fresh weight accumulation (Fig. 3g). 
Thus, VPE4 down-regulation primarily affects cellular disinte
gration in the pericarp. 

VPZi¥-repressed endosperms showed similar cell numbers to 
WT during early grain development but decreased numbers at 
later stages (Fig. 4p). Because the accumulation of storage com
pounds is associated with DNA endoreduplication in cereal 
endosperm cells (Dante etal, 2014), we measured their 
nuclear ploidy levels. The ploidy levels of the transgenic 
endosperm cells were not altered at early stages compared with 
WT (not shown). However, comparisons of flow cytometric 
profiles at later stages revealed fewer high-ploidy (> 24 C) 
nuclei in transgenic relative to WT endosperms, especially at 
16 DAF (Table 2). 

Caspase-like activities are decreased in the pericarp of the 
transgenic grains 

Because recombinant VPE4 displays predominant caspase-1 
activity (Fig. lb), we measured this activity in crude protein 
extracts from manually separated pericarp tissues (Fig. 5). The 
caspase-1-like activity was decreased in all analysed transgenic 
pericarps at 4 DAF, and this decrease was even stronger at 8 DAF 
compared with W T (Fig. 5a). The decrease in the activity was 
dependent on the degree of VPE4 down-regulation (Fig. 2a), 
which indicated that the decreased VPE4 transcript abundance 
may result in reduced protein amounts and, thus, reduced activ
ity. Caspase-1-like activity was more reduced in older than in 
younger transgenic pericarps, indicating that transcriptional 
VPE4 repression leads to the progressive down-regulation of cas
pase-1-like activity. The caspase-3, caspase-4, caspase-6 and cas-
pase-8-like activities were also significantly decreased in the 
pericarps of all three transgenic lines compared with WT 
(Fig. 5b-e). 

VPE4 repression is accompanied by metabolic changes 
during early grain development 

Given that VPE4 repression may already affect seed development 
at early stages (Fig. 3g), we analysed the metabolite content in 
separated pericarp and endosperm tissues at 4 and 8 DAF 
(Fig. 6). The total C content remained largely stable in the trans
genic pericarp at these stages (Fig. 6a); however, pericarp compo
sition was altered, with increased levels of total protein (Fig. 6c) 
and decreased starch content (Fig. 6e), especially at 8 DAF. The 
increased protein content may be attributable to an increased 
albumin/globulin fraction (Fig. 6i). Total C was increased in the 
transgenic endosperm at both 4 and 8 DAF (Fig. 6b), but 
the results were only statistically relevant for the line VPE4i-23. 
The increase in C content in the transgenic endosperm may be 
attributable to increases in the starch but not total protein con
tent (Fig. 6d,f). Sucrose concentrations were not altered in the 
transgenic pericarp and were slightly decreased in the transgenic 
endosperm at 8 DAF compared with W T (Fig. 6g,h). 

Metabolite content was measured in the pericarp and 
endosperm of the VPE41-23 line and W T at 8 DAF. GC-MS 
was used to determine the relative contents of 67 known metabo
lites; however, the contents of only four or five metabolites were 

Table 2 Number of cells with different ploidy levels in endosperms of wild-type barley (Hordeum vulgare) and vacuolar processing enzyme 4 (VPE4)-
repressed grains at 12 and 16 d after flowering (DAF) 

Wild-type VPE4i-13 VPE4i-23 

Ploidy 

3C 
6C 
12C 
24C 
48C 

12 DAF 

103991 ±12639 
67789 ±7177 
46089 ±4734 
12884 ±5122 

863 ± 307 

16 DAF 

117081 ±11700 
102821 ±9333 

69372 ±8470 
25141 ±5853 

2828 ± 699 

12 DAF 

86546 ±12716 
61288 ±8524 
39037 ±6153** 

7277 ±2341** 
716 ±244 

16 DAF 

94108 ±12417 
82776 ± 6402* 
54369 ±4571** 
11545 ±1294*** 

1282 ±180*** 

12 DAF 

86873 ±13515 
59672 ± 7248* 
41573 ±5859 

8204 ±3144* 
852 ± 340 

16 DAF 

106733 ±12949 
97127 ±8285 
65440 ±5977 
19152 ±3102** 

1833 ±334*** 

Data are mean ± SD; n = 12; t significant at: *, P < 0.05; **, P < 0.01; ***, P < 0.001. 



