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The caryopses of barley (Hordeum vulgare), as of all cereals, are complex sink organs optimized for starch accumulation and
embryo development. While their early to late development has been studied in great detail, processes underlying the
caryopses’ diurnal adaptation to changes in light, temperature, and the fluctuations in phloem-supplied carbon and nitrogen
have remained unknown. In an attempt to identify diurnally affected processes in developing caryopses at the early
maturation phase, we monitored global changes of both gene expression and metabolite levels. We applied the 22 K Barley1
GeneChip microarray and identified 2,091 differentially expressed (DE) genes that were assigned to six major diurnal
expression clusters. Principal component analysis and other global analyses demonstrated that the variability within the data
set relates to genes involved in circadian regulation, storage compound accumulation, embryo development, response to
abiotic stress, and photosynthesis. The correlation of amino acid and sugar profiles with expression trajectories led to the
identification of several hundred potentially metabolite-regulated DE genes. A comparative analysis of our data set and
publicly available microarray data disclosed suborgan-specific expression of almost all diurnal DE genes, with more than 350
genes specifically expressed in the pericarp, endosperm, or embryo tissues. Our data reveal a tight linkage between day/night
cycles, changes in light, and the supply of carbon and nitrogen. We present a model that suggests several phases of diurnal
gene expression in developing barley caryopses, summarized as starvation and priming, energy collection and carbon fixation,
light protection and chaperone activity, storage and growth, and embryo development.

Metabolic processes in plants and most other organ-
isms operate in concert with day/night cycles. This
coordination is accomplished by diurnal oscillations in
transcriptional and posttranscriptional activities inte-
grated by light, temperature, carbon status, and circa-
dian signaling (Usadel et al., 2008, and refs. therein).
Through this arrangement, metabolic pathways in the
cell can sense and anticipate environmental cues.

The plant body is generally divided into net carbon-
exporting tissues, like mature leaves, and net carbon-
importing tissues, such as the endosperm of developing
seeds. These source and sink tissues alike can sense

day/night cycles. For sink organs, this sensing is
partially mediated via diurnal fluctuations in metab-
olite availability or circadian rhythms in the source. A
prime example is Suc export from photosynthetically
active tissues to sink organs, which slows down at
night when carbon export depends on mobilization of
transitory starch (Geigenberger and Stitt, 2000). In
addition, since leaves export not only sugars but also
amino acids, it follows that sink organs should expe-
rience shifts in nitrogen supply as well. This commu-
nication between source and sink has a major impact
on cellular functions in both types of organs and is
further integrated with hormonal, particularly abscisic
acid, signaling (Gutierrez et al., 2007; Baguma et al.,
2008). In addition, sink organs exhibit circadian or
circadian-like rhythms in gene activities indepen-
dently of the metabolic output from the source
(Baguma et al., 2008).

The cereal seed, called caryopsis, is an economically
important sink organ. It comprises the filial embryo
and endosperm that are surrounded by a maternal
seed coat, which consists of the photosynthetically
active palea, lemma, and pericarp tissues. Palea and
lemma form the outermost layer of caryopses and are
involved in the seed’s protection from light damage
and pathogen attack (Abebe et al., 2004). The pericarp,
which is vital until late stages of caryopsis develop-
ment, contains the vascular tissues and acts as the

1 This work was supported by the Swedish Research Council for
Environment, Agricultural Sciences, and Spatial Planning (Formas),
the Stiftelsen August T. Larsson Fond, the Deutsche Forschungsge-
meinschaft (grant no. HA2146/11–1), and the U.S. Department of
Energy (contract no. DE–AC02–05CH11231 with the Lawrence
Berkeley National Laboratory).

2 These authors contributed equally to the article.
* Corresponding author; e-mail elke.mangelsen@vbsg.slu.se.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy
described in the Instructions for Authors (www.plantphysiol.org) is:
Elke Mangelsen (elke.mangelsen@vbsg.slu.se).

[W] The online version of this article contains Web-only data.
[OA] Open Access articles can be viewed online without a sub-

scription.
www.plantphysiol.org/cgi/doi/10.1104/pp.110.154856

14 Plant Physiology�, May 2010, Vol. 153, pp. 14–33, www.plantphysiol.org � 2010 American Society of Plant Biologists



central tissue for phloem unloading into the caryopsis
(Patrick and Offler, 2001). The filial endosperm, which
constitutes the largest part of the caryopsis during
middle to late stages of development, accumulates
storage starch and nourishes the embryo during seed
germination. In addition to these compartments, thin
layers of specialized cells that connect the different
suborgans and/or function in transporting metabo-
lites from vascular tissues into filial tissues add to the
complexity of the caryopsis (Patrick and Offler, 2001;
Weschke et al., 2003; Abebe et al., 2004; Thiel et al.,
2008; Sabelli and Larkins, 2009).
Metabolic and regulatory changes throughout the

development of the barley (Hordeum vulgare) caryop-
sis, from early flowering to late seed maturation and
germination processes, have been studied to a great
extent (Sreenivasulu et al., 2006, 2008; Radchuk et al.,
2009). However, little is known about diurnal adapta-
tions in the cereal caryopses, and several aspects pose
intriguing questions regarding the regulation of these
processes.
To obtain a comprehensive understanding of the

interplay between major metabolic processes in the
caryopsis, like phloem unloading, embryo develop-
ment, storage starch biosynthesis, photosynthate pro-
duction, and turnover of transient starch in the green
tissues, we set out to follow the transcriptional activ-
ities during a 24-h light/dark regime in intact barley
caryopses. We used the 22 K Barley1 GeneChip array
(Close et al., 2004) and monitored levels of transcripts
at different time points. A total of 2,091 differentially
expressed (DE) genes were clustered into coexpressed
and functional groups. To correlate oscillations in gene
expression with metabolic activities, we measured
metabolite levels for sugars and amino acids and

found several hundred genes that are potential targets
for metabolite-dependent gene regulation. A compar-
ison of our DE genes and publicly available micro-
array data (Sreenivasulu et al., 2008) disclosed that the
pericarp, endosperm, and embryo contributed equally
to the observed day/night diversity. While the major-
ity of diurnal DE genes were expressed in all sub-
organs tested, about 350 diurnal DE genes were
assigned to specific parts of the caryopsis.

RESULTS

Diurnal Expression Profiling of Developing
Barley Caryopses

We used barley caryopses at 11 to 12 d post anthesis
(d.p.a.) to study diurnal changes in gene expression.
This developmental stage, also referred to as the early
maturation phase, is characterized by high Suc levels
and a rapid accumulation of storage starch in filial
tissues of the caryopsis (Borisjuk et al., 2004; Sabelli
and Larkins, 2009). Caryopses from the mid region of
the spike (Fig. 1, A and B) were sampled at six time
points during the day. The first sample was harvested
at 11 d.p.a., 1 h after the onset of darkness. The
following day (12 d.p.a.), samples were taken 0.5 h
before and after the shift from dark to light phase (9
and 10 h), at two time points in the middle of the light
phase (17 and 20 h), and 1 h before the end of the light
phase (23 h after the onset of darkness). Using pooled
plant material, we obtained highly reproducible data
for two replicates at each time point. Correlation
coefficients for the replicates ranged from 0.968 to
0.989 (data not shown). In total, 17,416 probe sets
(hereafter referred to as genes) were scored present

Figure 1. Sampling of plant material
and profiles of DE genes. A, Central
region of a barley spike. One floret was
removed to determine the onset of
flowering. At 12 d.p.a., the five barley
caryopses closest to the floret used for
determination of the onset of anthesis
were harvested (white asterisks). B,
Prior to pooling and freezing the sam-
ples, awns and possibly remaining
anthers were removed from the
caryopses. C, Expression profile of
2,091 DE genes during the diurnal
cycle. Six time points of harvest in
dark and light phases are indicated
on the x axis as follows: beginning
and end of the dark phase (1 and 9 h),
beginning of the light phase (10 h),
middle of the light phase (17 and 20 h),
and end of the light phase (23 h).
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and used for further data analysis (Supplemental
Table S1). For data verification, quantitative (q)PCR
experiments were performed for a subset of genes and
revealed similar expression patterns (Supplemental
Fig. S1).

