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Nucellar projection (NP) and endosperm transfer cells (ETC) are essential tissues in growing barley (Hordeum vulgare) grains,
responsible for nutrient transfer from maternal to filial tissues, endosperm/embryo nutrition, and grain development. A laser
microdissection pressure catapulting-based transcriptome analysis was established to study NP and ETC separately using a
barley 12Kmacroarray. Amajor challenge was to isolate high-quality mRNA from preembedded, fixed tissue while maintaining
tissue integrity. We show that probes generated from fixed and embedded tissue sections represent largely the transcriptome
(.70%) of nonchemically treated andnonamplified references. InNP, the top-down gradient of cellular differentiation is reflected
by the expression of C3HC4-type ubiquitin ligases and different histone genes, cell wall biosynthesis and expansin/extensin
genes, as well as genes involved in programmed cell death-related proteolysis coupled to nitrogen remobilization, indicating
distinct areas simultaneously undergoing mitosis, cell elongation, and disintegration. Activated gene expression related to
gibberellin synthesis and function suggests a regulatory role for gibberellins in establishment of the differentiation gradient. Up-
regulation of plasmalemma-intrinsic protein and tonoplast-intrinsic protein genes indicates involvement in nutrient transfer
and/or unloading. In ETC, AP2/EREBP-like transcription factors and ethylene functions are transcriptionally activated, a
response possibly coupled to activated defense mechanisms. Transcriptional activation of nucleotide sugar metabolism may be
attributed to ascorbate synthesis and/or cell wall biosynthesis. These processes are potentially controlled by trehalose-6-P
synthase/phosphatase, as suggested by expression of their respective genes. Up-regulation of amino acid permeases in ETC
indicates important roles in active nutrient uptake from the apoplastic space into the endosperm.

Developing seeds are sink tissues depending on
nutrient supply from vegetative tissues. Nucellar pro-
jection (NP) and endosperm transfer cells (ETC) are
responsible for nutrient transfer from maternal to filial
tissues and, as such, represent nourishing tissues with
an important role for endosperm growth and de-
velopment. During grain development, the differ-
entiation and function of NP and ETC have to be
coordinated with changing sink strength. The NP
differentiates from nucellus tissue facing the main
vascular bundle. The organ shows a complex pattern
of simultaneous cell division, differentiation, and dis-
integration to ensure nutrient supply in a regulated
manner. It has been shown that release of nutrients
from the nucellus and NP is partially associated with
programmed cell death (PCD; Radchuk et al., 2006).

Likewise, endosperm formation is highly regulated.
Within the syncytium, the cytoplasmic formation of
phragmoplasts and inward-directed cell growth coin-
cide with periclinal cell divisions forming the first
endospermal cell layer. During further growth, periph-
eral cell layers show anticlinal cell division different
from that of the starchy endosperm, which enlarges by
periclinal cell division (Olsen, 2001). Anticlinal cell
division positions all daughter cells in the same sur-
face, thereby ensuring surface growth in relation to
endosperm expansion (Olsen, 2007) and determining
cell identity in the protoderm as an independent cell
lineage (Laux and Jürgens, 1997). Differentiation of
ETC and aleurone cell layers starts during the syncy-
tial stage adjacent to NP (Olsen, 2004). ETC becomes
functional around 6 d after flowering (DAF; Weschke
et al., 2000). Within the endosperm, ETC and aleurone
cells are the only persisting tissues, whereas starchy
endosperm cells undergo PCD. ETC develop cell wall
ingrowths to increase transport-active surfaces in ac-
cordance with their role in nourishment and solute
supply (Thompson et al., 2001; Borisjuk et al., 2002;
Offler et al., 2002). Despite our knowledge about solute
transfer from maternal to filial grain tissues (Patrick
and Offler, 2001; Zhang et al., 2007) and the morphol-
ogy of NP and ETC (Patrick and Offler, 1995; Weschke
et al., 2000; Radchuk et al., 2006), little is known about
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specific gene expression patterns in these important
organs.
Recent expression profiling experiments to study

barley (Hordeum vulgare) grain development used
manual dissection to separate maternal pericarp and
filial endosperm and embryo fractions (Sreenivasulu
et al., 2004, 2006, 2008). Because dissection boundaries
are predetermined by the presence and position of
dynamic cell layers, the interpretation of expression
profiles is critical due to problems in precisely allocat-
ing distinct tissue types. Moreover, specific tissues or
cell layers inside the caryopsis are not accessible by
manual dissection. To overcome these limitations,
laser capture microdissection and microdissection
coupled with laser pressure catapulting (LMPC)
have been developed. Combinations with large-scale
gene expression analysis have been frequently used
for mammalian systems (Emmert-Buck et al., 1996;
Luo et al., 1999; Burgemeister et al., 2003). In plants,
such applications have been used to monitor gene
expression in maize (Zea mays) epidermis, vascular
tissues, roots, and shoot apical meristem (Nakazano
et al., 2003; Woll et al., 2005; Ohtsu et al., 2007)
and Arabidopsis (Arabidopsis thaliana) embryo cells
(Casson et al., 2005; Spencer et al., 2006) and siliques
(Cai and Lashbrook, 2006). Developing barley caryop-
ses contain cell types largely differing in structure,
such as the cells within the degenerating maternal and
differentiating filial tissues, which complicates the
preservation of morphology during fixation and em-
bedding. In addition, RNA extraction from the hard
and rigid starchy endosperm during later maturation
as well as from fixed and embedded material requires
specific procedures.
We adapted LMPC-coupled transcriptome analysis

to obtain transcript patterns specific for NP and ETC.
Adequate fixation and embedding methods were
established in order to maintain morphology and
RNA integrity in fixed and embedded tissue. We
dissected NP and ETC at 8 DAF (i.e. within the
intermediate phase of caryopsis development), repre-
senting the switch from the cellularization/differ-
entiation phase to storage product accumulation
(Sreenivasulu et al., 2004). This developmental stage
ensures persisting assimilate release and uptake func-
tion of NP and ETC, respectively, but also ongoing
adjustment of the two nursing tissues to the strong
increase of sink strength of the endosperm at the
beginning of the filling phase (Weschke et al., 2000).
Our transcriptome analysis of NP and ETC revealed
tissue-specific hormonal influences on regulatory net-
works of cellular differentiation and function.

RESULTS

Fidelity of mRNA Amplification

To evaluate the fidelity of T7-RNA polymerase-
based mRNA amplification, cDNA array experiments
were performed. RNA was extracted conventionally

(Sreenivasulu et al., 2002) from frozen grains (8 DAF).
Purified RNA (35 mg) was taken for second-strand la-
beling with [33P]CTP (Sreenivasulu et al., 2006) and
used as a reference probe for hybridizations based on
the T7 amplification procedure.

T7-based RNA amplification started with 50 ng of
total RNA from frozen 8-DAF caryopses. After extrac-
tion and a first round of amplification, probes were
labeled with [33P]UTP during the second round and
hybridized to the barley 12K array. Signal intensities of
labeled probes from two independent second-round
amplifications were compared with the reference. Rare
scatter indicates high concordance of gene expression
levels (Fig. 1A), reflected by correlation coefficients of
0.85 and 0.86 for the first and second experiments.
Correlation coefficients correspond to overlapping
expression of 80% to 82% (Supplemental Table S1).
High reproducibility of the two independent amplifi-
cations is shown by the scatterplot in Figure 1B and a
correlation coefficient of 0.98.

Influence of Fixation and Embedding on RNA Quality
and Gene Expression

Fixation and embedding complicates the extraction
of high-quality RNA and requires a compromise be-
tween histological tissue integrity and RNA quality.
Using low-melting-point Steedman’s wax avoided
high temperatures and significantly improved the
preservation of morphology compared with paraffin.
We compared different chemical fixatives to examine
RNA quality after extraction and amplification. For
RNA quality assessment and expression analysis from
chemically fixed material, complete caryopses were
sectioned and dewaxed. Only ethanol/acetic acid
(EAA) fixation resulted in acceptable RNA integrity,
whereas formalin-based or ethanol (75%) fixation
failed to deliver sufficient RNA quality (data not
shown). Total RNA extracted after EAA fixation and
dewaxing revealed intact RNA with distinct fluores-
cent peaks and electrophoretic bands of 18S and 28S
ribosomal subunits (Fig. 2). After the first round of
amplification, antisense RNA (aRNA) displayed a size
distribution from 300 to 2,000 nucleotides, with a
maximum between 500 and 1,000 nucleotides (Fig. 2B).

