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The network analysis of genome-wide transcriptome re-
sponses, metabolic signatures and enzymes’ relationship to
biomass formation has been studied in a diverse panel of 12
barley accessions during vegetative and reproductive stages.
The primary metabolites and enzymes involved in central
metabolism that determine the accumulation of shoot bio-
mass at the vegetative stage of barley development are pri-
marily being linked to sucrose accumulation and sucrose
synthase activity. Interestingly, the metabolic and enzyme
links which are strongly associated with biomass accumula-
tion during reproductive stages are related to starch accu-
mulation and tricarboxylic acid (TCA) cycle intermediates
citrate, malate, trans-aconitate and isocitrate. Additional
significant associations were also found for UDP glucose,
ATP and the amino acids isoleucine, valine, glutamate and
histidine during the reproductive stage. A network analysis
resulted in a combined identification of metabolite and
enzyme signatures indicative for grain weight accumulation
that was correlated with the activity of ADP-glucose pyro-
phosphorylase (AGPase), a rate-limiting enzyme involved in
starch biosynthesis, and with that of alanine amino transfer-
ase involved in the synthesis of storage proteins. We propose
that the mechanism related to vegetative and reproductive
biomass formation vs. seed biomass formation is being
linked to distinct fluxes regulating sucrose, starch, sugars
and amino acids as central resources. These distinct bio-
markers can be used to engineer biomass production and
grain weight in barley.

Keywords: Biomass � Central metabolism � Hordeum
vulgare L � Metabolomics � Systems biology � Transcriptomics.

Abbreviations: MS, mass spectrometry; TCA, tricarboxylic acid.
The complete list of abbreviations for metabolites, amino acids
and enzymes is presented in Supplementary Table S2.

Introduction

Graminaceous plants including wheat (Triticum aestivum L.),
rice (Oryza sativa L.), sorghum (Sorghum bicolor L.) and barley
(Hordeum vulgare L.) deliver a major part of the food resources

needed for human societies. Due to their constituents and their
large acreage, the dual use of these plants as a future food
source for human and animals and as biomass energy crops
has attracted considerable attention (McLaren 2005). In par-
ticular, the composition of cell wall and storage carbohydrates
differs markedly in cereals and other grass species from those in
dicotyledonous plants. The cell wall of grasses contains more
heteroxylan and less pectin or xyloglucan compared with the
cell walls of other higher plants (Fincher 2009; reviewed in
Burton and Fincher 2014). In addition, the major storage carbo-
hydrate in cereals is fructan, and there is less starch which is the
most common transitory storage compound in dicotyledonous
plants. All these features and the importance of grasses as pos-
sible biomass energy crops make them feasible targets for a
thorough identification of possible candidate genes determin-
ing biomass. Here, barley was used as a model crop that is a
potential dual-use energy plant and exhibits a large genetic
diversity (Hordeum vulgare L.) with different biomass perform-
ance and growth habit. In Europe, Germany in particular is one
of the largest barley-producing countries (http://faostat.fao.
org) and the largest producer and user of biomass fuel. Thus,
barley can be used as a model crop plant due to its genetic
resources, and its comparatively simpler genome from which
knowledge can be transferred to other food crops where the
straw could have a second use, e.g. wheat or sugar sorghum
(sorghum). One way to improve yield and composition is by
investigating the metabolic status of a plant.

This is because the metabolic status of a plant reflects the
balance between growth and assimilate storage (Meyer et al.
2007, Aharoni and Brandizzi 2012). A more predictive under-
standing of the many and complex inter-relationships deter-
mining the constitution of the metabolome is becoming
possible with the elaboration of technology platforms which
permit the simultaneous analysis of large numbers of metabol-
ites (Fernie and Schauer 2009). Associations between growth
rate and a subset of metabolites have been determined in
Arabidopsis thaliana by performing interecotype comparisons
(Meyer et al. 2007, Sulpice et al. 2013). Genetically determined
variation in metabolite content can be generated by changes in
the activity of one or more enzymes, allowing for the means to
link changes in metabolite content to defined allelic variation
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(Keurentjes et al. 2008). In maize, the level of activity of certain
enzymes associated with central carbon or nitrogen metabol-
ism has been correlated with grain weight accumulation (Zhang
et al. 2010), and similarly that of photosynthetic enzymes has
been correlated with biomass accumulation in A. thaliana
(Sulpice et al. 2010).

Global transcriptomic analysis has uncovered a wealth of
knowledge concerning the diurnal variation in gene transcrip-
tion (Covington et al. 2008). It has also aided the identification
of numerous transcription factors responsible for the regulation
of genes encoding key enzymes in carbon and nitrogen metab-
olism (Sreenivasulu and Wobus 2013). In addition, the identi-
fication of various metabolites involved in central metabolism
that includes assimilation, respiration, transport and differenti-
ation processes deciphered the importance of metabolites for a
possible improvement of plant growth and development (Lisec
et al. 2008, Fernie and Schauer 2009, Wen et al. 2015). By inte-
grating transcriptomic- and metabolomic-based data, a
number of potential targets has been identified as the means
to manipulate fruit composition in tomato (Carrari et al. 2006)
and similarly to recognize A. thaliana genes important for bio-
mass formation during its vegetative phase (Meyer et al. 2007).
As yet, such a comprehensive study that includes different
omics tools combined with various developmental stages has
not been attempted to analyze the genetic basis of biomass
accumulation in the cereals.

The present research aims to determine whether the rate of
biomass accumulation shown by the barley plant could be
correlated with its metabolic composition, to identify which
metabolites, enzymes and/or genes are important in directing
the plant to accumulate specific storage compounds, and to
explore which metabolic pathways may present feasible targets
for modification with the aim of increasing biomass and/or
grain yield.

To fulfill these aims, we used a comprehensive and integra-
tive approach investigating the metabolic-, enzymatic- and
transcript-related traits among contrasting barley genotypes
at three different developmental stages. We identified meta-
bolic and/or transcript signatures highly indicative for biomass
formation and elucidated the connection between metabolites,
enzymes and transcripts in central metabolism. The profiles of
metabolites, enzymes and genes were analyzed to comprise key
metabolic pathways or processes during the formation of shoot
and seed biomass in barley as a cereal model plant.

Results

Phenotypic variation of shoot biomass

In order to identify barley lines contrasting in their shoot bio-
mass for further experiments, shoot biomass was determined at
three different developmental stages of a micropanel of 12 con-
trasting barley lines which showed a maximum genotypic vari-
ation for shoot biomass evaluated in a pre-experiment under
field trial conditions (Supplementary Table S1). The accumu-
lated biomass of the panel of 12 barley entries is shown in
Supplementary Fig. S1. The performance of the entries

varied significantly (P< 0.01) with respect to shoot biomass
at the vegetative, reproductive and grain ripening stages. The
best performing entries were HOR216, cv. Scarlett, HOR4730,
HOR3909 and HOR7410, while the poorest was S42IL107. The
differences were consistently exhibited at each growth stage,
except in the case of S42L107 (Supplementary Fig. S1).