Cluster Analysis of Genes Showing Diurnal
Expression Patterns

To examine expressional changes in more detail, we
calculated the total number of DE genes. On the basis
of the 17,416 expressed genes, a total of 2,091 (11%) DE
genes could be assigned with significance (Fig. 1C;

Supplemental Table S2). Subsequently, the expression
trajectories of all 2,091 DE genes were subjected to
k-means clustering, and sixmain clusters (sets 1–6)were
chosen, with each of them exhibiting a distinct mini-
mum and maximum of expression (Fig. 2A; Supple-
mental Table S3). Set 1 (429 genes) can generally be
described by an increase of expression during the
night and a constant decrease of expression during the
light phase. Interestingly, the expression trajectories of
cluster set 3 (518 genes) are complementary to set 1,
with a steady increase of transcript levels during the
light phase and a decrease during the dark. Together,
these two inversely correlated clusters represent about

Figure 2. Expression patterns of k-means
clusters of DE genes and their classifica-
tion into functional categories of GO. A,
Gene expression trajectories of the
k-means clusters named sets 1 to 6. The
respective six time points are indicated on
the x axis. Total numbers of assigned probe
sets are given in parentheses. Colors of the
profiles depict the normalized transcript
level of the probe set at 1 h: red, high
expression; yellow, moderate expression;
blue, low expression. B, Classification of
genes according to GO groups for Biolog-
ical Processes. The number of genes be-
longing to a particular GO group is shown
as a percentage for all present probe sets
detected by the microarray (17,416 ex-
pressed), all DE genes (2,091 genes), and
the subsets of genes belonging to clusters
1 to 6 (sets 1–6). Asterisks indicate a
significant overrepresentation or under-
representation of functional categories
compared with the functional categories
of all expressed genes with putative ortho-
logs in Arabidopsis (* P # 0.01, ** P #

0.001, *** P # 0.0001).
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45% of all DE genes. A remarkable feature of both
clusters is that the major up- or down-regulation of
gene expression occurs in anticipation of the dawn (i.e.
before the actual onset of light).
Genes clustered in set 6 (223 genes) are characterized

by a rapid induction upon transition from darkness to
light at the onset of day, and their expression is signif-
icantly reduced after the middle of the day. In contrast,
the genes contained in set 4 (241 genes) exhibit a rapid
reduction of gene expression at the shift from darkness
to light and amaximum of gene expression at the onset
of the night. Genes of set 2 (365 genes) can be described
by rather high and stable transcript levels during the
night and a constant reduction during the day. It is
noteworthy that set 3 transcript levels are restored
during the last 3 h of the light phase before the onset of
the night. The genes contained in set 5 (315 genes) are
characterized by a maximum expression in the middle
of the day followed by a decrease in transcript abun-
dance during the later light phase and stable expres-
sion during the night.
We next performed an unbiased approach to esti-

mate the contribution of the DE genes to the total
variability observed within the experiment and sub-
jected the data set to principal component analysis. We
assumed that the genes contained in the six sets
derived by the k-means clustering should make a
distinct contribution to the entire variability of the data
set, which in turn would constitute an independent
validation of the number of inferred gene clusters.
Indeed, most DE genes overlapped with principal
components PC1 to PC3 and contributed to more than
90% of the expression variability observed in our data
set (Supplemental Table S4). In addition, the six clus-
ters mark three pairs of antagonistic sets to be either
highly correlated or anticorrelated to PC1, PC2, and
PC3, which is supportive of our clustering procedure.
Supplemental Table S4 lists those genes that exhibit
high positive or negative correlation coefficients for
the antagonistic pairs sets 3 and 1 (for PC1), sets 6 and
4 (for PC2), and sets 5 and 2 (for PC3).

Functional Annotations of the Expression Clusters Using
Gene Ontology

To determine whether the expression profiles in the
six clusters correlated with functional activities, they
were classified into functional groups using the Gene
Ontology (GO) terms. We caution that GO annotations
could only be made for those probe sets on the
microarray that had been assigned in putative ortho-
logy to Arabidopsis (Arabidopsis thaliana) based on
their HarvEST annotation (Close et al., 2007). This was
the case for about 70% of all probe sets (Supplemental
Table S1). In addition, we did not compute the error
from different probe sets that share the identical
Arabidopsis gene as a best match in the HarvEST
annotation. Hence, these genes contribute only once to
the GO annotation and may thus add a bias to the
analysis.

Ontologies for Biological Process, Cellular Compo-
nent, and Molecular Function are shown in Figure 2B
and Supplemental Figure S3. For the individual six
clusters, all exhibit a characteristic distribution of the
GO categories. For example, genes related to nucleic
acid binding (P # 1025) and transcription factor
activities (P # 0.001) are overrepresented in set 1,
whereas they are underrepresented in the antagonis-
tic set 3 (P # 0.01; Fig. 2A). Particularly, the presence
of transcription-related genes in set 1 is in line with
the idea of the plants’ strategy to anticipate the dawn.
Furthermore, we note that there is an overrepresen-
tation of DE genes in the GO groups for stress re-
sponses (P# 1028). A closer look at the genes grouped
in the stress-related categories revealed that a com-
mon stimulus for most of these genes was tempera-
ture stress. This was particularly true for genes in sets
3 and 5 (P # 1024), which depict maximum transcript
levels during the light phase. Another finding was
that the GO category Extracellular is dominated by set
4 genes (P # 0.01) and may thus indicate that biosyn-
thesis processes in the cell wall or transport predom-
inantly occur during the later light and early dark
phases. Notably, genes with Nucleotide Binding (P #
0.001) capabilities are significantly depleted in set
6, which translates into a lower necessity for ATP-
dependent processes, like energized transport over
membranes.

MapMan Analysis of Present Genes

To aid visualization, the data set was processed
with the MapMan software (Thimm et al., 2004) that
has recently been adapted to the Barley1 microarray
(Sreenivasulu et al., 2008). Out of the 17,416 genes
scored as present, there are 833 genes (5%) with a
diurnal amplitude exceeding log2 = 1 (Supplemental
Table S1). As indicated in the MapMan screenshot
shown in Figure 3, many genes involved in photosyn-
thesis, carbohydrate metabolism, and secondary me-
tabolism undergo strong diurnal fluctuations. A
Wilcoxon rank test (P # 0.05) was performed to list
those functional categories, so-called BINs, which
showed an overrepresentation of highly fluctuating
genes. As a result, BINs for genes involved in the
response to abiotic stress, particular heat stress, and
BINs related to photosynthesis were among the most
fluctuating ones (Supplemental Table S5), thus being
consistent with the overrepresentation of GO categories
for abiotic stress and plastid localization among the DE
genes (Fig. 2B; Supplemental Fig. S4). A strong adap-
tation of metabolic processes in caryopses to the avail-
ability of incoming carbon and nitrogen sources is
indicated by significant fluctuations of BINs for metab-
olism of proteins, amino acids, and major carbohy-
drates. Significant fluctuations in BINs for biosynthesis
of abscisic acid and BINs summarizing abscisic acid-
responding genes, such as late embryo abundant (LEA)
and hordein genes, demonstrate the diurnal importance
of abscisic acid-regulated processes.
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Diurnal Fluctuations of Sugar and Amino Acid Levels in
Developing Barley Caryopses

In leaf tissues, transitory starch is accumulated
during the light phase and degraded during the night
for respiration and in order to support cell viability of
both source and sink tissues. Complex regulatory and
metabolic networks exist that enable the accurate
partitioning of the carbon sources in the plant during
the day (Lu et al., 2005; Smith et al., 2005; Zeeman
et al., 2007). Nevertheless, the daily shift from carbon
assimilation during the light phase to starch degrada-
tion at night results in substantial variations in leaf
sugar levels during the day (Smith and Stitt, 2007). We
wondered whether similar fluctuations of sugar con-
tents occur in the cereal caryopsis or whether the
supply from the breakdown of transitory starch in
source tissues would result in the maintenance of

steady-state sugar levels in the caryopsis. As dis-
played in Figure 4A and Supplemental Table S6, barley
caryopses underwent significant fluctuations in sugar
contents during the light and dark phases, with Suc
showing the biggest diurnal shifts in amplitude. The
sugar levels were generally rather constant during the
middle and end of the day and then declined during
the night. The pools for Suc, Glc, and Rib were almost
depleted at the end of the dark phase. Just 0.5 h into
the light phase, the amounts of Rib, Glc, Fru, and
kestose were restored to levels similar to those at the
end of the photosynthetic active light phase. This
indicates that as little as 30 min of light is enough to
refill the supply of these sugars in the caryopsis. In
contrast, refilling of the Suc pool advanced consider-
ably more slowly. After 30 min of light induction, the
Suc levels were still roughly 10 times lower than at the

Figure 3. MapMan display showing diurnal amplitudes of 17,416 present genes in a metabolism overview map. Genes on the
Barley1microarray are represented by individual squares. Geneswith increasingly large amplitudes are shown as an increasingly
intense blue saturating at an amplitude of 1.3 (log2 value). Genes with no significant change in the amplitude are shown in white.
CHO, Carbohydrate; OPP, oxidative pentose phosphate; TCA, tricarboxylic acid.
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end of the previous day. The cycling pattern for Suc
suggests a rapid turnover in the caryopsis during the
early phase of the light period (Fig. 4; Supplemental
Table S6), which can be explained by Suc being the
main carbon supply for the endosperm. However, in
the middle of the day, Suc levels are restored and Suc
accumulates until the end of the day. This, in turn, may
reflect the saturation of Suc-demanding pathways and
a consistent supply of photosynthate during the later
light phase. Levels of kestose, the primary product of
fructan biosynthesis, showed a slight but steady in-
crease during the day, which is consistent with the
function of fructans in the photosynthetic partitioning
process (Nagaraj et al., 2004).