To analyze influences of fixation and embedding,
gene expression levels of labeled probes generated
from extracted RNA of fixed tissue sections were
compared with those of untreated reference probes
(shock-frozen grains). Correlation coefficients of 0.77
for two independent biological replicates corre-
sponded to overlapping expression of 72% to 74% of
the genes (Fig. 1C; Supplemental Table S1). High
correlation of independent biological replicates (r =
0.94) of EAA-fixed sections (Fig. 1D) demonstrated
marginal effects of fixation and embedding on the
reproducibility of expression data. These experiments
indicate that high-quality probes were generated from
fixed tissue sections, reproducing more than 70% of
the reference transcriptome.

LMPC-Based Transcriptome Analysis of Barley Seed Tissues
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Expression Analysis of NP and ETC

Figure 3 shows the targeting and marking of NP
cells (A), cutting (B) and catapulting (C) of cells with a
laser beam, and collection of cuttings (D). LMPC-
based expression profiling was performed with dis-
sected tissues to compare maternal NP and filial ETC
obtained by the same procedure. RNA, extracted from
25 to 50 cuttings, corresponds to 10,000 to 20,000 cells
of NP and 4,000 to 8,000 cells of ETC. Thirty nano-
grams of total RNA could be extracted from each
probe set (Table I). Each probe yielded more than
400 ng of aRNA after the first round of amplification
and around 1.6 mg of aRNA after the second round,
sufficient amounts to perform high-throughput ex-
pression analyses, which commonly require 1 to 2 mg
of mRNA or mRNA copies (Duggan et al., 1999;
Richmond and Somerville, 2000). The transcriptome
data of NP and ETCwere surveyed for those candidate
genes showing significantly different levels of mRNA
expression. Although both tissues are responsible for
endosperm supply, nutrient transport is based on
different underlying mechanisms, with releasing func-
tions of NP and active, proton-coupled assimilate
uptake of ETC. Furthermore, the tissues have a differ-
ent genetic background: NP is of maternal origin,
whereas ETC belongs to the filial tissues. So we were
interested in regulatory programs reflecting and
determining those differences and focused on data
analysis and interpretation of differentially expressed

genes. Transcripts were defined as up-regulated by
expression ratios $3 between NP and ETC. In total,
815 genes were identified as differentially expressed
(409 genes up-regulated in NP, 406 genes up-regulated
in ETC).

Validation of Macroarray Results by Quantitative
Real-Time PCR and in Situ Hybridization

Quantitative validation of cDNA array expression
data was performed using quantitative real-time (qRT)-
PCR. Ratios of signal intensities from selected genes in
NP and ETC are compared in Table II. Real-time PCR
and macroarray data exhibited remarkable concor-
dance in quantitative ratios between NP and ETC,
confirming the reliability of cDNA array analysis with
probes extracted by LMPC. Expression of Nucellin and
HvPIP1;3 in ETC was only detected on the array, but
not by qRT-PCR, possibly due to cross-hybridization
of related sequences on the array, pointing to the presence
of gene families in barley.

Two tissue-specific genes were selected to confirm
the spatial precision of the LMPC procedure by in situ
hybridization. The mRNA of Jekyll, a potential regula-
tor of NP development (Radchuk et al., 2006), was
found to be specifically and highly expressed in NP
cells at 8 DAF (Fig. 4, A and B). As in maize (Hueros
et al., 1999), the barley ortholog of BETL4 was shown
to be specifically expressed in ETC (Fig. 4, C and D).

Figure 1. Fidelity of expression signals ob-
tained after hybridization of amplified and
nonamplified probes. Representative scatter-
plots of log2-transformed signal intensities dis-
play correlation between the different probes.
The orange- and blue-shaded regions indicate
more than 2-fold differences between signal
intensities. A, Comparison of a two-round
amplification with 50 ng of input RNA to
a nonamplified probe with 35 mg of RNA
(reference) from a common source. B, Repro-
ducibility of independent two-round amplifi-
cations with 50 ng of input from a common
source. C, Comparison of a probe from EAA-
fixed sections of a completely sectioned cary-
opsis after two rounds of amplification with
50 ng of input RNA with a nonfixed and
nonamplified reference probe from a caryop-
sis of the same developmental stage with
35 mg of input RNA. D, Reproducibility of
expression values from two independent bio-
logical replicates of EAA-fixed sections of
completely sectioned caryopses.
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Functional Categories of Genes Differentially Expressed
in NP and ETC

Genes differently expressed in NP and ETC were
annotated and arranged into functional categories
(Table III), as described by Sreenivasulu et al. (2006).
Twelve functional categories of genes (given in bold-
face in Table III) are represented by a high number of
candidate genes. Genes in seven of the categories are
specific for NP. Transcripts related to amino acid
metabolism (13 genes) and transport (14 genes) are
strongly up-regulated in NP. Furthermore, transcripts
associated with DNA synthesis/chromatin remodel-
ing, protein synthesis, secondary metabolism, abiotic
stress, as well as secondary metabolism are preferen-

tially expressed in NP. The categories cell wall metab-
olism, protein degradation, regulation of transcription,
and signaling are highly represented in both tissues,
indicating activation of related biochemical or regula-
tory pathways. Only the category hormone metabo-
lism is represented by a higher number of genes in
ETC compared with NP. Nearly 40% of differentially
expressed genes could not be assigned (113 genes in
NP, 205 genes in ETC).

Morphology of NP and ETC at 8 DAF

High numbers of genes preferentially expressed in
NP indicate specific functions and/or structural het-
erogeneity, as revealed by morphological analysis (Fig.

Figure 2. Representative examples of RNA quality
from EAA-fixed probes. A, Electropherograms of total
RNA and aRNA after one round of amplification. B,
Corresponding gel-like images. RNA was extracted
from EAA-fixed and Steedman’s wax-embedded sec-
tions.

Figure 3. LMPC of the NP (green outline in
A) from 20-mm cross sections of EAA-fixed
barley caryopses mounted on PEN mem-
brane slides. A, Morphological preserva-
tion provides the ability for routine target
identification. B, Section after cutting. C,
Section after pressure catapulting. D, Dis-
sected NPs captured on the adhesive cap.
Bars = 100 mm.

LMPC-Based Transcriptome Analysis of Barley Seed Tissues
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5). NP is a heterogeneous tissue consisting of three
different zones and at least four different cell types
(Fig. 5): (1) an upper zone with meristematic cells
undergoing active cell division (Fig. 5C, arrows); (2) a
middle zone with differentiating/elongating cells
(cells in the bottom left corner of Fig. 5C); and (3) the
bottom zone with autolysing cells positioned adjacent
to the endosperm cavity (Fig. 5D, arrows) and cells
showing wall ingrowths (thick-walled cells, arrows in
Fig. 5E; electron micrographs of wall modifications are
shown in Weschke et al., 2000). In contrast to NP, ETC
shows a uniform structure consisting of two or three
layers of differentiated cells (Fig. 5B).

Transcriptional Activation of GA Metabolism in NP and
Ethylene Metabolism in ETC Correlates with the

Expression of Specific Transcription Factors

Hormone metabolism and transcriptional regula-
tion are represented by up-regulation of different
classes of genes in both tissues (Table IV). GA and
ethylene metabolism are up-regulated in NP and ETC,
respectively. Expression of genes involved in hormone
biosynthesis as well as catabolism occurs simulta-
neously, indicating fine-tuning of hormonal functions
in both tissues. Table IV shows transcription factors spe-
cifically expressed in eitherNP or ETC. AnAGAMOUS-
LIKE (AGL) MADS box gene is preferentially expressed
in NP, potentially connected to GA metabolism. In

Arabidopsis, GA2ox6 is induced in response to AGL15,
and coprecipitation of both proteins in chromatin im-
munoprecipitation experiments was shown (Wang et al.,
2004). Corresponding to transcriptional activation of
ethylene metabolism, a group of AP2/EREBP tran-
scription factors is transcriptionally up-regulated in
ETC. In Arabidopsis, AP2 functions not only in floral
meristem boundary formation and the establishment
of floral organ identity but also in developing seeds,
probably controlling seed mass and yield (Jofuku et al.,
2005; Ohto et al., 2005).