In the following sections, we then profile metabolites and
enzyme activities in detail in this panel at three stages, namely
at the vegetative tillering stage, at the reproductive stage and at
anthesis. In each stage, we determine whether certain metab-
olites are indicative of biomass at the same stage. In addition we
build correlation networks to unravel interactions between me-
tabolites potentially indirectly driving biomass.

Metabolites and enzymes linked to shoot biomass
accumulation at the vegetative stage (tillering,
BBCH29)

To elucidate which primary metabolites and enzymes involved
in central metabolism might determine the accumulation of
shoot biomass at the vegetative stage of barley development,
metabolite profiling and enzyme activity measurements were
carried out. The Pearson correlation analysis outcomes are
listed in Supplementary Table S3 and illustrated graphically
in Fig. 1. Large sections of metabolite and enzyme groups are in
light to dark brown colors reflecting the association regions of
metabolic traits with similar chemical structures such as glu-
cose-6-phosphate (Glc6P) and fructose-6-phosphate (Fru6P).
The Calvin cycle enzymes plastidic fructose-1,6-bisphosphatase
(pFBPase) and plastidic glyceraldehyde-3-phosphate dehydro-
genase (pGAPDH) displayed 13 connections, the glycolytic
enzyme phosphofructokinase (PFK) six connections and the
tricarboxylic acid (TCA) cycle enzyme isocitrate dehydrogenase
(ICDH) seven connections. A total of 168 direct links were
identified between metabolite content and enzyme activity
(P< 0.05); however, there were seven connections noted be-
tween an enzyme’s activity and the amount of its substrate or
product present. An example of such a positive link was be-
tween the glycolysis enzyme phosphofructokinase and its sub-
strate fructose-6-phosphate.

Among the metabolites associated with shoot biomass ac-
cumulation were sucrose (Suc) (+0.80), pyruvate (Pyr) (+0.60),
fructose-6-phosphate, glucose-1-phosphate (Glc1P) (–0.62),
UDP glucose (UDPGlc) (–0.75), citrate (Cit) (–0.57), isocitrate
(Isocit) (–0.57), glutamate (Glu) (–0.71), lysine (Lys) (–0.59),
glycine (Gly) (–0.62), valine (Val) (–0.59) and serine (Ser) (–
0.65) (Fig. 1, marked in dark brown).

Seven enzymes were significantly correlated with shoot bio-
mass accumulation: these were the two sucrose-degrading en-
zymes sucrose synthase (Susy) (+0.80) and cell wall invertase
(CWInv) (–0.61), the two Calvin cycle enzymes plastidic fruc-
tose-1,6-bisphosphatase (–0.65) and glyceraldehyde-3-phos-
phate dehydrogenase (–0.64), the two glycolytic enzymes
phosphofructokinase (–0.75) and pyruvate kinase (PK) (–
0.75), and the nitrogen metabolism enzymes phosphoenolpyr-
uvate carboxylase (PEPC) (–0.69) and aspartate aminotransfer-
ase (AspAT) (–0.58) (Fig. 1, marked in medium dark brown).
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Network correlation analysis of different
metabolites and enzymes in shoots at the
reproductive stage (anthesis, BBCH65)

To find specific correlations between metabolites and enzyme
activities in barley shoots at the reproductive developmental
stage, network correlation analysis was performed. The re-
sults highlighted 658 positive (shown as blue edged in
Supplementary Fig. S2A) and 68 negative (red-edged) correl-
ations between metabolite contents and enzyme activities
in the flag leaf post-anthesis; the full set is listed in
Supplementary Table S4. The largest connections concerned
the TCA cycle intermediates citrate, malate (Mal), trans-aconi-
tate (Tacnt) and isocitrate, UDP glucose, ATP and the amino
acids isoleucine (Ile), valine, glutamate and histidine (His)
(Supplementary Fig. S2A). When the correlation network ana-
lysis was applied to the enzymes involved in various metabolic
pathways, the strongest enzyme/enzyme correlation proved to
be between isocitrate dehydrogenase (TCA cycle) and aspartate
aminotransferase (nitrogen metabolism), and between the
two sucrose metabolism enzymes sucrose synthase and phos-
phoglucomutase (PGM) with ADP-glucose pyrophosphorylase
(AGPase), the key enzyme in starch synthesis (Supplementary
Fig. S2B; Supplementary Table S4). Aspartate aminotransfer-
ase and alanine aminotransferase (AlaAT) were strongly corre-
lated with isocitrate dehydrogenase and phosphoenolpyruvate,

while sucrose synthase was negatively correlated with ADP-glu-
cose pyrophosphorylase, phosphoglucoisomerase (PGI), phos-
phoglucomutase, plastidic fructose-1,6-bisphosphatase and
cytosolic aldolase (cAldolase) (Supplementary Fig. S2B,
marked in red). The amino acids asparagine (Asn), glutamate
and glutamine (Gln) were strongly correlated with the enzyme
alanine aminotransferase (Supplementary Fig. S2A). Other
notable correlations were found for citrate and galactose
(Gal) that correlated with the enzyme glutamine oxoglutarate
aminotransferase (GOGAT) involved in nitrogen metabolism
(Supplementary Fig. S2B).

Metabolites and enzymes required for shoot
biomass accumulation at anthesis (BBCH65)

The anthesis phase is characterized by a rearrangement of
metabolic pathways. Thus, specific metabolites and enzymes
required for shoot accumulation at the anthesis stage were
identified. A set of 24 metabolites was identified as being asso-
ciated with shoot biomass accumulation around the time of
anthesis (Fig. 2A; Supplementary Table S4). These included
the TCA cycle intermediates malate (r-value +0.74), succinate
(Succ) (+0.67), trans-aconitate (Tacnt) (+0.70), cis-aconitate
(Cacnt) (+0.57), fumarate (Fum) (+0.64) and isocitrate
(+0.72) and the amino acids valine (+0.72), isoleucine (Ile)
(+0.67), methionine (Met) (+0.66) and aspartate (Asp)

Fig. 1 A heat map illustrating correlations between metabolite content and biomass at the vegetative stage. The colored squares indicate a
correlation of either enzyme activities (medium brown) or metabolites (light and dark brown) with biomass (green). Only significant
(P-value< 0.05) correlations have been presented. Positive and negative correlations are colored, respectively, in red and blue. The full
names and abbreviations of the enzymes and metabolites are presented in Supplementary Tables S2 and S3.
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(+0.78) (Fig. 2A, lower panel marked in blue). Of the 22 en-
zymes identified, the activity of four, namely phosphoglucoi-
somerase (+0.58), phosphoglucomutase (+0.64), plastidic
aldolase (pAldolase) (+0.68) and cytoplasmic fructose-1, 6-
bisphosphatase (cFBPase) (+0.69), was positively correlated
with shoot biomass (Fig. 2B, upper panel marked in blue;
Supplementary Table S4).