rather weakly but significantly changed in transgenic pericarp or 
endosperm as compared with W T (Table S2). In the transgenic 
pericarp, the contents of serine and a-ketoglutaric acid were 
increased whereas those of leucine and isoleucine were decreased. 
In the transgenic endosperm, the contents of serine, oc-
ketoglutaric acid, succinic acid and glyceric acid were increased 
and that of glucose-6P was decreased. To conclude, VPE4 repres
sion resulted only in subtle changes in steady-state metabolite 
contents. 

Transcriptome analysis predicts modified cellular activity in 
the transgenic pericarp 

We performed comparative transcript analysis of pericarp tissues 
of the transgenic VPE4i-23 line and W T at 4 and 8 DAF using 
Agilent microarrays (Kohl etal., 2015). Differentially expressed 
genes (DEGs) that met our criteria for FDR and fold-change 
were selected for analyses (Table S3). DEGs were annotated 
and classified based on homology and a literature search. Tran
script abundances do not necessarily reflect transcriptional activ
ity, protein content or enzyme activity. Therefore, all of the 
following statements on gene identity and function must be 
considered as putative. Only 62 DEGs were identified in the 
transgenic pericarp at 4 DAF; however, 46.8% of them were 
present among DEGs at 8 DAF, which indicated that VPE4 
repression has a similar but stronger effect on global gene tran
scription at the later stage. As expected, VPE4 was down-
regulated (3.4- and 9.5-fold repression at 4 and 8 DAF, corre
spondingly). Of the 18 down-regulated genes at 4 DAF, only 
12 genes were assigned to a potential function, which included 
the transcription factor (TF) RF2b, which is potentially 
involved in vascular development (Dai etal, 2004), one serine 
protease, and two pectinases (Table S3). Of the 30 up-regulated 
genes at 4 DAF with assigned functions, nine genes belonged to 
diverse retrotransposon proteins, which indicated that they 
avoid epigenetic silencing. Seven of these proteins remained up-
regulated at 8 DAF. Other up-regulated transcripts at 4 DAF 
included two proteins of a respiratory chain, two ubiquitin-like-
specific proteases, the dehydration-induced protein RD22, a 
proline-rich protein, three putative pathogenesis-related proteins 
and transparent testa 7 (ttT) and ttl2, both of which are 
involved in the biosynthesis of secondary metabolites. These 
genes were also all up-regulated at 8 DAF. 

At 8 DAF, 451 and 297 genes were up- and down-regulated, 
respectively (Table S3). To validate the microarray data, the 
expression of 16 selected genes in grains of three transgenic lines 
and W T at 8 DAF was analysed by qRT-PCR. Similar patterns 
of up- and down-regulation were observed as in the microarray 
(Fig. S4). One of the largest DEG groups represents genes encod
ing proteins involved in general transcription and translation (32 
up- and 24 down-regulated genes) but also kinases (12 up- and 
14 down-regulated) and TFs (10 up- and 13 down-regulated 
genes), indicating prolonged but modified cellular activity in the 
transgenic pericarp. In view of the large number of DEGs at 8 
DAF, we examined these genes in more detail. 

Expression of genes related to proteolysis is modified 

In a group of DEGs related to proteolysis, 19 sequences were up-
regulated and 11 were down-regulated at 8 DAF (Table S3). Sev
eral protease inhibitors were up-regulated, including a Bow
man—Birk trypsin inhibitor (two genes), cystatins HvCPIl l and 
HvCPI13, a serine-type endopeptidase inhibitor (two genes) and 
a proteasome inhibitor. Genes encoding subtilase and serine car-
boxypeptidase were down-regulated, whereas metacaspase 2 tran
scripts were increased. Genes encoding proteins of a proteasome 
complex were differentially expressed, with five up-regulated and 
six down-regulated transcripts. These data indicate that the pro
tein degradation by the proteasome complex was modified but 
specific proteolysis was decreased or inhibited. 