Genes Related to Different Types of Regulated
Proteolysis Are Transcriptionally Activated in NP
and ETC

Protein degradation seems to be a common regula-
tory phenomenon in NP and ETC, suggested by high
numbers of expressed genes related to ubiquitin li-
gases (Table V) and proteolysis (Fig. 6). Differences in
ubiquitin proteasome subunit gene expression indi-
cate different modes of protein degradation. First,
ubiquitin transcripts, up-regulated in ETC, together with
ubiquitin-degrading enzymes (ubiquitin C-terminal
hydrolase; Table V) suggest a high degree of ubiquitin
turnover. Second, transcripts of ubiquitin-activating
ligase E1 are preferentially expressed in NP, whereas
expression of ubiquitin-conjugating ligase E2 is pro-
nounced in ETC. E3 ubiquitin ligases mediate covalent
attachment of ubiquitin to substrate proteins and
determine the specificity of degradation. E3 ligases
of the Skp1, Cullin, F-box (SCF) complex play a role in
hormonal control of the ubiquitin proteasome (Stone
and Callis, 2007) and are expressed in both tissues. In
NP, a F-box ligase (SCF; Table V) and a GRAS family
transcription factor (Table IV) are more than 10-fold
up-regulated. GRAS proteins with DELLA domains
are substrates of F-box E3 ligases acting in the GA
transduction pathway (Sun and Gubler, 2004). Also
characteristic for NP is transcriptional activation of
C3HC4-type ring finger ligases (Table V). In ETC,

Table I. Yields of total and amplified RNA from LMPC-captured cells

Data are averages of three independent experiments.

Cell

Source

Total RNA

Yield

aRNA after

One Round

aRNA after Two

Roundsa

ng

NP 32.7 6 11.7 434.1 6 138.0 1,600
ETC 34.3 6 4.2 456.7 6 165.2

aSingle experiment with probe labeling in the third amplification
round.

Table II. Validation of macroarray expression data by qRT-PCR

The values listed in the two columns at right are the ratios of signal intensities between NP and ETC as
quantified by macroarray analysis and real-time PCR.

Clone IDa Gene
Ratio NP Versus ETC

Macroarray Real-Time PCR

HY09L21 Jekyllb 64.0 51.1
HA23G24 HvPIP1;3 7.2 ndc

HY09L18 Nucellin 3.9 ndc

HB02D13 BETL4 211.3 25.9
HB05H15 Invertase inhibitor 241.1 295.9
HB31C12 a-Amylase/subtilisin inhibitor 243.7 287.4
HZ42M04 Hypothetical proteind 22.2 1.1

aIdentifier number from the IPK Crop EST Database (http://pgrc.ipk-gatersleben.de/cr-est). bRegula-
tor gene of NP development (Radchuk et al., 2006). cnd, Not detected in transfer cells by qRT-
PCR. dHypothetical protein similar to Ac1147 from Rattus norvegicus.
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ethylene metabolism is up-regulated (Table IV). EIN3-
binding F-box 1- and 2-forming ubiquitin protein
ligases in Arabidopsis repress ethylene action and pro-
mote growth by directing EIN3 degradation (Gagne
et al., 2004). In agreement with that, EIN3 was not up-
regulated in ETC. A DD1 gene, up-regulated in ETC
(Fig. 6), belongs to the S locus F-box genes (SLF/SFB)
associated with protein ubiquitination via E3 ubiquitin
ligases (Vierstra, 2003). A group of DD genes (DD1–
DD10) is expressed in Nicotiana alata pollen (Wheeler
and Newbigin, 2007).

Proteases Preferentially Expressed in NP Are Associated
with PCD

Protease genes related to PCD, such as subtilisin-like
Ser proteinases and Cys and Asp endopeptidases
(Beers et al., 2000), are predominantly up-regulated
in NP, although some transcripts of related types were
also up-regulated in ETC (Fig. 6). Barley nucellain, an
apoplastic peptidase of the legumain-type peptidase
family C13 (Chen et al., 1997), is transcriptionally up-
regulated in NP. The protein is localized in degenerat-
ing cell walls of the nucellus (Linnestad et al., 1998)
and is not related to Cys peptidases of the papain
family, C1 (Rawlings and Barrett, 1994), which are also
transcriptionally activated in NP. Peptidases of the
papain family correlate to senescence processes in
different plant species (Griffith et al., 1997; Guerrero
et al., 1998; Noh and Amasino, 1999; Xu and Chye,
1999). Papain-like Cys proteases also play a crucial role
in plant-pathogen/pest interaction (Shindo and Van
der Hoorn, 2008). Nucellin, which is expressed in
nucellar cells after pollination, plays a potential role
in nucellar degeneration (Chen and Foolad, 1997) and
is simultaneously up-regulated in NP with a second
aspartic protease of the phytepsin type. Phytepsins
exhibit a high similarity to animal cathepsin D pro-

teins (Runeberg-Roos et al., 1991), linked with PCD
(Deiss et al., 1996). Subtilisins, preferentially expressed
in NP, play an obvious role in PCD of nucellar and
endosperm cells of barley (Young and Gallie, 2000). A
caspase-like activity has been described for a subtilisin-
like Ser protease, probably involved in the proteolysis
of fungus-initiated PCD in Avena sativa (Coffeen and
Wolpert, 2004). Involvement of caspase-like proteases
in PCD was also shown in cells of nucellus of Sechium
edule seeds (Lombardi et al., 2007).

In NP, amino acid metabolism is stimulated at the
transcriptional level, probably connected to proteolysis
(Table III). Mitochondrial Gly decarboxylase, Met-
g-lyase, and Gln and Pro dehydrogenases are transcrip-
tionally activated (Table VI), with potential functions
in amino acid catabolism. Ala/glyoxylate dehydro-
genase and four genes encoding cytosolic isoforms of
Gln synthetase are up-regulated, possibly catalyzing
the reconversion of amino acids into isoforms suitable
for transport. Increased mRNA levels of phosphoenol-
pyruvate carboxylase, aconitate hydratase, and NADP-
malic enzyme indicate refixation of released ammonia,
a process requiring carbon acceptors in the form of
organic acids.

Proteases Expressed in ETC Are Related to Degradation
Pathways Associated with Etioplast/
Chloroplast Differentiation

The proteolysis-related transcriptome of ETC is
highly specific and possibly related to etioplast/chlo-
roplast differentiation pathways. Two transcripts, an-
notated as ATP-dependent metalloprotease FtsH and
ATP-dependent Clp protease, proteolytic subunit (Fig.
6), play crucial roles in etioplast and chloroplast bio-
genesis (Kanervo et al., 2008). FtsH-type ATP-dependent
metalloproteases are potentially involved in fine-
tuning of cytochrome b6 f complex synthesis and can

Figure 4. Localization of mRNA of tissue-
specific transcripts by in situ hybridization.
Antisense probes of Jekyll (A) and BETL4
(C) indicate preferential expression in NP
and ETC, respectively. B and D show the
regions from A and C, respectively, after
hybridization with sense probe for a neg-
ative control. Bars = 100 mm.
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degrade unassembled proteins (Ostersetzer and Adam,
1997). Like FtsH proteases, Clp protease complexes
are transcriptionally activated during the etioplast-
to-chloroplast transition; however, their role seems
unclear. Similar to the FtsH and Clp protease com-
plexes, DEG proteases are involved in the degradation
of damaged and misfolded proteins. In Arabidopsis,
DEG proteins are activated after light-induced dam-
age of the D1 protein from the reaction center of PSII
(Sun et al., 2007). A gene encoding a DEGP protease-
like transcript shows stimulated expression in ETC
(Fig. 6).

A nucleotide sequence encoding Cys protease Mir1
is also expressed in ETC (Fig. 6). Mir1-CP is a defense-
related Cys protease accumulating in insect-resistant
maize genotype Mp708, obviously connected to eth-
ylene synthesis and perception (Harfouche et al.,
2006).

Different Types of Cell Wall Synthesis Are Stimulated in

NP and ETC

Transcript analysis of NP and ETC indicates the stim-
ulation of cell wall synthesis. In ETC, up-regulated
UDP-glucose pyrophosphorylase, phosphomannomutase,
and two isoforms encoding GPD-Man pyrophosphor-
ylase (Table VI) may provide GDP-Man, the activated
form of Man, for incorporation into cell wall products.
Stimulated expression of b-mannan synthase and
a-mannosidase supports this view. Strong up-regulation
of genes encoding pectinesterases, a-galactosidases,
and different glucosidases gives further hints to acti-
vated cell wall metabolism and/or turnover (Table VI).
IncreasedmRNA levels for expansin and extensin sug-
gest stimulated cell expansion. Interestingly, two genes
encoding type II trehalose-6-P synthase/phosphatase
(TPS/TPP) show strong up-regulation (up to 15-fold)
in transfer cells compared with the NP.