Differential transcription of genes determining
biomass formation in the shoot during the
reproductive stage

As we had determined that some general metabolic–enzymatic
signatures were related to biomass, we wanted to explore this
further based on the expression signatures in barley shoots at
the reproductive stage. To address this aim, we selected the two
most contrasting entries, namely HOR216 (highest biomass ac-
cumulator; Supplementary Table S2) and S42IL107 (lowest
biomass accumulator; Supplementary Table S2) and per-
formed detailed transcriptome analysis. These were subjected
to a transcriptomic comparison based on the Agilent 56K
microarray, focusing on genes involved in carbohydrate,
energy and nitrogen metabolism (Supplementary Fig. S1). In
the leaves, this analysis revealed the differential transcription of
1,512 genes (1,278 higher in HOR216 and 234 in S42IL107); of
these, 131 and 177, respectively, were associated with primary
metabolism (Supplementary Fig. S3A; Supplementary Table
S5). Genes prominent in the light reaction and the Calvin cycle
were significantly over-represented (Fig. 3, right panel;

Supplementary Table S5). The latter included genes encoding
transketolase (TK), plastidic fructose-1,6-bisphosphatase,
triose-phosphate isomerase (TPI), sedoheptulose bisphospha-
tase (SBP) and phosphoglycerate kinase (PGK), which were all
more abundantly transcribed in HOR216, and fructose 1,6-
bisphosphate aldolase and ribose 5-phosphate isomerase
(RPI), which were both less abundantly transcribed (Fig. 3).
Genes associated with carbohydrate (CHO) metabolism were
also significantly over-represented (Fig. 3). Large fold differ-
ences in transcript abundance were recorded for genes asso-
ciated with aromatic amino acid metabolism: 19 such genes
were transcribed more abundantly in HOR216 by up to 2.6-
fold, while the two less abundantly transcribed genes differed in
abundance by up to 7.0-fold (Fig. 3, upper panel, left side).

The relationship between shoot biomass,
transcript abundance and enzyme activity

Here, a correlation analysis was performed to find the relation-
ship between identified transcripts and the measured enzyme
activities. Applying a stringent criterion (r-value >+0.70 or
<–0.70), a subset of 933 transcripts was selected to correlate
transcript abundance with enzyme activity (22 enzymes) and
shoot biomass at the reproductive stage. The combined net-
work revealed a large number of positive correlations (507 con-
nections) and a lower number of negative ones (262
connections). The activity of phosphoglucoisomerase, alanine
aminotransferase and ADP-glucose pyrophosphorylase was in
each case highly correlated with its encoding gene’s transcript

Fig. 2 Metabolite contents and enzyme activities significantly correlated with shoot biomass accumulation at the reproductive stage. Positive
(red) and negative (blue) correlations with shoot biomass for (A) metabolite content and (B) enzyme activity. The darker color shows the
stronger correlation. The full names and abbreviations of the enzymes and metabolites are presented in Supplementary Tables S2 and S3.
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abundance (Supplementary Table S6). However, only seven
genes were transcribed in accordance with the activity of
ADP-glucose pyrophosphorylase, 6-phosphogluconate de-
hydrogenase (6PGDH), alanine aminotransferase, plastidic
glyceraldehyde-3-phosphate dehydrogenase, cytoplasmic fruc-
tose-1,6-bisphosphatase, phosphoglucoisomerase and phos-
phoglucomutase activity (Table 1).

The relationship between metabolite content,
enzyme activity and grain weight

In order to find out what metabolites or enzymes within central
metabolism are being linked as biomarkers for grain weight as a
final biomass, the relationship between metabolites, enzymes
and grain weight was analyzed. In the young barley grain (15 d
post-anthesis), the strongest metabolite–metabolite connec-
tions were between the structurally similar monosaccharides
fructose (Fru) and glucose (Glc) (r-value +0.95), two fatty
acid-derived compounds hexadecanoic acid (Hxda) and octa-
decanoic acid (Odca) (+0.97), glucose-6-phosphate and fruc-
tose-6-phosphate (+0.76), two TCA cycle intermediates

succinate and malate (–0.83), and starch synthesis compounds
ADP-glucose (ADPGlc) and glucose-1-phosphate (+0.95)
(Supplementary Fig. S4A; Supplementary Table S7). The
levels of ascorbate (Ascb), ATP and sucrose were also promin-
ent (43 connections) in the network (Supplementary Fig.
S4A). Valine and leucine (Leu) were the most connected
amino acids (Supplementary Fig. S4A). The strongest correl-
ation between metabolites and amino acids involved succinate,
isocitrate, citrate and cis-aconitate with glutamate
(Supplementary Fig. S4A). Significant correlations were also
detected between metabolites associated with distinct path-
ways: for instance, fructose and glucose content was negatively
correlated with that of the metabolite oxaloacetic acid (OAA)
and the polyamine putrescine (Put) (Supplementary Fig. S4A).
With respect to the activity of the set of 22 enzymes, the most
highly connected were cytosolic invertase (CytInv) and acid
invertase (AcidInv) (sucrose metabolism), along with phospho-
glucoisomerase and cytosolic fructose-1,6-bisphosphatase (gly-
colysis) (Supplementary Fig. S4B). A weaker connection was
detected for sucrose synthase and phosphoenolpyruvate carb-
oxylase (Supplementary Table S7). The analysis implied that

Fig. 3 Schematic representation of differentially transcribed transcripts in the flag leaf of HOR216 (high biomass producer) vs. S42Il107 (low
biomass producer). The red and dark blue colors represent at least a 4-fold higher transcript abundance and are colored, respectively, in red and
blue. The over-represented transcripts are indicated with red arrows.

1947



the activity of enzymes assigned to sucrose metabolism
(including phosphoglucomutase, phosphoglucoisomerase and
cytosolic and acid invertases) was correlated strongly with
those of the two nitrogen metabolism enzymes glutamine oxo-
glutarate aminotransferase and alanine aminotransferase, and
that of the starch metabolism enzyme ADP-glucose pyropho-
sphorylase (Supplementary Fig. S4B).

Correlations between metabolite content and
grain weight

To evaluate which metabolites and/or enzymes might have a
positive or negative effect on the composition and final weight
of barley grains, the content of metabolites and the activity of
enzymes in seeds were correlated with grain weight (Fig. 4A, B).
The contents of fumarate (r-value –0.72), malate (–0.57), cis-
aconitate (–0.60), citrate (–0.76) and isocitrate (–0.70) were all
negatively correlated, while that of succinate (+0.77) was posi-
tively correlated with grain weight. Other correlations involved
grain weight with the content of isoleucine (+0.70), tyrosine
(Tyr) (+0.71), phenylalanine (Phe) (+0.70) and tryptophan
(Trp) (+0.73), while that of aspartate (–0.65) and glutamate
(–0.76) was negatively correlated. The content of each of the
sugars sucrose (–0.72), ascorbate (–0.84), inositol (Inost)
(–0.81) and ribose-5-phosphate (Rib5P) (�0.67) was also nega-
tively correlated with grain weight. Among the metabolites,
ATP (+0.85) and UDP (+0.66), along with UDP glucose
(+0.61) contents were all positively correlated. Grain weight
was positively correlated with the activity of several enzymes:
ADP-glucose pyrophosphorylase (+0.66), phosphoglucomutase
(+0.65), phosphoglucoisomerase (+0.63), phosphofructokinase
(+0.57) and alanine aminotransferase (+0.74), but negatively
with cytosolic invertase (–0.71).