Compared with the investigated sugars, changes in
amino acid contents were less pronounced (Fig. 4, B–D;
Supplemental Table S6). A number of amino acids had
constant levels during the night or showed minimum
levels in themiddle or end of the light phase. However,
Gln and Glu are known to constitute the dominating
transport forms of amino acids throughout the light
phase of the day (Lam et al., 1995); accordingly, their
contents exhibited significant fluctuations. Moreover,
we noted a generally high variability even between the
pooled individuals for Gln that was especially pro-
nounced in the early morning samples.

In agreement with previous reports, we found ele-
vated amounts of Asn, which serves as an important
nitrogen storage and transport compound for the
allocation of nitrogen resources between source and
sink organs, at the beginning of the night (Lam et al.,
1995, 2003).

The levels of Ala, which serves as a precursor for
several other amino acids, appeared to be tightly
coupled to Suc levels (correlation coefficient of +0.68)
and thus to carbohydrate metabolism (Fig. 4, A and B).
The correlation between Suc and Ala levels is probably
explained by their connection through glycolysis with
the a-keto acid pyruvate, which is converted to Ala by
a transamination (Pratelli and Pilot, 2007). Similar
accumulation patterns were displayed for amino acids
produced from the same or intersecting pathways.
This was particularly evident for Ala, Val, and Ser as
one group and, to a lesser extent, His, Phe, and Tyr as
another. The amounts of Gly were notably lower than
expected, which might be explained by the generally
lower levels of photorespiration in Poaceae (Engel
et al., 2007; Perez-Lopez et al., 2009).

Correlation of Gene Expression and Metabolite Levels

To address the question of whether metabolite levels
are related to gene expression, we calculated the
correlation coefficients of metabolite profiles and the
trajectories of all expressed genes (Figs. 5 and 6;
Supplemental Table S7). Using a minimum correlation
coefficient of 0.8 as a threshold to correlate the levels of
amino acids and sugars to gene expression profiles, we
found 877 positively and 878 negatively correlated
gene expression trajectories (Supplemental Table S7).

Figure 4. Levels of sugars and amino acids undergoing diurnal fluctu-
ations in developing caryopses of barley. A, The amount of sugars was
determined at six times during the day. B to D, The amount of indicated
amino acids was determined at six times during the day. Sampling times
were as indicated for the Glc samples in A. Gray and light blue bars
depict times in darkness and light, respectively. The data are displayed
as means + SD. Significant differences compared with the first sample
(1 h) are indicated by asterisks (* P# 0.01, ** P# 0.001, *** P# 0.0001).
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The total number of genes in the cereal caryopsis that
responded to sugars is likely underestimated because
the correlation study of gene expression and metabo-
lite levels was conducted on the DE genes only.

The amino acids Gln, Glu, Asn, and Asp were linked
with large numbers of correlating and anticorrelating
genes. As these amino acids are known as the major
transport forms of nitrogen in the phloem (Lam et al.,
1995), this suggests an impact of incoming metabolites
on gene expression in the caryopsis. As expected by
their connected pathways, a large overlap of 47 corre-
lated and 54 anticorrelated genes existed for Suc and
Ala. The high number of genes showing a positive
correlation to Pro, which acts as a compatible solute,

further indicates a connection between diurnal gene
regulation and adaptation to changes in osmotic con-
ditions (Ashraf and Foolad, 2006).

Among the investigated sugars, Suc had by far the
highest linkage number of correlated and anticorrelated
transcript profiles (352 and 434, respectively).Among the
positively correlating genes, we found those that have
been shown to be Suc responsive in other contexts or
species. These were, for example, the genes for granule-
bound starch synthase1b (HvGBSS1b; Contig12208_at)
and for the Suc:fructan 6-fructosyltransferase (Hv6-SFT;
Contig3392_at; Dian et al., 2003; Nagaraj et al., 2004).
Also, expressionof a trehalose-6-phosphatephosphatase-
like gene (TPP-like; HS16E24u_s_at) appeared to fol-
low the Suc levels, suggesting its potential role in
sugar signaling (Gomez et al., 2005). Several genes
putatively involved in the biosynthesis of the cell wall,
such as a callose synthase-like gene (Contig19065_at)
and twoarabinofuranosidase-likegenes (Contig5239_at;
S0001000058H07F1_s_at), were also found among the
positively correlated genes (Supplemental Table S7). A
dozen genes related to photosynthesis were found to be
negatively correlated to Suc, as expected by the inhibi-
tory effect of Suc on photosynthetic processes (Koch,
1996; Paul andPellny, 2003). The negative correlation for
the b-amylase gene HvBAM5 (Contig11522_at) is indic-
ative of starch degradation occurring in times of Suc
starvation (Smith et al., 2005). For a more global inves-
tigation, a GO classification of genes with an expression
profile that correlated to Suc levels was performed
(Supplemental Fig. S4). As a result, genes of the GO
categories Developmental Processes and Cell Organiza-
tion and Biogenesis had a greater tendency to positively
correlate to Suc levels in the caryopsis, whereas genes
negatively correlated to Suc levels were more often
related to the GO terms Transcription and Transport.

Expression Profiles for Genes Involved in Suc and
Starch Metabolism

As we expected Suc and starch metabolism to be
affected by diurnal changes, we screened the Barley1
GeneChip for unambiguous probe sets that represent
genes involved in these processes. In order to assign
genes to a given probe set, the Barley1 GeneChip was
annotated using the HarvEST software version 1.73
(Close et al., 2007). Moreover, probe sets representing
previously described isoforms of genes involved in
carbohydrate metabolism in barley were annotated
manually to reduce the risk of false annotations. Out of
70 genes with a documented or potential role in Suc,
starch, and fructan metabolism and regulation, 58
genes were represented on the microarray and 23
genes were DE in our experiment. Table I provides
their common gene names, corresponding probe sets,
and diurnal log2 amplitudes as well as the expression
cluster group for DE genes. The precise expression
trajectories of the genes are shown in Figure 7.

Contained within the 2,091 DE genes, we identified
several of the key genes involved in Suc transport and

Figure 5. Correlation of sugar contents and expression profiles. Profiles
of the indicated sugars and their correlating and anticorrelating gene
expression profiles are shown as pink and black lines, respectively.
Time points are indicated on the x axis. Numbers of correlating genes
are displayed for each diagram. Sugar contents and signal intensities
are normalized to the mean and plotted in log scale.
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Figure 6. (Legend appears on following page.)
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metabolism, such as the cell wall invertase gene
1 (HvCWINV1) and genes for a Suc transporter
(HvSUT2), hexose transporter (HvHSTP1), and Suc:
fructan 6-fructosyltransferase (Hv6-SFT). For genes
related to starch metabolism, those encoding the large
subunit of AGPase (HvAPL2), granule-bound starch
synthase 1b (HvGBSS1b), starch-branching enzyme 2b
(HvSBEIIb), limit dextrinase (HvLD), glucan, water
dikinase 1 (HvGWD1), isoamylase 3 (HvISA3) and
b-amylase 5 (HvBAM5) were among the DE genes. In
addition, the fructan 1-exohydrolase gene (Hv1-FEH),
probably involved in fructan biosynthesis and degra-
dation (Van Den Ende et al., 2003; Lothier et al., 2007),
underwent strong diurnal fluctuation in expression.
However, there were no pronounced diurnal varia-
tions in transcript levels for many of the genes respon-
sible for metabolic or regulatory steps in starch
biosynthesis, such as genes for Suc synthases 1 and 2
(HvSuSy1 and HvSuSy2), isoamylases 1 and 2 (HvISA1
and HvISA2), starch synthases 1 and 2 (HvSs1 and
HvSs2), and SUSIBA2 (HvWRKY46).