Genes encoding S-adenosyl-L-homo-Cys hydrolase
and S-adenosyl-Met synthetases 1 and 4 are preferen-
tially expressed in NP (Table VI). S-Adenosyl-Met may
be required for cell wall biosynthesis, because im-
paired recycling affected the degree of methylesterifi-
cation in Arabidopsis cell walls (Pereira et al., 2006).
Up-regulated genes encoding Suc synthases 1 and 2
can supply the primary sugar nucleotides for cell
wall synthesis, UDP-D-Glc, the substrate for cellulose
synthase, which also shows transcriptional activa-
tion. Two up-regulated isoforms of UDP-D-glucuronate
decarboxylase may catalyze the synthesis of UDP-Xyl
from UDP-glucuronate synthesis, and up-regulated
forms of arabinoxylan arabinofuranohydrolase and a-L-
arabinofuranosidase could be involved in the metabo-
lism of arabinoxylans derived from UDP-Xyl. The
most strongly up-regulated genes encode b-expansins,
with a suggested role in cell expansion.

NP and ETC Show Differences in Transporter
Gene Activity

Compared with ETC, the spectrum of preferentially
expressed transporter genes in NP cells is less defined
with regard to substrate specificity (Table VII). Several
aquaporin members were up-regulated in NP. Plant
aquaporins are classified into plasma membrane in-
trinsic proteins (PIPs), tonoplast intrinsic proteins
(TIPs), NOD26-like intrinsic proteins, and small basic
intrinsic proteins. Four PIP (HvPIP1;1, HvPIP1;3,
HvPIP2;2, and HvPIP2;5) and two TIP genes, belong-
ing to subclasses 1 and 2 (representing d- and g-TIPs),
were highly expressed in NP (Table VII). Other up-
regulated transporter genes in NP show high similar-
ity to voltage-dependent anion channels (VDAC2) of
wheat (Triticum aestivum) and to a metal transporter of
rice (Oryza sativa).

In contrast to NP, genes encoding transporters with
more defined substrate specificities are up-regulated
in ETC. All catalyze the proton-coupled active transfer
of solutes. SUCROSE TRANSPORTER1 (HvSUT1) is

Table III. Functional categories of up-regulated genes in NP (409
genes) and ETC (406 genes)

Transcripts with estimated changes of 3-fold or greater were func-
tionally annotated according to Sreenivasulu et al. (2006). Overrepre-
sented categories are given in boldface. Categories were defined as
overrepresented according to the number of genes representing more
than 2% of the total number of up-regulated genes in each tissue.
CHO, Carbohydrate.

Functional

Category

No. of Up-

Regulated

Genes in NP

No. of Up-

Regulated

Genes in ETC

Amino acid metabolism 13 4
Cell wall metabolism 16 17
Glycolysis 3 1
Fermentation 0 2
Lipid metabolism 7 2
Minor CHO metabolism 1 6
Major CHO metabolism 3 1
Nitrogen metabolism 6 0
Nucleotide metabolism 6 0
Oxidative pentose phosphate 1 0
Photosynthesis 0 2
Secondary metabolism 9 4
TCA 3 1
Cell organization 3 8
Development 4 5
DNA synthesis/chromatin structure 45 6
Protein synthesis 34 7
Protein targeting 4 3
Posttranslational modification 11 8
Protein degradation 32 31
Redox 0 4
RNA regulation of transcription 21 26
RNA processing 3 2
Signaling 10 9
Hormone metabolism 7 10
Stress, abiotic 17 6
Stress, biotic 4 4
Transport 14 7
Miscellaneous 19 25
Not assigned 113 205
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expressed in ETC and at lower levels in thick-walled
cells of NP (Weschke et al., 2000). Barley HAK2 is a
low-affinity, Na+-sensitive K+ transporter, acting in
tonoplasts to mediate K+ transfer from vacuoles to
cytoplasm, thereby avoiding K+ starvation (Senn et al.,
2001). Other up-regulated genes in ETC (Table VII)
encode putative amino acid permeases (AAPs;
HA16M17 and HZ36G22) and a putative nitrate trans-
porter (HZ48O07).

Database analysis (HarvEST: Barley v1.63; www.
harvest-web.org; Close et al., 2007), using amino acid
sequences of functionally characterized transport pro-
teins of Arabidopsis and Vicia faba as reference se-
quences, revealed that AAPs consist of at least 10
members in barley (Fig. 7). AAPs functionally charac-
terized in barley (C. Seiler, unpublished data) are
assigned as HvAAP1 and HvAAP2. The phylogenetic
tree shows that AAPs up-regulated in ETC (HA16M17

Figure 5. Different regions of the NP of a
barley grain at 8 DAF as defined by mor-
phological features. A and B, Median cross
section of a barley caryopsis (A) and mag-
nification of the maternal-filial boundary
consisting of NP and ETC (B). Arrowheads
labeled c, d, and e mark different cell
types shown in higher magnification (in
C–E). C, Upper region of the NP with
actively dividing cells (arrows). D, Apo-
ptotic bodies (arrows) in cells undergoing
autolysis adjacent to the endospermal cav-
ity. E, Bottom part of the NP with transfer
cell-like structures showing cell walls of
enormous thickness (arrows). CHL, Chlor-
enchyma; II, inner integument; MVT, main
vascular tissue; P, pericarp; SE, starchy
endosperm. Bars = 100 mm (A and B)
and 20 mm (C–E).

Table IV. Differentially expressed genes involved in hormone metabolism and transcriptional regulation

Genes with expression ratios $3 between NP and ETC as quantified by macroarray analysis. Positive
values indicate up-regulation in NP, and negative values indicate up-regulation in ETC.

Clone

IDa
Fold

Change

Gene Identification

[Species]

BLASTX

Scoreb

Hormone metabolism
HZ65M10 58.4 ent-Kaurene synthase-like 2 [Oryza sativa] 105
HZ48M23 7.4 GA 2-oxidase 5 [Hordeum vulgare] 295
HZ59P09 6.5 Lipoxygenase 1 (LOX1) [Hordeum vulgare] 332
HA01N04 4.7 Auxin-regulated protein [Arabidopsis thaliana] 112
HB08G15 28.2 Ethylene-forming enzyme-like protein [Arabidopsis thaliana] 199
HB30I05 24.6 ACC oxidase-like protein [Arabidopsis thaliana] 138
HY04L15 23.3 Putative ACC deaminase [Oryza sativa] 296

Transcriptional regulation
HY04L24 12.0 Putative GRAS family transcription factor [Oryza sativa] 214
HY06M13 8.5 AGAMOUS-like protein 2 (HvAG2) [Hordeum vulgare] 252
HA16M02 12.7 MADS box protein ZMM17 [Zea mays] 249
HZ48O08 3.9 MADS box protein 9 [Hordeum vulgare] 363
HB03O23 3.2 MADS box protein [Triticum aestivum] 346
HY03I16 27.7 Putative AP2/EREBP transcription factor [Arabidopsis thaliana] 91
HZ57B05 213.2 AP2 domain-containing protein [Oryza sativa] 33
HA03G10 23.3 Putative transcription factor EREBP1 [Oryza sativa] 201
HA06K23 23.4 AN1-like zinc finger [Oryza sativa] 283

aIdentifier number from the IPK Crop EST Database (http://pgrc.ipk-gatersleben.de/cr-est). bBLASTX
searches were performed in April 2008.
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belongs to 35_776 consensi and HZ36G22 belongs to
35_779 consensi, given in boldface) cluster into differ-
ent branches. 35_776 shows a close homology to the
cluster of functionally characterized AtAAP1 (Hirner
et al., 1998), AtAAP6, and AtAAP8 (Okumoto et al.,
2002). 35_779 is more distantly related to this cluster
but shows close similarity to HvAAP1. Using the same
HarvEST assembly (data not shown), HZ48O07 was
shown to be related to Arabidopsis nitrate transporter
1.1, a dual-affinity transporter for nitrate and chlorate,
which influences the timing of seed dormancy and
germination (Alboresi et al., 2005).