Identification of differentially transcribed genes
affecting grain weight at the reproductive stage

We next investigated which individual genes correlate with
grain weight by performing a transcriptome analysis on barley
grains at the reproductive stage. The correlation analysis be-
tween the identified genes and grain weight revealed at the
level of transcription a total of 5,067 genes that were differen-
tially abundant between HOR216 and S42IL107 (2,194 higher in
the former and 2,873 higher in the latter). Among these, 207

and 129, respectively, represented genes involved in central
metabolism (Supplementary Fig. S3B; Supplementary Table
S8). The functional enrichment analysis revealed 12 gene clus-
ters for carbohydrate and amino acid metabolism, particularly
featuring sucrose and starch synthesis and starch degradation
(Fig. 5; Supplementary Table S8). Among the 10 genes
involved in starch breakdown were those encoding starch phos-
phorylase (a 2.0-fold difference), triose phosphate translocator
(2.0-fold), b-amylase (15-fold) and starch-binding domain (3.0-
fold). Sucrose phosphate synthase (SPS) transcripts were also
over-represented (Fig. 5).

Combined network of transcripts, enzymes
activities and grain weight

The regulation of the genes at the transcription level does not
necessarily go along with a regulation on the protein level as
proteins can be regulated by post-translational modification.
We therefore performed correlation analysis between tran-
scripts, enzymes and grain weight to evaluate the genes and
proteins being regulated at both levels and which have a pro-
found effect on the grain yield. The combination network incor-
porating enzyme activity, transcript abundance and grain
weight was constructed based on a 933 transcript subset, invol-
ving mainly genes associated with energy, carbohydrate and
amino acid metabolism. The network featured 1,098 associ-
ations, of which 613 were negative and 484 positive
(Supplementary Table S9). Among the enzymes, glutamine
oxoglutarate aminotransferase, cytosolic aldolase and phospho-
glucoisomerase were the ones associated with the highest con-
nectivity (130, 125 and 113 connections, respectively). In
contrast, malate dehydrogenase (MDH) had only one connec-
tion and phosphofructokinase had three. The activity of phos-
phoglucoisomerase and glucose-6-phosphate dehydrogenase
(G6PDH) was positively correlated with the abundance of phos-
phofructokinase (35 6515) and the threonine aldolase
(HVSMEg0009L14r2 at) transcript. Similarly the activity of
ADP-glucose pyrophosphorylase and alanine aminotransferase
was correlated with the abundance of transcript for genes
encoding hydrolase (35 31565) and Cyt b5 (Contig1920 at).
Of the 933 transcripts, only seven genes were transcribed in
accordance with their activity of ADP-glucose pyrophosphor-
ylase, sucrose synthase, glucose-6-phosphate dehydrogenase,

Table 1 Pearson correlation analysis illustrating the relationship between transcript abundance and enzyme activity for enzymes involved in
central metabolism with shoot biomass accumulation during the reproductive stage

Metabolic pathway Enzyme Barley ID Gene annotation r-value P-value

Starch metabolism AGPase HVSMEi0002I05r2 at ADP glucose pyrophosphorylase 0.91 4.00E 05

Pentose phosphate pathway 6PGDH Contig5852 at 6 Phosphogluconate dehydrogenase +0.71 9.00E 03

Nitrogen metabolism AlaAT 35 29082 Alanine aminotransferase +0.78 6.00E 03

Calvin cycle pGAPDH Contig3720 s at Plastidic glyceraldehyde 3 phosphate dehydrogenase +0.73 6.00E 03

Glycolysis cFBPase 35 29225 Cytosolic fructose 1,6 bisphosphatase +0.77 4.00E 03

Sucrose metabolism PGI S0000800188A02F1 at Phosphoglucoisomerase +0.79 2.00E 03

PGM Contig1650 at Phosphoglucomutase +0.83 8.00E 04

Significant positive and negative associations are indicated.
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cytosolic aldolase, pyruvate kinase, isocitrate dehydrogenase
and 6-phosphogluconate dehydrogenase (6PGDH) (Table 2).

Identification of differentially transcribed genes
affecting cell wall composition at the reproductive
stage in shoots and grains

In order to identify the genes involved in other metabolic path-
ways rather than primary metabolism, we evaluated the differ-
entially expressed genes crucial for cell wall biosynthesis in
shoots and grains of barley at the reproductive stage. Cell
wall biosynthesis is a specific feature for cereals differing from
that of non-gramineous plants and therefore an important
target for biomass improvement.

The functional enrichment analysis revealed a gene cluster
for cell wall metabolism, particularly featuring modification,
cellulose and hemicellulose synthesis and cell wall proteins
(Table 4). Among the genes involved in cell wall modification,
endoxylanglucan transferase, some expansins and xyloglucan
endotransglycolyse showed a reverse effect on biomass in
shoots and grains with significant positive or negative correl-
ation (Table 4).

Discussion

Compared with the major effort devoted by breeding programs
to the development and implementation of markers linked to
genes, trait-based biomarkers have been largely neglected.

There have already been attempts to define the metabolomic,
genetic and proteomic basis of shoot biomass in the model
plant A. thaliana (Meyer et al. 2007, Sulpice et al. 2010,
Bollina et al. 2011) and in crop plants to investigate the
growth in tomato fruits (Carrari et al. 2006), the metabolite
distribution in flag leaves of wheat grown in the field and
which experienced terminal drought stress (Hill et al. 2013)
and the leaf metabolites in a diverse maize inbred population
(Riedelsheimer et al. 2012). In the present study, barley was used
as a crop plant and the biomass accumulation was correlated
with different traits including the metabolite composition,
enzyme activity and transcripts at various developmental
stages.

Metabolic traits correlated with shoot biomass
accumulation during the vegetative stage

In the present study, many connections were revealed between
metabolite levels and vegetative growth (Fig. 1). Some of these
matched those identified in the A. thaliana rosette leaf (Sulpice
et al. 2010) and the tomato fruit (Carrari et al. 2006). Some
strong correlations were established between the contents of
sucrose (the major output of photosynthesis), certain amino
acids and glycolytic metabolites (Fig. 1). The metabolic net-
work also featured negative relationships between metabolites
involved in glycerophospholipid synthesis, fatty acid-derived
metabolites, sugar nucleotides and sugar phosphates; this sug-
gested that the biochemical regulation of biosynthetic routes

Fig. 4 (A) Metabolite contents and (B) enzyme activities significantly correlated with grain weight. Positive and negative correlations involving
metabolites are colored, respectively, red and blue. Highly significant correlations are shown in darker colors. Further details are presented in
Supplementary Table S6.
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drives the abundance of these intermediates in opposite direc-
tions as the site of carbon for the synthesis of building blocks for
biomass production (Fig. 1). The observed strong co-regulation
of certain metabolites, despite their being involved in distinct
pathways in the leaf, implies that the modification of certain
metabolic routes such as photosynthesis may have weight for
determination of the end-product of related pathways.