Because diverse caspase-like activities were decreased in VPE4-
repressed grains (Fig. 5), we analysed the expression of putative 
gene candidates for these activities at 4, 8 and 12 DAF in three 
transgenic lines (Fig. S5). The expression levels of genes encoding 
cathepsin Bl and B2, and PBB (all with putative caspase-3-like 
activity) were slightly reduced at 12 DAF in some lines; however, 
their transcript decreases did not correlate with reduction of cas-
pase-3-like activity (Fig. 5). Expression of the other genes was not 
changed (Fig. S5). 

Increased transcript abundance for photosystem assembly 
and chlorophyll biosynthesis indicate prolonged 
photosynthesis and photorespiration activities in the 
transgenic pericarp 

The expression of the YB3/HAP TF complex (two genes) was 
increased in the transgenic pericarp at 8 DAF. The TaNF-YB3/ 
FLAP TF is a positive regulator of photosynthesis in wheat 
(Triticum aestivum L.) (Stephenson etal, 2011). Coinciding with 
this finding, the largest up-regulated group, which consisted of 
95 genes, encoded plastid structural proteins and proteins of pho-
tosynthetic machinery (Fig. 7a). All major components of the 
photosynthetic apparatus were up-regulated: subunits of the core 
complex of photosystem (PS) II (14 genes) together with its 
light-harvesting complex (20 genes), cytochrome bgf, and the 
reaction centre of PSI (eight genes) together with its light-
harvesting complex (seven genes), as well as plastocyanin, 
thioredoxin, peroxiredoxin Q, ferredoxin (two genes), ferredoxin-
NADP+ -oxidoreductase and two subunits of plastidic ATPase. 
The increased transcript levels of S-adenosyl-L-methionine:Mg-
protoporphyrin IX methyltransferase (two genes) and 
protochlorophyllide reductase A, both of which are required for 
chlorophyll biosynthesis, suggest that chlorophyll turnover is still 
active. Ten up-regulated genes were related to plastid mainte
nance (e.g. two thylakoid lumen proteins and two plastid-lipid-
associated proteins). These results further imply the presence of 
intact and active plastids in the transgenic pericarp at 8 DAF. 
The up-regulation of the small subunit of Rubisco (nine genes) 
further indicates that the photosynthetic machinery is still func
tional at this stage. Several transcripts related to photorespiration 
exhibited strong up-regulation (two genes of serine-glyoxylate 
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Fig. 5 (a) Caspase-1, (b) caspase-3, (c) caspase-4, (d) caspase-6 and (e) 
caspase-8-like activities in the separated pericarp of developing barley 
(Hordeum vulgare) grains at 4 and 8 d after flowering (DAF) of wild-type 
(WT) and VPE4i transgenic lines. Data are mean ± SD; n=A;t significant 
at: *, P< 0.05; ** , P<0.01; * * * , P<0.001. 

ABC transporters, except for an ABC transporter 5. Its rice 
{Oryza sativd) orthologue was described as an essential trans
porter for growth and development under abiotic stress (Matsuda 
etal, 2012). Among the 16 repressed transcripts, eight sequences 
may play important roles in vesicle and vacuole formation and 
inner cellular transport: tonoplast dicarboxylate transporter may be 
critical for pH homeostasis (Hurth etal., 2005); ADP-ribosylation 
factor 1 (two repressed genes) may be required for specific vacuo
lar sorting to the lytic vacuole (Pimpl etal, 2003); dynamin-like 
protein 6 may play a crucial role in vesicle formation in post-
Golgi traffic (Fujimoto & Tsutsumi, 2014) and protein disulfide 
isomerase 5 (PDIS) may regulate the timing of PCD by chaperon
ing and inhibiting Cys proteases during their trafficking to vac
uoles (Andeme Ondzighi etal, 2008). In addition, two 
transporters potentially specific for glucose transport, SWEET1 
(Chen etal, 2010) and monosaccharide transporter 9 (Schnei-
dereit etal, 2003), were repressed. SWEET 1 can be tonoplast-
localized (Wolfenstetter etal, 2012). One N transporter with 
potential function for nitrite uptake into plastids was also down-
regulated (Sugiura etal, 2007). 