DISCUSSION

LMPC-based transcriptome analysis focused on the
two transfer tissues NP and ETC. The main results are
schematically summarized in Figure 8 and will be
discussed below.

LMPC-Based Transcriptome Analysis Was Adapted to

Developing Barley Grains

To use LMPC-coupled transcriptome analysis in
developing barley grains, we first established methods
for fixation and embedding to maintain morphology
and RNA integrity in fixed, embedded tissue. EAA

fixation combined with embedding in Steedman’s wax
preserved morphological integrity and provided RNA
of sufficient quality as well. We could show that two
rounds of T7-based RNA amplifications largely main-
tain the relative abundance of the original mRNA
population, similar to results in mammalian systems
(Nygaard and Hovig, 2006). Probes from fixed tissue
sections for cDNA array analysis reflected the refer-
ence transcriptome to more than 70%. The comparison
of gene expression profiles performed for NP and ETC
revealed specific regulatory networks of cellular dif-
ferentiation and function as well as potential control
patterns by hormonal pathways.

The Function of NP Involves Hormonal Regulation

by GA

The NP consists of mitotically active, differentiat-
ing/elongating as well as disintegrating cells, forming
a top-down differentiation gradient, which is present
throughout grain development. The high transcrip-
tional activity of GA metabolism suggests a role in
establishing and maintaining this differentiation gra-
dient. Mitotic activity in NP is indicated by the high
amount of mRNA of different histones (Supplemental
Table S2) and the preferred expression of C3HC4-type
ring finger ubiquitin ligases (Table V), which are
known to play a key role in cell cycle regulation of

Table V. Differentially expressed genes of the ubiquitin proteasome system

For details, see Table IV.

Clone

IDa
Fold

Change

Gene Identification

[Species]

BLASTX

Scoreb

HA22J22 8.0 Ubiquitin-activating enzyme E1 [Triticum aestivum] 334
HY05H21 4.1 Ubiquitin-activating enzyme E1 [Oryza sativa] 207
HA31B05 3.5 Ubiquitin-activating enzyme E1 [Triticum aestivum] 377
HZ60D04 18.2 F-box family E3 (SCF) [Arabidopsis thaliana] 56
HZ49E24 29.5 Zinc finger, C3HC4 type (RING) [Arabidopsis thaliana] 67
HY05P10 15.4 Putative zinc finger, C3HC4-type E3 (RING) [Oryza sativa] 217
HA15F12 5.3 Putative zinc finger, C3HC4-type E3 (RING) [Arabidopsis thaliana] 97
HY06O13 5.1 Putative zinc finger, C3HC4-type E3 (RING) [Oryza sativa] 107
HY08P12 3.0 Similar to Pspzf zinc finger protein E3 (RING) [Arabidopsis thaliana] 59
HY10J14 2.9 Protein F2D10.27 E3 (RING) [Arabidopsis thaliana] 79
HA12M15 23.3 Ubiquitin-conjugating enzyme E2 [Oryza sativa] 308
HA16E24 23.0 Putative ubiquitin-conjugating enzyme E2 [Oryza sativa] 145
HB14C03 22.9 Putative ubiquitin-conjugating enzyme E2 [Arabidopsis thaliana] 305
HA07J02 22.8 Putative ubiquitin-conjugating enzyme E2 [Arabidopsis thaliana] 308
HB07K14 24.7 Copine I-like E3 (RING) [Oryza sativa] 149
HA01B21 27.2 Leu-rich repeat protein E3 (SCF) [Oryza sativa] 225
HA02I11 23.3 Putative Skp1 family protein E3 (SKP) [Oryza sativa] 358
HB23B05 24.0 Polyubiquitin 6 [Oryza sativa] 345
HF08N09 24.1 Polyubiquitin (UBQ3) [Nicotiana tabacum] 44
HA30L14 25.4 Polyubiquitin [Pinus sylvestris] 285
HF12F18 29.1 Polyubiquitin [Elaeagnus umbellata] 343
HY09O04 23.3 Putative polyubiquitin (UBQ10) [Arabidopsis thaliana] 351
HY10I04 22.8 Polyubiquitin 2.3_cis2 his2-zinc finger [Mus musculus] 116
HB17D20 24.6 Putative ubiquitin C-terminal hydrolase [Oryza sativa] 94
HF03K09 23.3 Ubiquitin C-terminal hydrolase [Oryza sativa] 303

aIdentifier number from the IPK Crop EST Database (http://pgrc.ipk-gatersleben.de/cr-est). bBLASTX
searches were performed in April 2008.

Thiel et al.

1444 Plant Physiol. Vol. 148, 2008



Arabidopsis (Fleury et al., 2007; Liu et al., 2007). On the
other hand, biologically active GAs in NP seem to be
involved in the elongation of cells, as proposed for
embryo axis formation in Brassica napus (Hays et al.,
2002), underlining the role of GA in phase transitions,
such as the shift from juvenile to adult development
and the transition from vegetative to generative de-
velopment (Scott et al., 1999; Sakamoto et al., 2001).
GA levels are regulated by catabolic GA 2-oxidases,
which are in Arabidopsis transcriptionally activated
together with AGL15 (Wang et al., 2004). On the other
hand, homeotic genes like AGAMOUS are reported to
be positive regulators of the GA pathway. Parallel
activation of GA4 encoding an enzyme catalyzing the
production of bioactive GAs (Williams et al., 1998) and
AGAMOUS during carpel and stamen development of
Arabidopsis suggests that AGAMOUS induces GA
biosynthesis, at least during organogenesis (Gomez-
Mena et al., 2004). The authors propose a general role
for GA in the transition from meristem identity to
organogenesis. We conclude that fine-tuning of GA
activity by GA biosynthesis and catabolism together
with AGL activity may regulate the transition from
mitosis to cell elongation from the upper to the middle
part of NP.
Within NP, strong up-regulation of genes involved

in amino acid catabolism and ammonia refixation
(Table III) indicates protein degradation and remobi-
lization of nitrogen, which corresponds to massive cell
degradation in the bottom part of NP (Fig. 5D, arrows).
Degradation processes in the NP are developmentally
regulated (Radchuk et al., 2006) and probably induced
by endosperm growth. Specific types of proteases
expressed in the NP (Fig. 6) are potentially involved
in PCD-like processes. Conversion of cells into “apo-
ptotic bodies” (Adrain and Martin, 2001; Fig. 5D) and

expression of caspase-like activities (Fig. 6) relate PCD
of NP cells to apoptosis (Reape et al., 2008).

In summary, relation of the differentiation gradient
to transcriptional activation in NP strongly suggests
that GA plays a major role in developmental regula-
tion and that cell disintegration is initiated by PCD-
related remobilization processes.

Transporters Expressed in NP and ETC Are Involved in
Nitrogen Remobilization and Amino Acid Transfer

Six up-regulated genes in NP belong to the aqua-
porin family. In French bean (Phaseolus vulgaris), three
PIP genes are expressed in the seed coat ground
parenchyma proximal to the vascular bundles, with a
potential role for nutrient efflux from seed coats
(Zhang et al., 2007). Thus, up-regulated PIP genes
could be involved in solute efflux from NP cells into
the apoplast. Two members of TIPs are strongly up-
regulated in NP (d-type TIP2;3 more than 21-fold;
Table VII). TIP isoforms are possibly localized to
different vacuolar compartments, but the distinct as-
signment to specific subcellular compartments re-
mains unclear. Earlier studies in root cells postulated
that a- and/or d-TIPs are predominantly located in
protein storage vacuoles, whereas lytic vacuoles are
enriched in g-TIPs (Jauh et al., 1998, 1999). More
recently, all three TIP isoforms were shown to be
localized to the tonoplast of the central vacuole in
Arabidopsis leaves and mature roots (Hunter et al.,
2007). Notably in senescing leaves, a high enrichment
of g-TIPs in the tonoplast of the central vacuole was
visualized (Otegui et al., 2005). During Arabidopsis
seed development, a-TIPs were exclusively found in
developing embryos restricted to protein storage vac-
uoles, whereas d- and g-TIP expression was observed

Figure 6. Expression pattern of members
of protease gene families in NP and ETC.
Expression levels of NP and ETC from two
independent biological replicates (exp1
and exp2) are indicated in color scale
(normalized expression values): red, high
expression; yellow, moderate expression;
blue, low expression (see also color scale
at the top). EST identity numbers, putative
BLAST descriptions, and functional cate-
gories are given at right.