Next to genes with a known function in the conver-
sion from Suc to starch, we found several candidate
genes potentially involved in Suc signaling to be DE,
such as genes for a hexokinase (HvHXK1), two trehalose-
phosphate metabolic enzymes (TPS-like and TPP-like),
and the WRKY transcription factor gene HvWRKY41
(Rolland et al., 2006).

We also noted that several genes of the ferredoxin/
thioredoxin system underwent diurnal regulation.
These were a ferredoxin-NADP reductase gene and
four putative thioredoxin (Trx) genes, among them the
amyloplast-located Trx m. Several of the 43 identified
Trx m targets in wheat (Triticum aestivum) amyloplasts
(Balmer et al., 2006) were found to be DE in our study,
among them the ADP-Glc transporter gene HvNST1
and the gene for the large subunit of the ADP-Glc
phosphorylase HvAPL1.

Combined Microarray Analysis of Spatial Gene
Expression Patterns

To gain a more global overview of the spatial dis-
tribution of diurnal changes in gene expression, we
combined our data set with previously published
microarray data that investigate the changes in gene
expression in endosperm, embryo, and pericarp tis-
sues during caryopsis development (Sreenivasulu
et al., 2008). Rather than looking at the developmental
expression profiles of the three suborgans separately,
we intended to identify those genes that were either
commonly expressed in all suborgans or specific to a
single suborgan. As shown in Figure 8A and Supple-
mental Table S8,we found 3,093, 1,977, and 289 genes to

be specifically expressed in pericarp, endosperm, and
embryo tissues, respectively. Hence, about one-third of
all present genes in the study of Sreenivasulu et al.
(2008) had a suborgan-specific spatial expression pat-
tern. In addition, all three suborgans investigated con-
tributed equally to the set of diurnally expressed genes
identified in our study, with 11% of pericarp and
endosperm genes (1,600 and 1,776 genes, respectively)
and 10% of the embryo genes (1,503 genes) exhibiting
significant day/night fluctuations (Fig. 8A; Supple-
mental Table S8). Nevertheless, the majority of DE
genes were not tissue specific but expressed in two or
three of the suborgans tested. The overlap of tissue-
specific and diurnally regulated genes was relatively
low, indicating that only 7% (202 genes) of pericarp-
specific, 8% (159 genes) of endosperm-specific, and 5%
(14 genes) of embryo-specific genes underwent diurnal
fluctuations (Fig. 8B; Supplemental Table S8). Only 224
diurnal DE genes were not detected in the data set of
Sreenivasulu et al. (2008), suggesting either that they
were expressed below detection levels in the sampled
developmental stages or that they belong to a group of
palea/lemma-specific genes that have not been probed.
In summary, the combined analysis suggests that the
majority of diurnally regulated genes have a function in
several of the caryopsis tissues. On the other hand,
many tissue-specific geneswere identified among those
that were diurnally regulated, prompting speculation
about tissue-specific pathways for diurnal regulation.

Quantification of Spatial Gene Expression

In order to verify the suborgan presence predicted by
the comparative microarray analysis described above,
we appliedqPCR to investigate the spatial expression of
a number of gene candidates. As shown in Figure 9, the
selected genes showed distinct spatial expression pat-
terns in endosperm,pericarp, husk, andembryo tissues.
In accordance with their role in mobilization of transi-
tory starch (Smith et al., 2005),HvBAM5,HvGWD1, and
HvISA3 were predominantly expressed in the photo-
synthetically active pericarp tissues. A potential role
of plant glycogenin-like starch initiation proteins
(PGSIP) in starch biosynthesis has previously been
suggested by Chatterjee et al. (2004). An orthologous
gene,HvPGSIP2, which was found to be DE during the
day (Table I), was mainly expressed in green tissues of
the caryopsis. In contrast, its paralogHvPGSIP1, which
showed an expression profile negatively correlated to
Suc levels of the caryopsis (Supplemental Table S7),was
mainly expressed in endosperm tissue.

High expression levels in endosperm tissues
were also found for the genes encoding SUSIBA2
(HvWRKY46) and limit dextrinase (HvLD), confirming
earlier findings (Burton et al., 1999; Sun et al., 2003).

Figure 6. Correlation of amino acid contents and expression profiles. Profiles of the indicated amino acids and their correlating
and anticorrelating gene expression profiles are shown as blue and black lines, respectively. Numbers of correlating genes are
displayed for each diagram, and time points are indicated at the bottom. The amino acid contents and signal intensities are
normalized to the mean and plotted in log scale. ABA, a-Aminobutyric acid; GABA, g-aminobutyric acid.
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Table I. Genes investigated in this study with known or putative involvement in sugar signaling and Suc-to-starch conversion

Protein Name Genea Barley1 Probe Set DEb Organc Foldd Reference

ADP-glucose pyrophosphorylase
large subunit

HvAPL1 Contig5267_at No U 1.37 Villand et al. (1992)

ADP-glucose pyrophosphorylase
large subunit

HvAPL2 Contig3390_at (1) U 1.83 Eimert et al. (1997)

ADP-glucose pyrophosphorylase
small subunit

HvAPS1a/b Contig2267_s_at No U 1.35 Thorbjornsen et al. (1996)

ADP-glucose pyrophosphorylase
small subunit

HvAPS2 No probe set U Johnson et al. (2003)

ADP-glucose transporter HvNST1 Contig7529_at (6) U 2.39 Patron et al. (2004)
a-Amylase 1 HvAMY1 Contig7088_at n.d. U Radchuk et al. (2009)
a-Amylase 2 HvAMY2 Contig3952_at n.d n.d. Radchuk et al. (2009)
a-Amylase 3 HvAMY3 Contig3953_s_at No n.d. 1.12 Radchuk et al. (2009)
a-Amylase 4 HvAMY4 EBma03_SQ002_

M07_at
No P 1.35 Radchuk et al. (2009)

a-Glucan phosphorylase HvPHO1 No probe set U Radchuk et al. (2009)
a-Glucan phosphorylase,

cytosolic
HvPHO2 Contig6517_at U 0.50 Radchuk et al. (2009)

b-Amylase 1 HvBAM1 Contig1406_at No U 1.41 Radchuk et al. (2009)
b-Amylase 2 HvBAM2 Contig1411_s_at No U 1.34 Radchuk et al. (2009)
b-Amylase 3 HvBAM3 Contig8246_at n.d. U Radchuk et al. (2009)
b-Amylase 4 HvBAM4 No probe set U Radchuk et al. (2009)
b-Amylase 5 HvBAM5 Contig11522_at (1) U 5.21 Radchuk et al. (2009)
b-Amylase 6 HvBAM6 No probe set U Radchuk et al. (2009)
b-Amylase 7 HvBAM7 No probe set U Radchuk et al. (2009)
b-Amylase 8 HvBAM8 Contig10917_at No U 1.38 Edner et al. (2007)
Cell wall invertase 1 HvCWINV1 Contig11241_at (3) U 2.28 Weschke et al. (2003)
Cell wall invertase 2 HvCWINV2 Contig6787_at No U 1.48 Weschke et al. (2003)
Disproportionating

enzyme 1
HvDPE1 Contig26451_at No U 1.49 Radchuk et al. (2009)

Disproportionating
enzyme 2

HvDPE2 Contig6654_at No U 1.48 Radchuk et al. (2009)

Ferredoxin-NADP reductase,
putative

FNR1-like baak21d06_s_at (4) U 1.96 Balmer et al. (2006)

Ferredoxin-thioredoxin reductase,
putative

FTR-like Contig14916_at No P 1.16 Balmer et al. (2006)

Fructan 1-exohydrolase Hv1-FEH Contig7811_s_at (3) U 2.21 Nagaraj et al. (2004)
Glucan, water dikinase 1 HvGWD1 Contig18313_at (4) U 2.08 Edner et al. (2007)
Glucan, water dikinase 2 HvGWD2 Contig14761_at n.d. U Edner et al. (2007)
Granule-bound starch

synthase 1a
HvGBSS1a Contig694_at No U 1.32 Patron et al. (2002)

Granule-bound starch
synthase 1b

HvGBSS1b Contig12208_at (4) U 1.80 Patron et al. (2002)

Hexokinase 1 HvHXK1 Contig12296_at (2) P 1.72 E. Mangelsen
(unpublished data)

Hexokinase 2 HvHXK2 Contig17401_at No P 1.42 E. Mangelsen
(unpublished data)