VPF4-repressed pericarp demonstrates differential gene 
expression of proteins involved in stress responses 

Several genes with diverse functions in abiotic and biotic stress 
responses were differently regulated in the transgenic pericarp. 
DEGs related to the pathogen response (e.g. six nbs-lrr resistance 
proteins and a chitinase) created an unexpectedly large group that 
contained 18 up- and four down-regulated genes in the trans
genic pericarp compared to WT. Three osmotin genes were also 
up-regulated. Osmotins protect cells from invading pathogens 
and osmotic stress. Another large group of stress-related DEGs 
was associated with dehydration. The gene expression of the TF 
bHLH35 was up-regulated, whereas that of the dehydration-
responsive element-binding proteins DREB1A and DREB1D, 
three NAM TFs and a nuclear transcription factor y sub unit a-3 
(NF-Ya3) was repressed. In Arabidopsis, PebHLH35 from 
Populus euphratica confers drought tolerance by regulating 
stomatal development, photosynthesis and growth (Dong etal, 
2014). In abscisic acid (ABA)-independent regulation, DREB, 
NAM and HF-Y TFs play an important role by regulating 
numerous drought-responsive genes (Singh & Laxmi, 2015). 
Correspondingly, four additional proteins related to dehydra
tion stress (a dehydrin and three early-responsive to dehydration 
stress proteins) were strongly up-regulated in the transgenic 
pericarp. 

transaminase and three gene of catalase), but most of the tran
scripts related to the Calvin cycle were not altered (Fig. 6b). 

Transcriptome analysis indicates perturbations in transport 
processes in the VPF4-repressed pericarp 

In total, 37 DEGs were related to the transport function. Six of 
the 21 up-regulated genes encode proteins that are potentially 
involved in lipid transport. Four transcripts encode undescribed 

The grain phenotype is unlikely to be influenced by VPE4 
repression in vegetative parts of the plants 

In cereals, the time and rate of whole-plant senescence affects not 
only the yield, but also the protein and mineral contents of grains 
(Distelfeld etal, 2014). Because VPE4is active in mature vegeta
tive tissues (Fig. 21), we investigated whether VPE4 repression 
may affect nutrient reallocation and grain filling. As expected, 
VPE4 activity was strongly repressed in the senescing flag leaves c. 



Pericarp Endosperm 

Fig. 6 Storage product accumulation in the 
developing pericarp and endosperm tissues 
of vacuolar processing enzyme 4 (VPE4)-
repressed and wild-type (WT) barley 
(Hordeum vulgare) grains, (a-j) 
Accumulation of (a, b) total C, (c, d) protein, 
(e, f) starch, (g, h) sucrose and (i, j) albumin/ 
globulin fraction in the developing (a, c, e, g, 
i) pericarps and (b, d, f, h, j) endosperms of 
three VP£4-down-regulated lines and WT. 
Data are mean ± SD; n = 6; t significant at: 
*, P < 0.05; **,P< 0.01 ; * * * P < 0.001. 
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20 DAF; however, levels of VPE3 transcripts were moderately 
elevated (Fig. 8a). Caspase-1-like activity was decreased but much 
weaker as it would be expected from VPE4 down-regulation 
(Fig. 8b). To analyse micronutrient remobilization, we measured 
the levels of 11 micronutrients in mature transgenic and WT 
grains (Tables 3, S4). The absolute concentrations of micronutri
ents in mature barley grains were in agreement with published 

data sets (Mamo etal, 2014; Detterbeck etal, 2016), as shown 
for instance for iron (Fe) (35.4-45.1 mgkg~ ) and zinc (Zn) 
(47.9-62.5 mg kg"1) (Table S4). Compared to WT, no single 
micronutrient concentration was decreased in all three transgenic 
lines (Table 3) except for potassium (K) in VPE41-13 and 
molybdenum (Mo) in the VPE4i-23 line. In contrast, concentra
tions of boron (B), calcium (Ca), phosphorus (P), sulfur (S) and 
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Fig. 7 Changes in (a) photosynthesis and (b) the photorespiration pathways within the context of the Calvin cycle, sugar conversion and the tricarbonic 
acid cycle in the pericarp of the VPE4i-23 line at 8 d after flowering (DAF). Only main metabolites and enzymes are shown. Up-regulated transcripts and 
increased metabolites in the VPE4i-23 pericarp compared with wild-type are shown in blue, and down-regulated genes and decreased metabolites are 
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Zn were increased at statistically relevant levels in some of the 

lines (Table 3). These data indicate that there is no limitation in 

micronutrient remobilization caused by VPE4 down-regulation 

in senescing leaves. 