The correlation network associated with central metabolism
featured positive connectivity between glycolysis, the TCA
cycle, the Calvin cycle and sucrose metabolism (Fig. 1). The
strong co-ordination of enzyme activity suggests that the
more effective strategy for the plant to drive flux towards a
specific end-product would be to co-regulate several enzymes
within a pathway, rather than to rely on the effect of a single

Fig. 5 Schematic representation of differentially transcribed genes in the grain of HOR216 vs. S42Il107. The red and dark blue colors represent an
at least a 4-fold higher transcript abundance and are colored, respectively, red and blue. The over-represented transcripts are indicated with red
arrows.

Table 2 Pearson correlation analysis illustrating the relationship between transcript abundance and enzyme activity for enzymes involved in
central metabolism with grain weight

Metabolic pathway Enzyme Barley ID Gene annotation r-value P-value

Starch metabolism AGPase 35 4669 ADP glucose pyrophosphorylase 0.75 4.00E 03

Pentose phosphate pathway 6PGDH 35 806 6 Phosphogluconate dehydrogenase +0.78 3.00E 03
G6PDH 35 24090 Glucose 6 phosphate dehydrogenase +0.75 7.00E 03

Sucrose metabolism Susy 35 14485 Sucrose synthase 0.74 8.00E 03

Glycolysis cAldolase 35 14090 Cytosolic aldolase 0.75 1.00E 03
PK 35 15327 Pyruvate kinase +0.74 6.00E 03

TCA cycle ICDH 35 16234 Isocitrate dehydrogenase +0.71 8.00E 03

Significant positive and negative associations are indicated.
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Table 3 Pearson rank correlation coefficient between biomass accumulation and metabolite contents at various developmental stages of
barley

Negative Positive
p< 0.01
p< 0.05

Metabolic traits Vegetative stage
total shoot biomass

Reproductive stage
total shoot biomass

Reproductive stage
total seed weight

PFK 0.75 0.60

PK 0.75

pFBPase 0.75 0.60

pGAPDH 0.60

CWInv 0.60

PEPC 0.60

AspAT 0.60

AGPase 0.70

Susy 0.80

AlaAT 0.70

CytInv 0.70

PGM 0.60 0.60

PGI 0.60 0.60

cFBPase 0.70

pAldolase 0.70 0.70

PEP 0.60

Glc1P 0.65

Fru6P 0.60

Cit 0.60 0.75

Isocit 0.60 0.70 0.70

Pyr 0.60 0.60

Benza 0.60

Suc 0.80 0.60

Fum 0.60 0.75

Mal 0.70 0.60

Cacnt 0.60 0.60

Succ 0.70 0.80

Tacnt 0.70

Rib5P 0.70

Tre6P 0.60

UDP 0.65

ATP 0.80

UDPGlc 0.75 0.65 0.60

Pglu 0.70

TEA 0.75

Starch 0.60

Hxda 0.70

Inost 0.70 0.80

Ascb 0.80

Hser 0.70

Tdca 0.60

Gly 0.60

Lys 0.60

Val 0.60 0.70

(continued)
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enzyme. Metabolic modeling in A. thaliana has suggested that
the modification of a single enzyme’s activity can have a fre-
quent but small effect on pathway flux (Zhu et al. 2007). Here,
the enzymes from the same metabolic pathway showed a simi-
lar correlation pattern within and with other enzymes of dif-
ferent metabolic sectors (Fig. 1). As an example, enzymes
associated with starch and with sucrose metabolism were co-
regulated along with those involved in glycolysis and nitrogen
metabolism.

Most of the correlations between metabolite content and
enzyme activity were in the positive rather than in the negative
direction (Fig. 1), consistent with prior expectation. Reducing
the abundance of the sucrose synthase transcript (and hence
the level of sucrose synthase activity) in the potato tuber has
been shown to compromise starch synthesis (Zrenner et al.
1995). Positive correlations between metabolite level and
enzyme activity, or between the levels of substrate and end-
product present, have been established in both the tomato fruit
(Steinhauser et al. 2010) and the grapevine berry (Dai et al.
2013). Here, most of the positive connections involved invert-
ases and their products glucose and fructose (Fig. 1), a finding
which contrasts with the performance of glasshouse-grown
tomato, in which substrate/product contents were negatively
correlated with one another (Steinhauser et al. 2010). The im-
plication is that the metabolic network in barley is strongly
affected by the plant’s growing environment as well as by its
developmental stage. The high frequency of positive correl-
ations between enzyme substrates and products are first con-
fined to irreversible biochemical reactions, secondly are
dependent on the level of substrates (Sulpice et al. 2010) and
finally reflect flux changes (Kacser and Burns 1973).

Enzyme activity and metabolite content in central
metabolism are strongly correlated with shoot
biomass accumulation

The network correlation analysis revealed that a number of
central metabolism-associated metabolites and enzymes are
strongly correlated with shoot biomass accumulation (Fig. 1).
Sucrose is the predominant assimilate, serving not only as an

energy source but also as a precursor of cellulose (Kirst et al.
2004). Sucrose is the substrate for sucrose synthase, an enzyme
intimately involved in carbon partitioning in growing tissue.
There was a strong correlation between sucrose synthase activ-
ity and shoot biomass at the reproductive stage, and a positive
correlation between its activity and sucrose synthase transcript
abundance; the conclusion is that sucrose synthase must act as
a critical regulator for the partitioning of sucrose
(Supplementary Fig. S5). In poplar, the transcription level of
sucrose synthase was shown to be positively correlated with
both cellulose synthesis and wood production (Hertzberg et al.
2001, Coleman et al. 2009). Similarly in wheat, sucrose synthase
activity promotes cell wall polysaccharide production (Xue
et al. 2008), while in tobacco it is positively correlated with
biomass accumulation (Coleman et al. 2010). Consistently, in
carrot, reducing sucrose synthase activity results in the devel-
opment of smaller and fewer leaves (Tang and Sturm 1999),
while in potato the effect is to reduce the tubers’ content of
both soluble sugar and starch (Zrenner et al. 1995). It is reason-
able to suppose, therefore, that increasing sucrose synthase
activity would enhance biomass accumulation in barley. This
association between sucrose synthase activity and shoot bio-
mass accumulation implies that it could be used predictively for
the selection of high biomass producers, an important property
for a bioenergy crop. The strong association between the con-
tent of UDP glucose, fructose-6-phosphate, glucose-1-phos-
phate and the activity of plastidic fructose-1,6-bisphosphatase
and plastidic glyceraldehyde-3-phosphate dehydrogenase sug-
gests a link between sucrose/starch synthesis and cell wall for-
mation and the oxidative pentose phosphate pathway, which
provides substrates for the synthesis of nucleic acids, lignin,
polyphenol and amino acids, as well as for glycolysis.

Aspartate aminotransferase is a key enzyme for biomass
production downstream of glycolysis and catalyzes the revers-
ible reaction of 2-oxoglutarate, glutamate, aspartate and oxa-
loacetic acid produced by the TCA cycle, thereby tightly linking
nitrogen assimilation with carbon metabolism. In the present
study, the amino acid glutamate significantly correlated with
shoot biomass accumulation, confirming the pivotal role of
aspartate aminotransferase and glutamate in ammonium

Table 3 Continued

Negative Positive
p< 0.01
p< 0.05

Metabolic traits Vegetative stage
total shoot biomass

Reproductive stage
total shoot biomass

Reproductive stage
total seed weight

Met 0.70

Ile 0.70 0.60

Tyr 0.70

Asp 0.80 0.65

Phe 0.70

Glu 0.70 0.75

Ser 0.70

Correlations at P< 0.01 and P< 0.05 are indicated by, respectively, dark and light red (negative correlations), and blue (positive correlations).
The full set of correlations is provided in Supplementary Tables S3 and S4.