Hexokinase 3 HvHXK3 Contig14657_at No U 1.38 E. Mangelsen
(unpublished data)

Hexokinase 5 HvHXK5 Contig4153_at No U 1.20 E. Mangelsen
(unpublished data)

Isoamylase 1 HvISA1 Contig7560_at No P 1.11 Sun et al. (1999)
Isoamylase 2 HvISA2 Contig13547_at No E 1.24 Radchuk et al. (2009)
Isoamylase 3 HvISA3 Contig14990_at (6) U 1.38 Radchuk et al. (2009)
Limit dextrinase (pullulanase) HvLD Contig11648_at (3) U 1.86 Burton et al. (1999)
NADPH-dependent

thioredoxin reductase 2
HvNTR2 HB22M22r_s_at No U 1.50 Shahpiri et al. (2008)

Phosphoglucan, water
dikinase

HvPWD No probe set U Kotting et al. (2005)

Plant glycogenin-like starch
initiation protein 1

HvPGSIP1 rbags11k20_s_at No U 1.28 Chatterjee et al. (2004)

(Table continues on following page.)
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The diurnally fluctuating transcripts for HvWRKY41
(Mangelsen et al., 2008) could mainly be detected in
endosperm and pericarp tissues. As was previously
observed for the isoamylase 1 gene (HvISA1; Sun et al.,
1999), the isoamylase 2 gene in barley (HvISA2) was
preferentially expressed in the endosperm, whereas
HvISA3 transcripts were located in the pericarp.

DISCUSSION

Photocycles, thermocycles, and the circadian clock
together phase cellular activities in plants to generate

diurnal oscillations in gene expression, metabolism,
and physiology (Wijnen and Young, 2006; Michael
et al., 2008). We expected that relatively few DE genes
in a sink organ such as the cereal caryopsis should be
responsive to light signals, as only genes in the peri-
carp and the husk would be directly influenced by
photocycles. Thus, we assumed that in the barley
caryopsis, a major portion in diurnal oscillations of
gene expression is conveyed through fluctuations in
metabolite availability.

To gain an insight into these presumed relation-
ships, we analyzed day/night cycles in gene expres-
sion and monitored the metabolite accumulation

Table I. (Continued from previous page.)

Protein Name Genea Barley1 Probe Set DEb Organc Foldd Reference

Plant glycogenin-like starch
initiation protein 2

HvPGSIP2 Contig3977_at (3) U 4.01 Chatterjee et al. (2004)

SNF1-related protein kinase a HvSnRK1a Contig3529_at No E 1.33 Hannappel et al. (1995)
SNF1-related protein kinase b HvSnRK1b HVSMEc0011O22r2_at No U 1.54 Hannappel et al. (1995)
Starch-branching enzyme I HvSBEI No probe set U Sun et al. (1997)
Starch-branching enzyme IIa HvSBEIIa Contig3761_at No U 1.42 Sun et al. (1998)
Starch-branching enzyme IIb HvSBEIIb Contig3762_s_at (5) E Sun et al. (1998)
Starch synthase I HvSSI Contig1808_at No U 1.59 Li et al. (2003)
Starch synthase IIa HvSSIIa Contig20469_at No U 1.85 Li et al. (2003)
Starch synthase IIb HvSSIIb No probe set U Radchuk et al. (2009)
Starch synthase IIIa HvSSIIIa No probe set U Radchuk et al. (2009)
Starch synthase IIIb HvSSIIIb Contig10722_at (6) U 2.96 Radchuk et al. (2009)
Starch synthase IV HvSSIV Contig13138_at No U 1.26 Radchuk et al. (2009)
Sucrose synthase 1 HvSuSy1 Contig361_s_at No U 2.05 Guerin and

Carbonero (1997)
Sucrose synthase 2 HvSuSy2 Contig823_at No U 1.40 Guerin and

Carbonero (1997)
Sucrose transporter 1 HvSUT1 Contig4612_at No U 1.44 Weschke et al. (2000)
Sucrose transporter 2 HvSUT2 rbah43d09_s_at (3) U 1.66 Weschke et al. (2000)
Sucrose:fructan-6-

fructosyltransferase
Hv6-SFT Contig3392_at (4) U 2.64 Nagaraj et al. (2004)

Sucrose:sucrose-1-
fructosyltransferase

Hv1-SST Contig4521_s_at No U 1.41 Nagaraj et al. (2004)

Sugar transporter 1 HvSTP1 Contig3479_at (5) U 1.91 Weschke et al. (2003)
Sugar transporter 2 HvSTP2 No probe set U Weschke et al. (2003)
Sugar transporter 3 HvSTP3 Contig6135_s_at No U 1.26 Weschke et al. (2003)
Thioredoxin f Trx f-like Contig4022_at (6) U 4.06
Thioredoxin h1 HvTrx h1 Contig171_at No P 1.38 Maeda et al. (2003)
Thioredoxin h2 HvTrx h2 Contig2980_s_at No P 1.09 Maeda et al. (2003)
Thioredoxin h, putative Trx h-like HV06G09u_s_at (6) P 1.63 Maeda et al. (2003)
Thioredoxin m, putative Trx m-like Contig26351_at (3) E 2.09 Balmer et al. (2006)
Thioredoxin-like 1 Trx-like 1 Contig5236_at (6) U 2.15 Balmer et al. (2006)
Trehalose-6-phosphate

phosphatase, putative
TPP-like HS16E24u_s_at (3) U 2.81 Ramon et al. (2009)

Trehalose-6-phosphate
synthase, putative

TPS-like Contig3373_s_at (6) U 2.14 Ramon et al. (2009)

WRKY transcription factor 34 HvWRKY34 Contig10471_at No U 1.61 Mangelsen et al. (2008)
WRKY transcription factor 41 HvWRKY41 Contig12033_at (3) U 1.78 Mangelsen et al. (2008)
WRKY transcription

factor SUSIBA2
HvWRKY46 Contig7243_at No U 1.10 Sun et al. (2003)

aPreviously annotated barley genes carry the prefix “Hv”; gene annotations based on best BLAST matches in Arabidopsis or rice (Oryza sativa)
carry the suffix “-like.” bDE according to the calculation of 2,091 DE probe sets. Number of the set is given in parentheses. n.d., No signal
detected. cPresence of transcript according to Sreenivasulu et al. (2008). E, Endosperm; n.d., no signal detected; P, pericarp; U, unspecific. dAmpli-
tude of the diurnal fluctuation of gene expression given as the ratio of the median normalized maximum signal intensity to the median normalized
minimum signal intensity.
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alongside, which subsequently allowed the correlation
of metabolite availability and its putative effects on
gene expression in barley caryopses. However, we are
aware that observed transcript levels do not necessar-
ily reflect protein levels or protein activity; thus, our
conclusions on gene function and interactions must be
considered as tentative.

Diurnal Regulation of Starch Metabolism and

Sugar Signaling

Nearly all steps in the conversion from Suc to starch
or fructan have the potential to be diurnally regulated
(Table I; Fig. 7). Themajority of genes involved in these
processes were expressed in all suborgans of the

caryopsis and, hence, are of general importance in
various cell types (Supplemental Table S8). The com-
bined analysis with the data set of Sreenivasulu et al.
(2008) revealed only a few genes that were unambig-
uously located to the pericarp and endosperm (Table
I). However, the comparison with recent published
studies on the spatial distribution of barley transcripts
(Radchuk et al., 2009) and suborgan localization using
qPCR (Fig. 8) allowed us to identify the predominant
locations of several of these genes and to shed light on
several diurnal regulatory aspects occurring in the
developing caryopsis.

Of the genes encoding enzymes involved in starch
elongation, branching, and trimming (Smith, 1999,
2001; Smith et al., 2005; Hannah and James, 2008),

Figure 7. Gene expression profiles of genes involved in sugar metabolism and signaling. Signal intensities at indicated time
points during the day are normalized to the mean expression values and plotted in log scale. Genes are grouped based on their
involvement in different pathways as follows: initial sugar transport and processing (A), starch and fructan synthesis and
degradation (B and C), potential sugar signaling (D), and ferredoxin/thioredoxin system (E). DE genes are indicated by asterisks.
For complete gene names, see Table I.
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HvLD, HvISA3, HvSBEIIb, and the gene for starch
synthase IIIb (HvSSIIIb) displayed diurnal regulation
(Table I; Fig. 7). As reported earlier (Sun et al., 1998;
Burton et al., 1999; Radchuk et al., 2009), the transcripts
of HvSBEIIb and HvLD were mainly found in the
endosperm and are thus likely to be involved in the
biosynthesis of storage starch (Table I; Fig. 8). The
expression of these genes peaked during the middle to
late light phase, when sugar supply was at its maxi-
mum. The HvSSIIIb gene (Radchuk et al., 2009), which
is preferentially expressed in the endosperm, was
strongly induced in anticipation of the light rather
than being correlated to high sugar levels (Figs. 2 and
7). Hence, its transcript levels peaked prior to those of
HvLD and HvSBEIIb (Fig. 7).