Further, we analysed the uptake and allocation of assimilates 

after the application of 1 3 C-C0 2 to the flag leaf of spikes at 10 

DAF for 24 h (Fig. 8c). No differences were detected in the gen

eral uptake of C or its allocation to pericarps and endosperms 

between transgenic lines and WT. 

Discussion 

Proteolytic activities of VPE4 predict its role in executing 
cell death 

VPE or legumain (Julian etal., 2013) is the first identified 

enzyme with caspase-like activity in plants and exhibits activity 

against caspase-1 substrate (Hatsugai etal, 2004, 2015). An Ara-

bidopsis mutant with all four VPE genes knocked out lacks any 



caspase-1-like activity, which indicates that VPE is the major 
contributor to this activity (Kuroyanagi etai, 2005). We demon
strate here that recombinant VPE4 is able to degrade legumain 
and caspase-1 substrates in vitro (Fig. la). Most VPEs are synthe
sized as pre-pro-peptides and are self-catalytically converted into 
the active mature form at low pH during delivery to the vacuole 
(Hiraiwa etai, 1999; Kuroyanagi etai, 2005). The proteolytic 
properties of the recombinant VPE4 protein suggest its similar 
function in plant tissues and thus define the caspase-1-like activ
ity at the site of VPE expression in developing barley grains. The 
VPE4 expression pattern (Radchuk etai, 2011) coincides with 
the profile of caspase-1-like activity in the developing pericarp 
(Tran etai., 2014), suggesting that VPE4 may be the major 
enzyme responsible for the activity in the tissue. 

VPEs are involved in PCD during both disease resistance and 
development (Hatsugai etai, 2004, 2015; Nakaune etai, 2005). 
The seed-specific 8VPE is expressed in two inner cell layers of the 
early seed coat of Arabidopsis (Nakaune etai, 2005). This tissue 
undergoes developmental PCD at early stages, thereby reducing 
its thickness by > 50%. In a 8-type-deficient mutant, PCD is 
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Fig. 8 (a) Accumulation of vacuolar processing enzyme 3 (VPE3) and 
VPE4 transcripts and (b) caspase-1 -like activity in senescing flag barley 
(Hordeum vulgare) leaves (20 d after flowering, DAF), and (c) 13C uptake 
in pericarp and endosperm tissues (10 DAF) of the VP£4-repressed and 
wild-type (WT) grains. The Hordeum vulgare actin gene 
(HORVU1 Hr1 G002840.6) was used as a reference in quantitative reverse 
transcription-polymerase chain reaction (qRT-PCR) experiments. Dataare 
mean ± SD; n = (a) 4, (b) 6, and (c) 7; t significant at: *, P < 0.05; **, P < 0.01; 
***,P< 0.001. 

Table 3 Relative changes in micronutrient compositions of vacuolar 
processing enzyme 4 (VP£4)-repressed barley (Hordeum vulgare) grains 
compared to the wild-type (wild-type = 100%) 

Element 

B11 

Ca44 

Fe56 

K39 

Mg26 

Mn55 

Mo9S 

Na23 

p31 

S 34 

Zn66 

VPE4i-13 

111.8±12.6* 
143.3 ±18.2*** 
113.3 ±12.0 

91.4 ±2.3** 
109.0±13.6 
103.7 ±9.4 

94.2 ±23.4 
93.0 ±27.3 

107.5 ±12.4 
116.0±12.0* 
130.5±23.2** 

VPE4-17 

123.2 ± 19.1*** 
102.0±17.6 
107.5 ±13.0 
113.1 ±20.9 
106.4 ±10.3 
93.5 ±11.4 
99.8 ±13.7 

120.4 ±33.4 
116.6 ±15.2* 
118.9±16.3* 
107.0±14.6 

VPE4-23 

114.5±14.6* 
107.8 ±11.3 
89.0 ±10.9 

105.5 ±10.6 
100.3 ±9.2 
90.3 ±16.0 
82.0 ±7 .3* 

107.9 ±27.4 
107.2 ±7 .9 
110.0 ±7.7* 
100.4 ±14.0 

Dataare mean ±SD; n = 8; t significant at: *, P<0.05; 
***, p<0.001. 