LMPC-Based Transcriptome Analysis of Barley Seed Tissues

Plant Physiol. Vol. 148, 2008 1445



after germination, probably in the same compartment
(Hunter et al., 2007). The TIP isoforms showed a
specific temporal expression pattern during embryo
maturation and germination, with the presence of
a-TIPs very early, transition from a- to g-TIP expres-

sion at 2.5 d after germination, and transition from
g- to d-TIP 1 d later at 3.5 d after germination. This
temporal expression pattern during germination
points to the involvement of TIPs in lytic and/or
remobilization processes and corresponds to high

Table VI. Differentially expressed genes involved in nitrogen metabolism and cell wall metabolism

For details, see Table IV.

Clone

IDa
Fold

Change

Gene Identification

[Species]

BLASTX

Scoreb

Nitrogen metabolism
HY04F14 11.2 Gly decarboxylase P (mitochondrial) [Arabidopsis thaliana] 358
HZ64B13 4.7 Pro dehydrogenase [Oryza sativa] 69
HY06D11 3.1 Met-g-lyase [Oryza sativa] 203
HF06E08 7.1 Ala:glyoxylate aminotransferase [Arabidopsis thaliana] 108
HY07D14 17.2 Glu dehydrogenase [Oryza sativa] 213
HA27K11 6.5 Gln synthetase 1 [Oryza sativa] 320
HZ59K18 5.1 Gln synthetase GSe2 [Triticum aestivum] 244
HZ57P11 3.3 Gln synthetase (cytosolic) [Hordeum vulgare] 325
HA07K13 3.3 Gln synthetase GSr1 [Triticum aestivum] 305
HY02N02 34.5 Dehydroquinate dehydratase/shikimate 5-dehydrogenase [Oryza sativa] 250
HY04G05 28.8 S-Adenosyl-L-homo-Cys hydrolase [Hordeum vulgare] 217
HF23O03 6.9 S-Adenosyl-L-homo-Cys hydrolase [Hordeum vulgare] 345
HF15G14 3.1 S-Adenosyl-Met synthetase 1 [Hordeum vulgare] 355
HY10L08 7.5 S-Adenosyl-Met synthetase 4 [Hordeum vulgare] 235
HB21G15 3.7 Aconitate hydratase [Solanum lycopersicum] 289
HY06L21 4.2 Aconitate hydratase [Arabidopsis thaliana] 353
HY06D05 3.1 Phosphoenolpyruvate carboxylase [Triticum aestivum] 376
HF23M12 4.1 NADP-malic enzyme [Oryza sativa] 347

Cell wall
HY01J06 4.7 ADP-Glc pyrophosphorylase [Hordeum vulgare] 274
HF11H21 7.5 Suc synthase 1 [Hordeum vulgare] 361
HY10D14 4.6 Suc synthase 2 [Hordeum vulgare] 419
HB22D22 3.4 Transaldolase [Oryza sativa] 315
HY04D24 6.7 UDP-D-glucuronate decarboxylase [Hordeum vulgare] 142
HF19D20 3.6 UDP-D-glucuronate decarboxylase [Hordeum vulgare] 298
HY10D13 3.1 b-1,3-Glucanase [Arabidopsis thaliana] 125
HA08J01 3.1 b-Expansin B2 [Triticum aestivum] 239
HZ42H09 30.1 b-Expansin B3 [Triticum aestivum] 286
HF11E17 33.8 b-Expansin 7 [Triticum aestivum] 158
HB04A14 11.8 Arabinoxylan arabinofuranohydrolase (AXAH-I) [Hordeum vulgare] 358
HF04G18 3.8 a-L-Arabinofuranosidase (ARA-I) [Hordeum vulgare] 92
HZ47F10 3.4 Cellulose synthase 4 [Oryza sativa] 209
HA27J19 3.2 Myoinositol-1-P synthase [Hordeum vulgare] 344
HB19F14 215.1 Trehalose-6-P synthase/phosphatase type II [Oryza sativa] 157
HB11P06 214.5 Trehalose-6-P synthase/phosphatase type II [Oryza sativa] 252
HF04F06 26.2 Putative GDP-Man pyrophosphorylase [Oryza sativa] 326
HA08H22 25.0 Putative GDP-Man pyrophosphorylase [Oryza sativa] 274
HA20G11 23.7 Phosphomannomutase (PMM) [Oryza sativa] 266
HB28J16 23.4 a-Mannosidase [Oryza sativa] 227
HB08E12 26.7 Pectinesterase [Arabidopsis thaliana] 94
HA15P24 212.7 Pectinesterase [Oryza sativa] 123
HB23M06 28.0 b-Mannan synthase [Oryza sativa] 84
HZ47K23 215.1 a-Galactosidase [Oryza sativa] 244
HY02A06 29.1 a-Galactosidase [Hordeum vulgare] 216
HA22P03 213.0 Glucan endo-1,3-b-D-glucosidase [Hordeum vulgare] 296
HY02A06 29.1 a-Glucosidase [Hordeum vulgare] 216
HA22E18 23.1 b-Expansin B15 [Oryza sativa] 310
HA13L06 210.9 Cys-rich extensin [Nicotiana tabacum] 31
HB26H01 27.3 Polygalacturonase [Oryza sativa] 118
HY09I24 23.1 UDP-Glc pyrophosphorylase [Hordeum vulgare] 134

aIdentifier number from the IPK Crop EST Database (http://pgrc.ipk-gatersleben.de/cr-est). bBLASTX searches were performed in April 2008.
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mRNA levels of d-TIP2;3 and g-TIP1/AQP6 in NP of
barley seeds. Up-regulated expression of a gene en-
coding VDAC2 (Table VII), which belongs to the
mitochondrial porins and facilitates the transport
of anions across mitochondrial outer membranes in
wheat (Elkeles et al., 1995), gives further hints for
senescence/PCD-associated processes in NP. In mam-
malian systems, it has been shown that VDACs play
an essential role in apoptosis by increasing mitochon-
drial membrane permeability, which allows the release
of apoptogenic factors into the cytoplasm. Anti-
apoptotic Bcl-2 protein directly interacts with VDACs
and blocks cell death by closing VDACs (for review,
see Tsujimoto and Shimizu, 2002). Heterologous ex-
pression of a rice VDAC (OsVDAC4) in a Jurkat T-cell
line induced apoptosis, which could be blocked by
Bcl-2 complementation (Goldbole et al., 2003). The
authors conclude that plant and animal VDACs share
similar functions in PCD pathways and thus are
probably conserved mitochondrial elements of death
pathways in plant and animal cells.
Transport-associated genes expressed in ETC en-

code transporters catalyzing proton-coupled cotrans-
port, such as HvSUT1 (Weschke et al., 2000). Two
putative amino acid permeases up-regulated in ETC
are similar to functionally characterized AAPs from
Arabidopsis (35_776_HvAAP; AtAAP1 [Hirner et al.,
1998], AtAAP6, and AtAAP8 [Okumoto et al., 2002])
and barley (35_779_HvAAP; C. Seiler, unpublished
data; Fig. 7). Expression of these genes confirms the
specificity of the developmental stage selected for
analysis (8 DAF). Situated within the so-called inter-
mediate or transition phase of seed development (for

review, see Weber et al., 2005), processes occurring in
NP and ETC reflect the switch from the cell division/
elongation phase to storage product accumulation.
Characteristic for this developmental stage is the
strong increase of HvSUT1 activity (Weschke et al.,
2000) as well as the switch from high to low hexose to
Suc ratios in the developing endosperm (Weschke
et al., 2000, 2003). Furthermore, genes encoding stor-
age proteins are strongly up-regulated at the tran-
scriptional level (Sreenivasulu et al., 2004). High
mRNA levels of putative amino permeases in ETC at
the beginning of protein accumulation suggest a role
for the uptake of amino acids into the endosperm.

The Ethylene Response in ETC Is Related to Defense
Mechanisms and Might Influence Barley
Grain Development

Some transcripts up-regulated in ETC are known to
be involved in the differentiation of etioplasts/chloro-
plasts and in light-induced damage of proteins (Sun
et al., 2007; Kanervo et al., 2008), despite the fact that
ETC are localized within the grain and do not contain
green plastids. In barley, transfer cells differentiate
from the first epidermal cell row by anticlinal divisions
(Olsen, 2001). Epidermal cells typically represent a
boundary to adjacent tissues, are responsible for de-
fense reactions, and control differentiation (Becraft,
1999). As observed in ETC, epidermal cells of barley
leaves contain transcripts of ATP-dependent FtsH,
Clp, and DEG proteases encoded in the leaf epidermis
by other members of the gene families. The expression
of these genes is induced by infection with powdery

Table VII. Differentially expressed transporter genes

For details, see Table IV.