Furthermore, our data suggest an involvement of
HvISA3 in the production of transient starch, espe-
cially in the pericarp, during the light phase (Figs. 7, 8,
and 10). A similar function was recently demonstrated
for isoamylase paralogs in Arabidopsis (Streb et al.,
2008). The specific roles ofHvISA1 andHvISA2 remain
unclear (Burton et al., 2002), and neither seems to be
under diurnal control (Table I). However, the high

expression levels ofHvISA2 in the endosperm suggest a
prominent role during storage starch synthesis (Fig. 8).

Not only biosynthesis but also the degradation of
starch follows a diurnal pattern. We found the expres-
sion of HvGWD1 and HvBAM5, both with a predicted
role in starch degradation (Smith et al., 2005; Smith
and Stitt, 2007; Zeeman et al., 2007), to be diurnally
regulated. Expression of HvGWD1 peaks at the onset
of night and, thus, prior to HvBAM5 (Fig. 7), which is
in line with the idea that phosphorylation by GWD1
prepares insoluble glucans for degradation by b-
amylases (Hejazi et al., 2008). The HvBAM5 gene,
encoding a presumed plastidial enzyme, exhibited
high expression levels in the pericarp with a profile
that was negatively correlated to Suc content (Fig. 9;
Supplemental Table S7). This observation lends support
to a role of HvBAM5 in the degradation of transitory
starch during the night with granular starch and/or
linear maltodextrins as substrate (Fulton et al., 2008;
Radchuk et al., 2009). Moreover, activation of HvBAM5
by Suc starvation at the end of the night contrasted to
the activity of genes involved in the initial metabolism
of Suc, such as HvCWINV1, HvSUT2, and HvSTP1
(Fig. 7).

Little is known about HXK function in barley de-
spite its enrollment in sugar signaling and targeting of
carbon into downstreammetabolic pathways (Rolland
et al., 2006). Although at least seven HvHXK genes are
encoded in the barley genome (E. Mangelsen, unpub-
lished data), only HvHXK1 followed a distinct diurnal
expression profile with high transcript levels at night
(set 2; Fig. 7). Interestingly, HvHXK1 and HvHXK2
transcripts showed exclusive expression in pericarp
tissues (Table I; Supplemental Table S8).

Sugar Signaling Networks May Cause Diurnal
Regulation of a Large Subset of Genes in the

Barley Caryopsis

A total number of 882 DE gene expression profiles
exhibited positive or negative correlation to sugar
levels (Fig. 5; Supplemental Table S7). Hence, a sig-
nificant fraction of those genes might act downstream
of, or participate in, a sugar-dependent signaling
cascade. In Arabidopsis seedlings, more than 4,000
diurnally fluctuating genes are affected by changing
Suc levels and many of the rapidly Suc-induced or
-repressed genes correlate either positively or nega-
tively to diurnal Suc levels (Blasing et al., 2005; Osuna
et al., 2007).

As expected, positive correlation to Suc was found
for genes encoding enzymes in the starch biosynthetic
pathway (Supplemental Table S7) and for genes in-
volved in Suc transport. The Suc transporter HvSUT1
is thought to play a central role in the determination of
endospermal Suc levels, while the role of its paralog
HvSUT2, which is expressed in all parts of the cary-
opsis, is yet unknown (Weschke et al., 2000; Endler
et al., 2006; Thiel et al., 2008). Expression of HvSUT2
peaked when Suc levels were at a maximum and

Figure 8. Diurnal gene expression in suborgan tissues of the caryopses.
A, The total number of genes that were expressed in the suborgans
pericarp, endosperm, and embryo are shown in blue, red, and yellow,
respectively. Subsets of genes that were exclusively expressed in one
suborgan are shown in light-shaded colors. Diurnally expressed genes
are depicted in dark-shaded colors. B, Venn diagrams depicting the
exclusive and intersecting suborgan-specific and diurnally regulated
genes.
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expression levels of HvSUT1 were at a transient min-
imum. Thus, we speculate that in times of excess Suc,
HvSUT2 facilitates a redirection of the Suc flux into
suborgans other than the endosperm (Fig. 7). Coex-
pression of HvSUT2 and the fructan biosynthesis
genes Hv6-SFT and Hv1-FEH suggests a concerted
role for an intermediate carbon storage in vacuoles to
provide sink strength of the caryopsis (Vijn and
Smeekens, 1999). The positive correlation of Hv6-SFT
and Hv1-FEH and Suc further indicates that these
genes are Suc inducible also in sink organs, as de-
scribed previously for leaves (Nagaraj et al., 2005).

Finally, more than 240 genes were found to correlate to
kestose levels, and several of these genes are likely to
be involved in fructan metabolism.

We notice that several genes with negative correla-
tion to Suc encode photosynthesis-related proteins,
which highlights the inhibitory effect of Suc on pho-
tosynthesis (Pego et al., 2000). Other negatively corre-
lated genes are glycosyl hydrolases with b-glucosidase
activities and glycosyl hydrolases that presumably act
on Man and Xyl (Supplemental Table S7). This implies
hemicellulose degradation at low Suc levels and sup-
ports the idea of hemicellulose and cellulose mobili-
zation to supply energy under Suc-limiting conditions
(Contento et al., 2004; Hoch, 2007; Lee et al., 2007).
Anticorrelation of profiles for several transcription
factors and kinase genes with Suc levels supports the
idea that the absence of Suc as the main energy-
providing carbon molecule, rather than its presence,
has an impact on cellular signaling (Blasing et al.,
2005).

Nitrogen Signaling May Regulate Gene Expression in
Developing Caryopses of Barley

In accordance with the pronounced diurnal fluctu-
ations of the major transport forms of amino acids,
Gln, Glu, Asn, and Asp, we identified several genes
related to their metabolism to undergo strong diurnal
fluctuations (Supplemental Tables S2 and S5). Whether
this hints at a dual function of these amino acids, as
both substrates for protein biosynthesis and signaling
molecules, is unclear and needs to be addressed by
further investigation as, generally, most of the predic-
ted nitrogen and carbon/nitrogen signaling matrices
in plants are still far from being resolved (Lam et al.,
1995; Coruzzi and Zhou, 2001; Zheng, 2009). Never-
theless, we found five genes for amino acid permeases
(AAPs) to be diurnally regulated, out of which three
showed a strong correlation to Gln and Glu levels
(Supplemental Tables S2 and S7). The diurnal and
spatial expression profiles of AAP genes are diverse,
and further studies are required to unravel their
potential roles in the control of amino acid levels in
the developing seeds, as recently described for ortho-
logous AAPs in Arabidopsis and pea (Pisum sativum;
Weigelt et al., 2008; Sanders et al., 2009). In addition to
amino acids, phloem-derived peptides contribute sig-
nificantly to the nitrogen status and regulate develop-
ment in developing seeds (Miranda et al., 2003; Li
et al., 2009). The diurnal expression of 11 peptide
transporter genes points at a tight diurnal control of
the nitrogen status in seeds via peptide import (Sup-
plemental Table S3). Finally, the observed positive
correlation of a potential ortholog to TIMING OF CAB
EXPRESSION1 (Contig11872_at) and Glu (Supple-
mental Table S7) raises the question of whether there
is a link between nitrogen and circadian signaling in
barley caryopses, as postulated previously for Arabi-
dopsis leaves (Gutierrez et al., 2008).