, P<0.01; 

delayed, and the seed coat remains thick throughout develop
ment, demonstrating that 8VPE is responsible for PCD in Ara
bidopsis seed coats. The comparative analysis of VPZi¥-repressed 
seeds in barley highlights a similar role of VPE4 protease in the 
execution of PCD in the barley pericarp. 

VPE4 is required for cell death of the pericarp during grain 
development 

The early expansion of the endosperm occurs at the expense of 
the nucellus, which, however, largely disintegrates until 4 DAF 
(Tran etai, 2014). The later expansion of the endosperm is only 
possible at the expense of the pericarp, which begins to be elimi
nated from the innermost cell layers. The number of cell rows 
progressively decreases in the lateral and, especially, dorsal 
regions of the pericarp with ongoing seed development (Radchuk 
etai, 2011), leading to pericarp thinning. However, the pericarp 
remains thicker in the VPE4-repressed grains during the middle 
phase of development (Fig. 4). VPE4 suppression delays targeted 
cell death, which leads to increases in fresh weight accumulation 
in transgenic caryopses to W T levels between 10 and 16 DAF 
(Fig. 3) as a result of an increased number of vital pericarp cells 
(Fig. 4). These results clearly demonstrate that VPE4 is required 
for PCD in the pericarp. VPE3, which is also weakly expressed in 
the pericarp (Fig. 21), cannot compensate for the effect of VPE4 
down-regulation. Therefore, VPE4 is a major player in the devel
opmental PCD of the barley pericarp. 

VPE4 recognizes a caspase-1 substrate at a very high efficiency 
in vitro, which is consistent with the functions of VPE in Ara
bidopsis and tobacco (Nicotiana tabacurri) (Hatsugai etai, 
2015). In VPZ?£modified pericarps, caspase-1-like activity was 
strongly decreased (Fig. 5a) and directly correlated with VPE4 
down-regulation (Figs 2a, S2). These results further indicate that 
VPE4 exhibits this activity in vivo. In addition, other caspase-like 
activities were decreased in VPE4-repressed pericarp (Fig. 5b-e). 
In view of the residual VPE4 activity against these caspase sub
strates in vitro (Fig. lb), it is still possible that VPE4 is responsi
ble for these activities in plant cells. However, it is more plausible 



that other proteases adopt these functions (Chichkova etal, 
2010; Han etal., 2012; Ge etal, 2016). However, the transcript 
levels of proteins with potential caspase-like activities were not 
correlated with a decrease in respective caspase-like activity 
(Figs 5, S5). We hypothesize that VPE4 protease activity could 
mediate the activation of other proteases with caspase-like func
tions. Cathepsin B is processed by the VPE homologue 
asparaginyl endopeptidase in mice (Shirahama-Noda etal, 
2003). Arabidopsis cathepsin B is vacuolar in proteomic studies 
(Carter etal, 2004), so it would be accessible for VPE action. 
The coordinated decrease of several caspase-like activities follow
ing VPE4 repression further strengthens an earlier hypothesis 
(Tran etal, 2014) that the co-action of caspase-like protease 
activities is required to execute and/or regulate PCD processes in 
plant tissues, analogous to those that occur in animal cells 
(Degterev etal, 2003; Shalini etal, 2015). 

The pericarp thickness of the VPZi¥-repressed grains was even
tually diminished at later developmental stages (Figs 3, S2), 
resulting in the formation of a thin hull in the dry seeds. It is pos
sible that this compression is caused by necrosis as a result of 
mechanical pressure exerted by the growing endosperm and grain 
desiccation. 

Our findings clearly demonstrate that VPE4 is a major compo
nent of developmental PCD in the pericarp, which occurs during 
caryopsis formation. 