1952



Table 4 Pearson correlation analysis illustrating the relationship between transcript abundance for genes involved in cell wall metabolism
with shoot (A: positive or B: negative) or grain (C: positive or D: negative) biomass

Trait Barley ID Mapman Gene Ontology Gene Correlation P-value Regulation P-value
(ANOVA)

Shoot biomass A

35 18221 cell wall.pectin esterases Acetyl esterase +0.66 4.47E 02 Up 4.51E 02

35 1073 cell wall.modification Expansin A1 +0.68 3.97E 02 Up 4.18E 02

35 9980 cell wall.modification Expansin A10 +0.70 3.48E 02 Up 1.02E 02

35 3043 cell wall.modification Expansin like A2 +0.74 2.55E 02 Up 1.45E 02

35 15358 cell wall.modification Endoxyloglucan transferase A4 +0.86 1.22E 02 Up 1.46E 02

B

35 1915 cell wall.precursor synthesis Phosphomannomutase 0.68 3.99E 02 Down 2.38E 02

35 1537 cell wall.modification Xyloglucan endotransglycosylase 0.79 2.14E 02 Down 1.69E 02

Seed biomass C

35 16574 cell wall.degradation Cellulase +0.69 2.34E 02 Down 3.86E 03

35 8010 cell wall.degradation endo 1,4 beta glucanase +0.88 1.38E 03 Down 2.90E 04

35 22838 cell wall.pectin*esterases Pectin methylesterase inhibitor
superfamily

+0.75 1.10E 02 Down 6.20E 04

35 14730 cell wall.cell wall proteins Extensin family protein +0.71 1.97E 02 Down 5.54E 04

35 12759 cell wall.cellulose synthesis Phytochelatin synthetase +0.87 1.70E 03 Up 1.07E 09

35 23609 cell wall.hemicellulose synthesis Xyloglucan xylosyltransferase 5 +0.73 1.53E 02 Down 6.19E 04

35 7907 cell wall.hemicellulose synthesis AGP galactosyltransferase 2 +0.73 1.53E 02 Down 1.51E 02

35 3627 cell wall.hemicellulose synthesis Fucosyltransferase 1 +0.68 2.58E 02 Up 3.44E 07

35 10351 cell wall.modification Expansin A14 +0.74 1.25E 02 Down 6.73E 03

35 32047 cell wall.modification Xyloglucan endotransglycosylase
related 2

+0.78 7.49E 03 Down 3.07E 05

35 11437 cell wall.modification Expansin A8 +0.71 1.95E 02 Down 5.40E 04

35 30696 cell wall.modification Expansin A3 +0.91 8.07E 04 Down 1.31E 02

35 3043 cell wall.modification Expansin LIKE A2 +0.88 1.54E 03 Down 2.05E 06

D

35 28455 cell wall.precursor synthesis UDP xylose synthase 4 0.91 8.66E 04 Down 1.71E 02

35 9778 cell wall.cell wall proteins Fasciclin like arabinogalactan
protein 2 (Fla 2)

0.79 6.57E 03 Up 3.14E 03

35 1068 cell wall.degradation Rsponsive to dessication 22 0.77 8.95E 03 Up 1.18E 02

35 18361 cell wall.pectin*esterases Pectinacetylesterase family protein 0.95 3.07E 04 Up 7.73E 03

35 4496 cell wall.cellulose synthesis Cellulase synthase 4 0.86 2.38E 03 Up 4.70E 05

35 12604 cell wall.pectin*esterases Pectinesterase 0.85 2.54E 03 Up 1.23E 03

35 14895 cell wall.cell wall proteins Proline rich protein 4 0.86 2.21E 03 Up 3.70E 03

35 14898 cell wall.cell wall proteins Proline rich family protein 0.86 2.38E 03 Up 4.37E 03

35 20775 cell wall.cellulose synthesis Cellulose synthase 8, CESA8 0.70 2.17E 02 Up 3.42E 07

35 26740 cell wall.cellulose synthesis Cellulose synthase 0.91 8.89E 04 Up 5.29E 03

35 10017 cell wall.cellulose synthesis Cellulose synthase like A9 0.88 1.54E 03 Up 1.20E 02

35 25803 cell wall.hemicellulose synthesis Golgi localized hydroxyproline
O galactosyltransferase

0.74 1.35E 02 Down 1.85E 02

35 20413 cell wall.modification Expansin B3 0.75 1.14E 02 Down 5.89E 03

35 15359 cell wall.modification Endosyloglucan transferase A4 0.68 2.74E 02 Up 3.16E 02

35 1072 cell wall.modification Expansin A11 0.69 2.26E 02 Up 3.02E 04

35 18219 cell wall.modification Expansin B2 0.95 3.07E 04 Up 4.90E 03

35 499 cell wall.modification Xyloglucan endotransglycosylase 6 0.68 2.71E 02 Up 2.44E 04

35 3579 cell wall.modification Expansin B4 0.90 8.92E 04 Up 2.06E 02

35 177 cell wall.modification Xyloglucan endotransglycosylase 3 0.79 7.21E 03 Up 3.96E 03

Significant positive and negative associations are indicated.
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assimilation and thereby in growth and development
(Stitt et al. 2002). Another enzyme highlighted here was
phosphoenolpyruvate carboxylase, which catalyzes the forma-
tion of oxaloacetate from phosphoenolpyruvate (PEP).
Phosphoenolpyruvate carboxylase is branched to glycolysis to
replenish TCA cycle intermediates, thereby providing precur-
sors for amino acid synthesis. Strong associations between cit-
rate and isocitrate content and the activity of pyruvate kinase
and phosphofructokinase were also detected.

The predictive power of metabolite, enzyme and
transcript assays for biomass accumulation during
the reproductive stage