Figure 9. Presence of transcripts in four different tissues of the devel-
oping barley caryopsis. Normalized transcript abundance of selected
genes was determined by qPCR. Expression levels in endosperm,
pericarp, husk, and embryo tissues are shown. Results are displayed for
genes coding for the following proteins: WRKY transcription factor 41
(HvWRKY41), b-amylase 5 (HvBAM5), isoamylase 1 (HvISA1), glucan,
water dikinase 1 (HvGWD1), isoamylase 3 (HvISA3), plant glycogenin-
like starch initiation protein 1 (HvPGSIP1), isoamylase 2 (HvISA2),
plant glycogenin-like starch initiation protein 2 (HvPGSIP2), limit
dextrinase (HvLD), and WRKY transcription factor SUSIBA2
(HvWRKY46).
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Embryo Development Genes Undergo

Diurnal Regulation

A noteworthy feature of the list of DE genes (Sup-
plemental Table S1) is the overrepresentation of genes
potentially crucial to embryo development, such as
putative orthologs to so-called embryo-defective
(EMB) and maternal effect embryo arrest (MEE) genes
from Arabidopsis (Tzafrir et al., 2004). Indeed, a min-
imum of 21 genes, which could be linked to embryo
development via their annotations, were found to
exhibit diurnal expression patterns. While all MEE-
like DE genes found have unknown functions, the
protein products of several EMB-like DE genes have
enzymatic activities in nucleotide and amino acid
biosynthesis. Others are described as constituents of
the nuclear pore and the proteasome complex, under-
lining their pivotal cellular roles. Interestingly, the
majority of embryo developmental genes fall into sets
3 and 2, with eight and four genes, respectively (Sup-
plemental Table S3). This suggests that processes vital
for embryo development are mainly activated during
the late light period or at night (expression peaks of
sets 3 and 2, respectively). In line with this notion, only
two embryo development-related genes are found in
set 6 and none in set 5, clusters characterized by low
expression levels at late day and night times.

Additionally, a minimum of 11 LEA genes were
diurnally expressed. Strikingly, seven LEA genes clus-
ter into set 6, whereas the other clusters contain only
one or even not a single LEA gene (Supplemental
Table S3). The trajectories of set 6 genes suggest that
LEA gene expression and, hence, the accumulation of
storage proteins preferably occur at times of maximum
photosynthate supply, starting immediately after the
onset of light. In addition, one of the long-term func-
tions of LEA proteins is the induced desiccation toler-
ance of seeds (Battaglia et al., 2008); therefore, it is

tempting to speculate that LEA proteins are enrolled in
a diurnal, thus short-term, protection against potential
temperature or drought stresses in developing seeds.

Global Gene Expression in Barley Caryopses Suggests
Different Phases of Diurnal Adaptation to
Environmental Input Factors

Finally, we tried to summarize our findings on the
predominant functional processes and corresponding
genes in Figure 10, which provides a better overview
of the network of several interconnected phases of
diurnal gene expression.

At the end of the dark phase, depleted pools of
sugars and many amino acids as well as low expres-
sion of genes involved in phloem unloading, such as
HvCWINV1 and HvSTP1(Weschke et al., 2003), are
characteristic for a phase of starvation. This is suppor-
ted by the induced expression of HvBAM5 as a poten-
tial central player in starch degradation. In contrast,
during the late light and early dark phases, metabolite
pools are saturated and expression of genes related to
protein metabolism, storage starch biosynthesis, cell
wall expansion, and embryo development are indica-
tive of extensive cell growth and storage compound
accumulation (sets 2 and 3). Interestingly, we see
indications for the existence of priming in barley
caryopses, as altered gene expression of genes im-
paired in cellular signaling in sets 1 and 4 occurred in
anticipation of dawn and dusk rather than in response
to changes in light conditions (Davis and Millar, 2001).
An involvement of the circadian clock in the regula-
tion of gene expression in barley caryopses is further
suggested by the expression of a putative ortholog of
the potential central circadian regulator gene LATE
ELONGATED HYPOCOTYL (Contig3875_s_at) in set
1, which was negatively correlated to the evening

Figure 10. Schematic overview of the diurnal expressional trends in developing caryopses of barley. Functional groups of DE
genes with high transcript levels at the investigated times of the day, summarized as morning, midday, and evening, are depicted
as blue boxes. The length of the blue boxes is indicative for the duration of high expression levels over just one or several
investigated time points that are indicated at the bottom of the model. Five phases of diurnal adaptation, named starvation and
priming, energy collection and carbon fixation, light protection and chaperone activity, storage and growth, and embryo
development, were defined and are indicated in italics.White and gray areas depict light and dark phases of the day, respectively.
LEA, Late embryo abundant proteins; TF, transcription factors.

Mangelsen et al.

28 Plant Physiol. Vol. 153, 2010



genes GIGANTEA (Contig5247_at) and PHYTO-
CLOCK1/LUX ARRHYTHMO (Contig13480_at; Yakir
et al., 2007) contained in set 4.
During the early light phase and aroundmidday, the

induced expression of genes involved in photosynthe-
sis and transient starch and fructan biosynthesis
prompts the assumption that incoming light signals
and metabolite availability regulate gene expression
(sets 5 and 6). Indeed, the biosynthesis of fructans
plays an important role in carbon partitioning in
leaves by buffering the excess Suc that is produced
during times of maximum photosynthesis (Pollock
et al., 2003), and a similar function might exist in
caryopses. Expression of heat stress-related genes is
typical during the middle of the day and highlights
their possible dual roles: on the one hand, they are
involved in the heat stress response; on the other hand,
they play roles in general cellular processes as chap-
erones in higher order complexes (Bosl et al., 2006;
Rajan and D’Silva, 2009). A similar dual functionality
for genes related to other stresses has previously been
suggested (Kreps et al., 2002).

CONCLUSION

To the best of our knowledge, this study provides
the first global monitoring of diurnal fluctuations in
gene expression in a developing cereal seed. On the
basis of the experimental work and meta-data analy-
sis, we conclude that all suborgans are subject to
diurnal regulation. This regulation includes processes
such as phloem unloading, embryo development, and
biosynthesis of storage products, which are indepen-
dent of the photosynthetically active tissues. Thus, in
addition to available developmental and spatial gene
expression data published by Sreenivasulu et al.(2008)
and Radchuk et al.(2009), the diurnal data set presen-
ted here adds a third dimension of complexity to the
regulation of gene expression in the barley caryopsis.
The combined use of the three available data sets aids
the understanding of the function and interplay of
thousands of genes expressed in a barley seed, which
provides a model for other cereal crops.

MATERIALS AND METHODS

Plant Growth, Identification of Developmental State,
Harvest, and Pooling Strategies

Barley plants (Hordeum vulgare ‘Golden Promise’) were grown in a green-

house with automated shading in soil in pots of 10 cm diameter with

additional lighting from xenon light bulbs (15 h of light [6:00 AM–9:00 PM]

and 9 h of dark [9:00 PM–6:00 AM], 22�C–24�C, and 40% relative humidity). The

age of the caryopses was determined as described by Weschke et al. (2000).

Spikes were labeled at the onset of anthesis and harvested 12 d.p.a. Five

adjacent caryopses to the spikelet used for the determination of age were used

for the studies. At each time point, a total of 30 caryopses of spikes from six

different plants (five each) were harvested. Awns (i.e. the projection of the tip

of the lemma) and possibly still adhesive anthers were removed from the

caryopsis before freezing it in liquid nitrogen. To allow for rapid harvesting

(30 s per spike) and to avoid wounding-induced gene expression, the

remaining parts of the husk were not removed from the caryopsis. Caryopses

of individual plants were homogenized in liquid nitrogen. Tissue powder of

homogenized caryopses of three plants was pooled and used for RNA

extraction.

Microarray Hybridization

RNA extraction of caryopses was performed as described by Singh et al.

(2003). Briefly, 100 mg of pooled homogenized plant material was mixed with

900 mL of sarcosyl buffer (1% sodium lauryl sarcosinate, 0.1 M Tris-HCl, pH

7.5, 0.1 M NaCl, 20 mM EDTA, and 50 mM b-mercaptoethanol), and purification

of nucleic acids was done by three steps of phenol:chloroform:isoamyl alcohol

(25:24:1) extractions. Precipitation of nucleic acids was performed with

sodium acetate (pH 5.2) and 1 volume of isopropanol. After centrifugation,

sediment was washed with ethanol and purified RNA was dissolved in

diethyl pyrocarbonate-treated water. Incubation at 65�C for 5min, followed by

centrifugation at 4�C, was performed to remove residual high-Mr polysac-

charides. The obtained RNA solution was purified following the RNeasy

(Qiagen) cleanup protocol. RNA quantity and integrity were assessed using

the RNA 6000 Nano LabChip Kit and BioAnalyzer software (Agilent).

Two independent samples of 1 mg of total RNA were used to synthesize

amplified complementary RNA (cRNA; MessageAmp II aRNA Amplification

Kit; Ambion). After fragmentation of cRNA using the RNA Fragmentation

Reagents (Ambion), the cRNA was hybridized to Affymetrix Barley1 Gene-

Chips. Hybridization and scanning of the GeneChips were performed

according to the manufacturer’s instructions.