Clone

IDa
Fold

Change

Gene Identification

[Species]

BLASTX

Scoreb

Aquaporins
HA02B08 12.6 Plasma membrane intrinsic protein (PIP1;1) [Hordeum vulgare] 184
HA23G24 7.2 Plasma membrane intrinsic protein (PIP1;3) [Hordeum vulgare]c 285
HA03G06 4.8 Plasma membrane intrinsic protein (PIP2;5) [Hordeum vulgare] 199
HA16G04 2.8 Plasma membrane intrinsic protein (PIP2;2) [Hordeum vulgare] 340
HY08I05 21.0 Delta-type tonoplast intrinsic protein (TIP2;3) [Triticum aestivum] 107
HZ53E01 3.4 Tonoplast intrinsic protein (TIP1/AQP6) [Triticum aestivum] 302

Anions
HF09E15 3.1 Voltage-dependent anion channel 2 (VDAC2) [Triticum aestivum] 267

Metal
HY03F19 5.3 Putative metal-binding protein [Oryza sativa] 124

Suc
HZ64P03 28.5 Suc transporter 1 (SUT1) [Hordeum vulgare] 258

Nitrogen
HA16M17 23.3 Amino acid permease 6 [Arabidopsis thaliana] 206
HZ36G22 26.6 Transmembrane amino acid transporter protein [Oryza sativa] 242
HZ48O07 24.7 Nitrate transporter [Oryza sativa] 137

Potassium
HY03H23 23.8 Potassium transporter 2 (HAK2) [Hordeum vulgare] 296

aIdentifier number from the IPK Crop EST Database (http://pgrc.ipk-gatersleben.de/cr-est). bBLASTX
searches were performed in April 2008. cqRT-PCR was performed.
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mildew fungi (P. Schweitzer, unpublished data). Sub-
sequently, up-regulated proteolytic functions in ETC
might be related to the activation of defense mecha-
nisms. This speculation is strengthened by high ex-
pression of the ethylene-induced Cys protease Mir1
(Fig. 6), which mediates resistance against insects
(Harfouche et al., 2006). Antifungal activity was also
shown for basal layer antifungal proteins, expressed in
the basal ETC layer of maize kernels (Serna et al.,
2001). The possibility of the activation of defense
mechanisms is further supported by transcriptional
up-regulation of GDP-D-Man pyrophosphorylase (Ta-
ble VI). The enzyme is rate limiting for ascorbate
biosynthesis, a compound well-known as a reactive
oxygen species scavenger.

Ethylene metabolism is transcriptionally stimulated
in ETC, indicated by up-regulated expression of tran-
scripts encoding enzymes of ethylene biosynthesis and
catabolism. Expression of Mir-CP and a group of AP2/
EREPB-like transcription factors (Table IV) points to
the activation of gene expression by ethylene. Arabi-
dopsis AP2 has a regulating role for the establishment
of the flower meristem and flower organ identity
(Jofuku et al., 2005) but may also be important for
controlling seed size and weight and storage com-
pound accumulation (Jofuku et al., 2005; Ohto et al.,
2005). The AP2 influence was described as being of

maternal origin (Ohto et al., 2005). However, reciprocal
crosses combining the recessive ap2-10mutant allele to
the AP2 wild type showed clear influences of the
endosperm-mediated AP2 gene dosage effect on seed
traits (Jofuku et al., 2005). Although somewhat spec-
ulative at the moment, the ethylene-mediated re-
sponse in ETC might significantly influence barley
grain development, as postulated for Arabidopsis.

Cell Wall Biosynthesis Differs between NP and ETC and
Is Controlled by TPS/TPP

NP cells show wall thickening and invaginations in
accordance with the formation of transport-active sur-
faces (Weschke et al., 2000). This is in agreement with
the up-regulation of genes involved in cellulose syn-
thesis, such as Suc synthases 1 and 2 and cellulose
synthase 4. The product of Suc synthase, UDP-Glc, is
the precursor for cellulose formation. Its oxidation via
UDP-D-Glc dehydrogenase and the microsomal UDP-
Glc decarboxylase (up-regulated inNP) yields UDP-Xyl,
the glycosyl donor for arabinoxylans and arabino-
galactan protein biosynthesis (Reiter and Vanzin, 2001).

In ETC, the concerted action of UDP-Glc pyrophos-
phorylase, phosphomannomutase, and GPD-Man pyro-
phosphorylase may provide activated D-Man, which
is used by mannan synthases for the synthesis of

Figure 7. Dendrogram of amino acid permeases. Amino acid sequences were aligned using the ClustalW algorithm (DNA
STAR). The order of branching within the dendrogram indicates similarities between putative amino acid permeases of barley and
functionally characterized amino acid permeases of Arabidopsis and V. faba. For classification of amino acid permease
sequences, assembly 35 of HarvEST: Barley (contains 444,652 ESTs) was used. Barley sequences are assigned according to the
HarvEST unigene identifier. Up-regulated amino acid permeases in transfer cells (35_776 corresponds to clone HA16M17,
35_779 corresponds to clone HZ36G22) are given in boldface. Full-length HvAAP1 and HvAAP2 were characterized recently
(C. Seiler, unpublished data) and are marked in boldface and italics. The scale at bottom indicates the distances between
sequences. Accession numbers are as follows: AtAAP1, CAA47603; AtAAP2, CAC05448; AtAAP3, NP_177862; AtAAP4,
BAB11033; AtAAP5, NP_175076; AtAAP6, CAA65051; AtAAP7, BAB10054; AtAAP8, AAC34329; VfAAP1, CAC51423;
VfAAP2, CAA70778; VfAAP3, CAC51424; VfAAP4, CAC51425. The putative auxin carrier AUX1 from Arabidopsis (CAA67308)
was used as an outgroup.
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N-linked glycans and Man-containing cell wall com-
ponents, such as glucomannans and galactomannans
(Reiter and Vanzin, 2001). However, GDP-D-Man is
also rate limiting for L-ascorbate biosynthesis (Smirnoff
and Wheeler, 2000). Repression of GDP-D-mannose
pyrophosphorylase in potato (Solanum tuberosum) leaves
caused significant reductions in cell wall Man and
L-ascorbate content (Keller et al., 1999). Interestingly,
potato antisense lines show an early senescence phe-
notype possibly caused by oxidative damage. In this
context, it has to be remarked that ETC (and aleurone
transfer cells) form the only persisting tissue in the
barley endosperm not undergoing PCD. Thus, an in-
creased production of ascorbate as well as congruent
higher expression of catalase and redox-related genes
in ETC (HB07G07, HB29N12, HA04I24, and HA25P20;
Supplemental Table S3) could improve resistance
against oxidative damage and, thereby, avoid senes-
cence.
Apart from its role in assimilate uptake, ETC walls

also define cell and organ shape, act as barriers against
the maternal pericarp, and possibly provide signals
directing endosperm growth and development. An
ordered deposition of cell wall material determines the
shape of cells and organs (Zhong and Ye, 2007) and
may require coordination of carbon partitioning be-
tween primary metabolism and cell wall synthesis.
TPS/TPPs are strongly up-regulated in ETC. TPS/
TPPs are shown to be major regulators of plant carbon
metabolism (Paul et al., 2008). Arabidopsis cell walls of
tps1 embryos have altered structure and composition.
In particular, genes involved in sugar nucleotide and
pectin metabolism are altered (Gomez et al., 2006).

Among the 20 cell wall-related transcripts found to be
down-regulated in the tps1 cells (Gomez et al., 2006),
six genes show homology to transcripts up-regulated
in barley ETC (two pectinesterases, mannosidase, glu-
cosidase, expansin, and extensin). It can be speculated
that TPS/TPPs play a regulatory role in the turnover of
cell wall components and/or pectins in barley ETC.
The Arabidopsis cell shape phenotype1 mutation dra-
matically affected leaf epidermis, with loss of pave-
ment cell lobes, altered morphology of trichomes, and
different developmental alterations. The mutation was
found in AtTPS6, encoding a class II TPS/TPP enzyme
(Chary et al., 2008). Notably, up-regulated TPS/TPPs
in ETC belong to the class II type, underlining its
important role in the coordination of sugar partition-
ing, cell wall synthesis, and organ shape.