Studies in A. thaliana have established the potential of certain
metabolite, enzyme and transcript assays as markers of biomass
formation (Lisec et al. 2008, Sulpice et al. 2010, Riedelsheimer
et al. 2012). The current data set was therefore used to test
whether the same or different assays would be appropriate in
barley. In the flag leaf, many of the transcripts which differed in
abundance between the pair of contrasting barley entries could
be associated with the activity of enzymes involved in either light
reactions, the Calvin cycle, ATP synthesis or carbohydrate me-
tabolism (Fig. 3). Transcripts of the genes encoding ribulose-1,5-
bisphosphate carboxylase/oxygenase (Rubisco) were particularly
prominent, followed by those encoding sedoheptulose-1,6-phos-
phatase and plastidic fructose-1,6-bisphosphatase. The latter two
enzymes are involved in the regeneration of ribulose-1,6-bispho-
sphate, which is the immediate precursor for Rubisco (Harrison
et al. 1997). A high abundance of transcripts encoding sedohep-
tulose 1,6-phosphatase and plastidic fructose-1,6-bisphosphatase
in tobacco has been associated with an enhanced rate of photo-
synthesis and the potential to accumulate dry matter (Miyagawa
et al. 2001). The cytoplasmic fructose-1,6-bisphosphatase and
sucrose phosphate synthase are jointly responsible for the

regulation of sucrose synthesis in the cytosol; the former cata-
lyzes the conversion of fructose-1,6-bisphosphate (Fru1,6BP) to
fructose-6-phosphate, which in turn is a precursor in the sucrose
synthesis pathway. A mutant line of Flaveria linearis unable to
produce cytoplasmic fructose-1,6-bisphosphatase is compro-
mised with respect to both the partitioning of carbon into su-
crose and its growth (Sharkey et al. 1992). A decreased activity of
cytoplasmic fructose-1,6-bisphosphatase also reduces the level of
phosphorylated intermediates and the ratio of cofactors such as
ATP and ADP. Transgenic A. thaliana plants overexpressing
genes encoding cytoplasmic fructose-1,6-bisphosphatase and a
triose phosphate/phosphate translocator exhibit an increased
photosynthetic activity and enhanced growth (Cho et al.
2012). The cytoplasmic fructose-1,6-bisphosphatase reaction
product, along with UDP glucose, is used by sucrose phosphate
synthase to produce UDP and sucrose-6-phosphate (Suc6P); the
compound represents a substrate for sucrose phosphate phos-
phatase (SPP) to form sucrose. The present data showed that in
barley, increasing cytoplasmic fructose-1,6-bisphosphatase and
sucrose phosphate synthase activity can accelerate photosyn-
thetic activity and consequently improve the partitioning of
fixed carbon into sucrose in the leaf, thereby supporting repro-
ductive development (Micallef et al. 1995). Previous investiga-
tions showed that maximal sucrose phosphate synthase activity
in barley leaves correlated with high rates of in vivo sucrose
biosynthesis, and a decrease in the sucrose phosphate synthase
activity of barley leaf extracts upon dark phase was accompanied
by a decrease of sucrose synthesis (Sicher and Kremer 1984).
Thus, increasing the efficiency of the photosynthetic activity of
the plant and hence the assimilate production are both key to
maximizing plant biomass.

The starch content of the leaf appears to be a useful indicator
for the growth rate (Fig. 6A). Arabidopsis thaliana mutants de-
ficient with respect to either the synthesis or breakdown of
starch are compromised in their growth (Stettler et al. 2009),

Fig. 6 Schematic representation of metabolites putatively involved in biomass formation during the reproductive stage in (A) the barley flag leaf
and (B) the barley grain. The network correlation analysis identified a connection between biomass accumulation and central metabolism. Full
names and the abbreviation of enzymes and metabolites are given in Supplementary Table S2. Metabolites associated with biomass accumu-
lation are marked in red, and enzymes in blue.
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while starch also acts as a growth regulator in plants grown under
long days (Sulpice et al. 2009). While the positive correlations
were established between starch content and shoot biomass
observed in barley in the present study (Table 3;
Supplementary Table S4), the negative correlations were re-
corded between starch and rosette fresh weight in A. thaliana
(Sulpice et al. 2009). These results imply that these correlations
are strongly dependent on the species, the growing conditions
and the plant developmental stage. The present network analysis
involving enzyme activities and transcript abundances also re-
vealed a significant association between the activity of ADP-glu-
cose pyrophosphorylase (a key starch synthesis enzyme) and the
transcript encoding ADP-glucose pyrophosphorylase in the
shoot during the reproductive stage (Supplementary Table
S9). In Arabidopsis and most vascular plants, starch as the pri-
mary product of photosynthesis plays an important role in the
diurnal cycle of carbohydrate turnover in the leaf. The starch
produced during the day provides a carbon source for leaf
growth during the night as photosynthesis does not take place
(Stitt and Zeeman 2012, Lloyd and Kossmann 2015). The photo-
assimilate partitioning into transitory starch varies among spe-
cies, being about half for Arabidopsis (Streb and Zeeman 2012).
In contrast to Arabidopsis, fructans are the major storage carbo-
hydrate in wheat, barley, rye and oat (Pollock and Cairns 1991).
However, starch is also accumulated in barley to a lesser extent
and is mobilized during the night, but it would be delayed if the
leaf sucrose level is higher, suggesting an important regulatory
mechanism that differs from that of Arabidopsis (Gordon et al.
1980). A further contrast to Arabidopsis is that some cereals
possess two genes which encode small subunits of ADP-glucose
pyrophosphorylase of which the expression of one isoform in
barley (Hv.AGP.S1) is regulated by alternative splicing.
Additionally, one isoform is localized in the cytosol in endosperm
while another, responsible for more than 90% of the total activity
of ADP-glucose pyrophosphorylase, is localized in the chloro-
plasts. Extensive studies of the genes involved in starch synthesis
and degradation have been carried out in both Arabidopsis and
barley (reviewed in Orzechowski 2008, and references herein).

The content of trehalose-6-phosphate (Tre6P), an internal
regulatory metabolite controlling the utilization of sucrose and
the synthesis of starch (Paul et al. 2008), was highly correlated
with biomass (Fig. 2). Trehalose-6-phosphate regulates starch
synthesis by increasing the activity of ADP-glucose pyropho-
sphorylase (Wingler et al. 2000), at the same time acting as a
signal to increase both carbon availability and nitrogen remo-
bilization (Schluepmann et al. 2004, O’Hara et al. 2012). The
activities of phosphoglucomutase, phosphoglucoisomerase and
cytoplasmic fructose-1,6-bisphosphatase were all positively cor-
related with their encoding transcripts, implying a co-regula-
tion of these enzymes at both the transcriptional and protein
levels (Supplementary Table S9).

Metabolite content, enzyme activity and transcript
abundance interact closely with grain weight

During the grain-filling period, storage products rapidly accu-
mulate. The process involves the concerted action of many

metabolites, which serve either as signals or as the precursors
for storage or structural compounds. Sucrose was the metab-
olite most clearly associated with the accumulation of grain
weight. Many genes were up-regulated in the grain, most prom-
inently those encoding products involved in sucrose and starch
metabolism (Fig. 5). The link between endosperm develop-
ment and sucrose synthesis has been well documented
(Hennen-Bierwagen et al. 2013) and underlines the major con-
tribution made by sucrose phosphate synthase and sucrose
phosphate phosphatase to grain development (Bihmidine
et al. 2013). An overview of the metabolites (red) and enzymes
(blue) within central metabolism which are being linked as
biomarkers for grain weight is given in Fig. 6B. As the content
of sucrose was strongly correlated with that of starch, it is clear
that starch synthesis relies on the breakdown of sucrose cata-
lyzed by sucrose synthase: these products are used for the syn-
thesis of either starch (glucose) (Bihmidine et al. 2013, Hennen-
Bierwagen et al. 2013) or UDP glucose (Xu et al. 2011). In con-
trast to the positive correlation of sucrose synthase, activity of
invertases, the other sucrose-hydrolyzing enzymes, was nega-
tively correlated to grain weight, supporting the suggestion
that, in the developing grain, invertase activity is channeled
into developmental processes during early seed development
rather than into grain filling (Borisjuk et al. 2004).