Data Processing

The Affymetrix CEL files were imported into GeneSpring software version

7 (Agilent Technologies). The data discussed in this publication have been

deposited in the National Center for Biotechnology Information Gene Ex-

pression Omnibus (Edgar et al., 2002) and are accessible through Gene

Expression Omnibus series accession number GSE20034 (http://www.ncbi.

nlm.nih.gov/geo/query/acc.cgi?acc=GSE20034). Per-chip normalization to

the median was applied to obtain comparability. The arrays were adjusted for

background optical noise using sequence-dependent robust multiarray aver-

aging (GC-RMA) software and normalized using quantile normalization (Wu

et al., 2004).

Identification of DE genes was performed with LIMMA (P # 0.05) as part

of the R (http://cran.r-project.org/) software package: The GC-RMA sum-

mary file, a design matrix, and a contrast matrix were used as input for

LIMMA all-against-all time point comparisons. After fitting, a decide test was

performed. Multiple testing for control of false discovery rate was conducted

(Benjamini and Hochberg, 1995). Due to a lack of significant present calls (less

than 34%), one replicate was removed from the analysis (6:00 AM, replicate A).

A k-means clustering of the DE genes for six major clusters was conducted,

where clusters converged after 28 iterations. To independently validate the

number of k-means clusters, the figure of merit was computed using MeV

(Saeed et al., 2003) with varying settings and both Euclidean distance and

Pearson correlation.

The principal component analysis was performed with mean centering on

DE genes as input. Principal component analysis, hierachical clustering, and

k-means clustering were conducted with GeneSpring software version 7

(Agilent Technologies).

Annotations of the Barley1 GeneChip were updated from the HarvEST

database (version 1.73) with a stringency set to a minimum of 11 matching

probes (Close et al., 2007).

A functional categorization using GO terms was performed on The

Arabidopsis Information Resource Web site using the best BLAST matches

for Arabidopsis (Arabidopsis thaliana) retrieved from the HarvEST annotation

tool. Percentages of all functional categories in the different gene lists were

calculated in Excel. For the significant overrepresentation or underrepresen-

tation of a particular GO category, the P values were calculated using the

hypergeometric distribution in regular spreadsheet analysis programs. The

GO categories of the universe (all present genes with orthologs to Arabidop-

sis) were compared with the sampling distribution of the respective gene lists.

The MapMan software version 2.2.0 was used to annotate functional BINs

of barley genes. The mapping file for the Barley1 GeneChip was downloaded

from the MapMan Web site (http://gabi.rzpd.de/projects/MapMan/). De-

fault settings were used to perform an uncorrected Wilcoxon rank test.
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Comparison with Data Sets of Barley Maturating

Grains (Meta-Analysis)

The Affymetrix CEL file GSE9365 (Sreenivasulu et al., 2008) was retrieved

from the Gene Expression Omnibus database at the National Center for

Biotechnology Information (http://www.ncbi.nlm.nih.gov/geo/) and impor-

ted into GeneSpring software version 7. The arrays were adjusted for back-

ground optical noise using GC-RMA software and normalized using quantile

normalization. Genes are considered to be expressed in the caryopsis in cases

where normalized signal intensities were 50 or higher in at least one of the

time points and one of the tissues.

Evaluation of gene expression in the pericarp, endosperm, or embryo was

conducted for the 4- and 8-d.p.a. data sets only. To identify genes that are

exclusively expressed in the pericarp, the endosperm, or the embryo, we

performed a subtractive approach. First, the signal intensities were normal-

ized to the mean expression. Second, all DE genes required at least a 3-fold

difference from the mean expression in at least one of the time points for each

of the tissues independently. Third, the DE genes from all tissues were

subsequently subtracted from the expressed genes of the tissue under inves-

tigation.

Independent from the above procedures, significantly regulated genes in

one of the caryopsis tissues were identified with LIMMA (P # 0.05) as part of

the R (http://cran.r-project.org/) software package. Multiple testing for

control of false discovery rate was conducted (Benjamini and Hochberg, 1995).

Data sets were derived for each of the different tissues (DE genes and

tissue-specific genes) and subsequently compared with our DE genes (Sup-

plemental Table S8).

Metabolite Extraction

For HPLC sample preparation, pooled plant material of three caryopses

from two plants was lyophilized. Powdered samples (35 mg) were taken up in

400 mL of methanol solution (80%), incubated at 60�C for 10 min, and

centrifuged at 13,000g for 15 min at 4�C. The resulting supernatant was

transferred to a new vial. This extraction procedure was repeated, resulting in

a final volume of 1,200 mL. The extract was split into 2 volumes of 600 mL and

vacuum dried (samples A and B). Sample Awas used for sugar analysis. The

dried pellet was dissolved in 250 mL of Milli-Q water and centrifuged (1 min,

13,000g, 4�C). The resulting supernatants were filtered through a 0.22-mm

Millex-GV filter. Tenfold dilutions were used for the measurement of Suc, Fru,

Rib, and kestose. One hundred-fold dilutions were used for the measurement

of Glc. Sample B was used for amino acid analysis. The dried pellet was

resuspended in 138 mL of lithium diluent (Pickering Laboratories). As an

internal standard, 12 mL of a 2.5 mM norleucine solution was used. Samples

were centrifuged (1 min, 13,000g, 4�C), and the resulting supernatants were

filtered through 0.22-mm Millex-GV filter.

All samples (A + B) were stored at –20�C. Quantification of amino acids

and sugars by HPLC was carried out as described by Pilot et al. (2004) and

Horak et al. (2008).

Metabolite contents of three independent samples were normalized to the

median, and the SD was calculated. Identification of significant fluctuations in

metabolite content was performedwith LIMMA (P# 0.05, P# 0.01, P# 0.001)

as part of the R (http://cran.r-project.org/) software package, with raw data

of the metabolite levels as input. Next, metabolite data were converted into

trajectories over time. A Pearson correlation to the normalized expression

profiles was performed to identify genes with a correlation coefficient of

greater than 0.8.

qPCR

For detection of transcripts at suborgan resolution, caryopses were

harvested at the middle of the day and samples of endosperm, pericarp,

husk, and embryo were hand dissected. Caryopses at 8 d.p.a. were used to

harvest pericarp samples to enable separation from aleurone layers. All

remaining suborgans were harvested at 12 d.p.a. Material of 15 caryopses was

pooled prior to RNA extraction. RNAwas extracted using the Spectrum Plant

Total RNA Kit (Sigma-Aldrich). RNA quantity and integrity were assessed as

described for microarray hybridization.

For each suborgan, three independent samples of 1 mg of RNAwere used

for reverse transcription with an oligo(dT) primer for first-strand synthesis

and SuperScript III RNase Reverse Transcriptase (Invitrogen). cDNA equiv-

alent to a starting material of 10 ng of total RNA was amplified in 20-mL

reaction volumes using the Dynamo Flash SYBR Green qPCR kit (Finnzymes).

All qPCRs were carried out in an iQ5 Real-Time PCR Detection System (Bio-

Rad) following the manufacturer’s instructions. Reaction conditions were as

follows: initial denaturation at 95�C for 7 min, followed by 40 cycles of 95�C
for 10 s and annealing/extension at 60�C for 30 s, followed by final extension

at 60�C for 1 min. A melting curve was obtained by gradually increasing the

temperature from 60�C to 98�C in steps of 0.5�C and 10 s of ramp time.

Forward and reverse primers are listed in Supplemental Table S9. A cDNA

pool of all samples was analyzed for a standard dilution series to monitor the

qPCR efficiency for each particular primer pair. Based on a geNorm analysis

(Vandesompele et al., 2002), tubulin, HSP70, and cyclophilin were chosen as

multiple reference genes for further quantification of gene expression. Math-

ematical operations on qPCR data were performed with regular spreadsheet

analysis using Microsoft Excel.
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The following materials are available in the online version of this article.

Supplemental Figure S1. Verification of microarray data by qPCR.

Supplemental Figure S2. Principal component analysis of the data set.
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Supplemental Table S4. Overlap of principal components and k-means
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performed in MapMan.

Supplemental Table S6. Contents of sugars and amino acids in caryopses

of barley at 11 to 12 d.p.a.

Supplemental Table S7. List of genes that were positively or negatively

correlated to sugars and amino acids.

Supplemental Table S8. Presence of transcripts in the different suborgan

tissues of the caryopsis.

Supplemental Table S9. List of primers used for qPCR experiments.
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