PCD in the pericarp is involved in maternal control of seed 
size 

WZ^repressed grains are smaller at maturity and accumulate 
less starch and lipids (Fig. 2) as a result of either decelerated 
nutrient allocation from senescing organs or decreased ability of 
the transgenic endosperms to accumulate storage products. The 
whole-plant senescence process influences key agronomic traits 
including nutrient use efficiency, yield and quality (Distelfeld 
etal, 2014). VPE4 is active in older organs (Fig. 21) and is 
strongly repressed in transgenic senescing leaves compared to 
WT (Fig. 8a). However, capsase-1-like activity was only weakly 
decreased in these leaves, possibly because of the compensatory 
effect of VPE3, whose transcriptional activity was increased 
(Fig. 8). The contents of storage proteins and micronutrients in 
mature transgenic grains were not changed (for albumin/globu
lins and the majority of elements) or even increased, such as for 
gliadins and B, Ca, and S, indicating that there were no limita
tions from source organs (Fig. 2; Table 3). We conclude that 
VPE4 is involved, but acts redundantly with VPE3, in whole-
plant senescence in barley. Therefore, VPE4 repression in vegeta
tive organs is not a primary cause for reduced grain filling in 
transgenic plants. 

Based on these observations, we conclude that pericarp PCD 
during early seed development is required for effective grain fill
ing by providing space for endosperm proliferation and expan
sion. Given the delayed cell elimination in VPZ?£repressed 
pericarp, endosperm growth can be restricted as a result of 
reduced cell proliferation and/or decreased cell expansion during 
early development, leading to fewer or smaller cells in the 

endosperm. The total cell number in the endosperm potentially 
influences both the final grain size and starch accumulation 
(Trafford etal, 2013). Despite prolonged photosynthesis in the 
pericarp with decelerated PCD, the sucrose and metabolite con
centrations were barely altered. Starch accumulation decreased 
with the aging of the transgenic pericarp compared with WT 
(Fig. 6), indicating that transient starch remobilization in the 
pericarp (Radchuk etal, 2009) is independent of PCD. The dis
turbed PCD in the pericarp did not affect assimilate allocation to 
the endosperm, as indicated by C uptake (Fig. 8c). The trans
genic endosperms accumulated less sucrose and more starch com
pared with W T at 8 DAF (Fig. 6), indicating an earlier start for 
starch synthesis in this tissue, possibly as a consequence of earlier 
endosperm cellularization. Starch biosynthesis in the cereal 
endosperm begins following endosperm cellularization (Olsen, 
2004). The transition from the syncytial to the cellularized state 
is critical for endosperm development (Hehenberger etal, 2012). 
In the maternally affected barley mutant seg8, abnormal cellular-
ization/differentiation of the endosperm leads to reduced starch 
accumulation and smaller seeds as a consequence of a lower num
ber and reduced ploidy level of endosperm cells (Sreenivasulu 
etal, 2010). Cell number is not changed in early developing 
endosperms of VPZ^repressed grains compared to W T (Fig. 6p) 
but they are enclosed in smaller caryopses (Fig. 3g) with an 
increased number of pericarp cells (Fig. 4o), indicating that the 
transgenic endosperm cells are smaller after cellularization. Cereal 
seed size and weight are highly influenced by the size of 
endosperm cells, whose expansion is caused by massive accumula
tion of water and storage compounds (Dante etal, 2014). The 
VPZi¥-repressed endosperms consist of fewer cells than WT 
endosperms, with decreased levels of endoploidization at later 
stages (Fig. 4p; Table 2). A causal relationship between concomi
tant accumulation of starch and endoreduplication has been 
established, in which the level of endoploidization correlates with 
nuclear and cell size and the biosynthetic capacities of the tissues 
(Larkins etal, 2001; Sabelli, 2012a,b). To conclude, delayed cell 
elimination in the VPZi¥-repressed pericarp relieves a physical 
restraint on the growing endosperm, thereby prompting earlier 
cellularization and lower endoploidization of endosperm cells, 
which results in reduced starch accumulation later in develop
ment. Thus, endosperm cell expansion and the final grain filling 
and seed size are determined by PCD in the pericarp. 
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