In this study, we analyzed differences in the tran-
scriptome of NP and ETC in barley grains at 8 DAF.
Regulatory networks of cellular differentiation and
function seem to be coordinated by hormones, namely
GAs in NP and ethylene in ETC. Hormonal regulation
in both tissues undergoes fine-tuning, as concluded
from the parallel transcriptional activation of biosyn-
thesis and catabolism. However, cellular localization
of the two antagonistic pathways is unknown. LMPC-
based separation of the different NP regions coupled
to transcriptome analysis would be helpful to address
this question. Another feature of high interest is cell
wall thickening in the lower part of NP and compar-
ison with processes that establish transfer cell mor-
phology in ETC. In ETC, cell wall metabolism seems to
be controlled by trehalose-6-P signaling, possibly cou-
pled to ethylene action.

Our interest was focused only on candidate genes
that are differentially expressed between the two tis-
sues. Consequently, potentially interesting similar reg-
ulatory/signaling processes that may exist in both
tissues are missing. LMPC-coupled expression profil-
ing of a time series of NP and ETC development could
answer the question for both different and similar
regulatory programs in either NP or ETC in relation to
barley grain development.

MATERIALS AND METHODS

Plant Material

Barley (Hordeum vulgare ‘Barke’) was grown in greenhouses at 18�C with

16 h of light and humidity of 60%. Flowers are tagged as described byWeschke

et al. (2000), and caryopses were harvested at 8 DAF.

Tissue Preparation for Microdissection

Caryopses were divided into thirds and fixed for 12 to 24 h at 4�C in 3:1

(v/v) ethanol-acetic acid (Farmer’s fixative), formaldehyde-acetic acid-

ethanol, or 3:1 (v/v) ethanol-water. Fixatives were infiltrated into segments

under vacuum, 15 min on ice, and repeated three times. After fixation, tissue

was dehydrated in a graded series of ethanol and infiltrated with increasing

concentrations of Steedman’s wax at 40�C (a polyester with low-melting-point

polyethyleneglycol-distearate in 1-hexadecanol [9:1, w/w]; Vitha et al., 1997).

Sections (20 mm) were prepared using a rotary microtome (Leica RM 2165),

floated on water and mounted to PEN membrane slides (PALM), air dried,

Figure 8. Model of cellular processes in NP and ETC at 8 DAF as
deduced from transcriptome analysis. Further explanations are given in
the text.
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and stored at 4�C in sealed slide boxes. Prior to microdissection, Steedman’s

wax was removed by incubating slides in an ethanol series from 30% to 100%.

To evaluate the influence of fixation on RNA quality, completely sectioned

caryopses were dewaxed in a graded ethanol series, air dried, and homogenized

with mortar and pestle. A small proportion of the mixture was used for RNA

extraction (see below).

LMPC

The PALM Laser Microbeam instrument was used to dissect distinct

tissues from dewaxed, dried cross sections. The power of the laser beam

(diameter ,1.0 mm) was adjusted to 45 to 60 mW for cutting and to 70 to 90

mW for laser pressure catapulting. PALM RoboSoftware was used as a

graphic tool for targeting of cells. Sections from NP and transfer cells were

catapulted into the lid of 0.5-mL PALM Adhesive Caps. Typically, between 12

and 25 sections were processed per cap. Sections from two tubes were pooled

prior to RNA isolation. The efficiency of tissue transfer to reaction tubes was

optically controlled by microscope. The number of cells was estimated by cell

counting using stained sections and multiplication of calculated cell layers

and number of sections.

RNA Extraction and RNA Amplification

RNA was extracted from microdissected cells using the Absolutely RNA

Nanoprep Kit (Stratagene) with slight modifications. After centrifugation

(5 min, 13,000 rpm) to spin down sections, samples were vortexed (2 min) and

incubated in lysis buffer (60�C, 5 min) containing 0.7% (v/v) b-mercaptoeth-

anol. After lid abscission, the lid of the second cap with the corresponding

sample was put on the reaction cup and processed in the same manner. RNA

was treated with RNAse-free DNase I on a fiber matrix column and eluted

with 10 mL of prewarmed elution buffer, yield was determined using Nano-

Drop (Ambion), and RNA quality was analyzed by microcapillary electropho-

resis on the Experion automated electrophoresis system using the Experion

RNAHighSens Analysis Kit (Bio-Rad Laboratories). T7 RNA polymerase-based

RNAamplificationwas performed using theMessageAmpaRNAKit (Ambion).

Probes were labeled with [33P]UTP during the second round of amplification to

generate phosphorylated aRNA. After purification, labeled probes were dena-

tured (5 min, 70�C) and cooled on ice (5 min) before hybridization. Reference

probes for fidelity check of RNA amplification and tissue fixation were prepared

according to Sreenivasulu et al. (2002). Purified total RNA (35 mg) from shock-

frozen caryopses of the same developmental stage was used to synthesize

[33P]CTP-labeled cDNA probes.

cDNA Macroarray Analysis

The 12K barley seed array was hybridized and processed after Sreenivasulu

et al. (2006), exposed to phosphor image screens for 20 h, and scanned at 100-mm

resolution using a Fuji BAS 3000 phosphor scanner.

Data Analysis

Images of hybridized nylon membranes were subjected to automatic spot

detection using a suite of customizedMATLAB programs. The total number of

11,786 genes per array is covered by 23,572 double spots, enabling one

technical replicate per gene for quality control. Additionally, we also consid-

ered gene expression levels from independently grown samples to check

biological reproducibility. These combinations resulted in two technical and

two biological data sets. Quantile normalization was carried out on the

complete data set (Bolstad et al., 2003). During further analysis, genes with

marginal expression values or diverging double spot ratios were eliminated.

Fold changes between NP and ETC were derived from averages of four

individual fold changes over the two technical and two biological replicates.

The differentially expressed genes with at least 3-fold difference were iden-

tified between NP and ETC and cross-checked for biological reproducibility.

Gene sets were functionally annotated after Sreenivasulu et al. (2006).

Quantitative Real-Time PCR

Total RNA was extracted from microdissected cells (as described above)

and reverse transcribed using the SuperScript III First-Strand Synthesis

System for RT-PCR (Invitrogen). The Power SYBR Green PCR Mastermix

was used to perform reactions in the ABI 7900 HT real-time PCR system

(Applied Biosystems). Five replications were conducted for each of the

selected genes. Expression values were normalized with transcript levels of

an actin1 gene (cn2343g02; consensus sequence from the IPK Crop EST

Database) from barley and calculated as an arithmetic mean of the replicates.

Dissociation curves confirmed the presence of a single amplicon in each PCR.

Fold changes were calculated after Livak and Schmittgen (2001).

In Situ Hybridization

Barley caryopses were fixed in 4% (v/v) paraformaldehyde in phosphate-

buffered saline, pH 7.3, overnight at 4�C. After dehydration through an

ethanol series, samples were passed through a graded ethanol-methacrylate

series after Baskin et al. (1992) and polymerized for at least 48 h in UV light

(20�C). Cross sections (7 mm) were prepared and mounted to silane-coated

slides (Sigma-Aldrich). Digoxigenin-labeled antisense and sense RNA were

synthesized using T3 or T7 RNA polymerase (Roche). Hybridization and

immunological detection was performed after Drea et al. (2005), and hybridiza-

tion signals were detected by alkaline phosphatase-conjugated anti-digoxigenin

antibody and visualized with 4-nitroblue tetrazolium chloride and 5-bromo-

4-chloro-3-indolyl phosphate (Roche).

Light Microscopy

Cross sections (2 mm) of barley caryopses were fixed in 2.5% (v/v)

glutaraldehyde and 2% (v/v) formaldehyde in 50 mM cacodylate buffer, pH

7.2, overnight at 4�C for primary fixation. After washing with 50 mM

cacodylate buffer and water, a second fixation step with 1% (w/v) OsO4

was performed. After 1 h of infiltration, samples were washed three times

with water and embedded in resin. Resin embedding, sectioning, and staining

for light microscopy was performed after Tognetti et al. (2006).

Sequence data from this article can be found at http://pgrc.ipk-gatersleben.

de/cr-est/.
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Supplemental Table S1. Fidelity of gene expression levels in amplified
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Supplemental Table S3. List of differentially expressed genes between NP

and ETC with annotation, normalized expression values, and calculated

fold changes.
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