The activity of alanine aminotransferase, an enzyme import-
ant for the synthesis of storage proteins, was also found to be
highly correlated with grain weight. The heterologous transcrip-
tion of barley alanine aminotransferase in rice has been asso-
ciated with a marked improvement in nitrogen use efficiency
(Beatty et al. 2009), which supports the suggestion that the
manipulation of alanine aminotransferase expression may
have a major impact on crop productivity (Ridley 2010).
Glutamine oxoglutarate aminotransferase, another enzyme
involved in nitrogen assimilation during grain development
and in the production of glutamate required for the synthesis
of many amino acids, also showed a high correlation with the
transcript abundance at the reproductive stage. It has been
shown that the overexpression of glutamine oxoglutarate ami-
notransferase in rice can markedly increase productivity
(Yamaya et al. 2002). Other noteworthy correlations between
metabolite content and grain weight involved specific amino
acids, which are required for the production of storage and
other proteins (Lawlor 2002).

Cell wall-related enzymes correlated with biomass
during the reproductive stage

The main objective of the present work was the identification
of genes and metabolites related to primary metabolism and
biomass. However, due to remarkable differences in cell wall
composition between barley and non-gramineous plants, a
close search for possible candidate genes revealed that indeed
some specific genes such as acetyl esterase, expansins, xyloglu-
can endotransglycosylases and endoxyloglucan transferases
showed a strong correlation with biomass at the reproductive
stage (Table 4). Xyloglucan endotransglycosylase (XET) has
been shown to be involved in the elongation process in
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maize roots and in plant growth by either synthesizing xyloglu-
can polymers into the cell wall or reversibly loosening the cel-
lulose–xyloglucan network (De Silva et al. 1994). The genes
predicted here play an important role in the cell wall of cereals
as cellulose and heteroxylan are the most abundant polysac-
charides in various barley tissues compared with Arabidopsis
and other non-gramineous plants (Fincher 2009; reviewed in
Burton and Fincher 2014). Thus, the identified genes might be
used to modify the cell wall structure in different barley tissues
to study their individual role in the mechanism and control of
plant cell expansion, differentiation and maturation.
Improvement of cell wall properties in barley would enhance
the resistance property, e.g. of the leaves and/or the cell wall
loosening of grains, for a better germination or digestion
(Nishitani 1997).

Conclusion

A summary of the deduced metabolite and enzyme signatures
potentially linked to biomass formation in the leaf and/or grain
weight resulted in identification of various biomarkers as rate-
limiting steps in central metabolism (Table 3). Some are only
informative at a specific developmental stage, such as Susy activ-
ity in the early developmental stage, and glycolysis and TCA cycle
intermediates being linked to biomass during the reproductive
stage. The UDP glucose metabolite was found to be a central
important hub of central metabolism prominently identified to
have a stronger association with biomass in the vegetative and
reproductive stage as well for grain weight. Together with ATP,
ADP-glucose pyrophosphorylase (AGPase) activity from starch
biosynthesis and alanine amino transferase (AlaAT) activity
involved in synthesis of storage proteins were identified as rate-
limiting steps in grain weight formation. Overall, the analysis has
confirmed that metabolic responses related to the accumulation
of biomass varies in a developmental stage-specific manner and
in many cases in a tissue-specific manner as well.

Materials and Methods

Selection of accessions, growth conditions and
sampling

Barley (Hordeum vulgare L.) accession lines used in this study were obtained

from the gene bank of the Institute of Plant Genetics and Crop Plant Research

(IPK), Gatersleben, and kindly donated by Professor Klaus Pillen, the University

of Halle-Wittenberg (Supplementary Table S1). Seeds of spring barley were

germinated separately in pots in a climate-controlled growth chamber for 2

weeks. The temperature was 12�C at night and 15�C during the day with a 12 h/

12 h light/dark cycle. Then, seedlings were transferred in the field and planted in

a completely randomized design (CRD) with a split plot arrangement

(3.40m� 1.20m) and with five replications in the growing season of 2013

under in vivo conditions. The average growth temperature was 16.8�C.
Samples were harvested at three different developmental stages according to

the Biologische Bundesanstalt, Bundessortenamt und CHemische Industrie

(BBCH) scale for crop plants (Lancashire et al. 1991) including vegetative

(BBCH29, end of tillering: maximum number of tillers detectable; the harvested

sample was tiller leaves), reproductive (BBCH65, end of flowering: all spikelet’s

have completed flowering but some dehydrated anthers may remain; the har-

vested sample was flag leaves and seeds) and ripening stages (BBCH92, over-

ripe: grain very hard, cannot be dented by the thumbnail; the harvested sample

was seeds).

Phenotypic variation among the lines for shoot
biomass

Significant differences among the lines for shoot biomass measured at different

developmental stages were tested using PROC ANOVA in the Statistical

Analysis System (SAS v.9) software.

Measurement of sugars, starch and amino acids

Soluble and insoluble sugars in leaf and seeds were determined as

described by Ahkami et al. (2009). Starch hydrolysis in the pellet remaining

after separation of soluble and insoluble compounds was carried out by the

incubation of aliquots in a buffer containing 50ml of sodium acetate, pH 5.2

and 7U mg�1 amyloglucosidase (Roche Diagnostics GmbH). The glucose pro-

duced was measured photometrically with an Elisa Reader (Bio-Tek,

Synergy HT). Amino acids were analyzed essentially as described by Höller

et al. (2014).

Extraction of metabolites and non-targeted and
targeted metabolite profiling

Targeted metabolite analysis was performed according to Höller et al.

(2014) with some modifications. Metabolites were extracted from barley

leaves and seeds, each 100mg of frozen fresh plant tissue. The extraction

buffer containing 1ml of chloroform/methanol in a ratio of 1 : 1 (v/v)

was added. The mixture allows the extraction of lipophilic and hydrophilic

substances together. Samples were mixed thoroughly and placed on a vortex

at 4�C while shaking carefully for at least 20min. A 300 ml aliquot of HPLC grade

water was added to each sample and mixed carefully. Subsequently, samples

were centrifuged at 14,000 r.p.m. at 4�C for 10min and the supernatant

was transferred to a new Eppendorf tube and dried in a speed vac (Christ

RVC2-33IR) for 2 h at 35�C. The pellet was re-suspended in 100 200ml of
purest grade water and used immediately for the measurement of the desired

compounds.

The separation and detection of metabolites was carried out using an ion

chromatography system (Dionex Thermofisher) connected to a triple quadru-

pole mass spectrometer QQQ6490 (Agilent Technologies). Electrospray ioniza-

tion-tandem mass spectrometry (ESI-MS/MS) analysis was conducted in the

negative ionization mode and the following parameters were employed: deso-

lvation temperature 250�C, nitrogen gas of 720 l h 1 with a heater tempera-

ture of 250�C, capillary voltage 3.5 kV and different dwell times between 40 and

200 s. The collision energy (CE) differed among the compounds and was in

the range between 6 and 50 for different masses. Deprotonated ions [M-H]

were monitored with a span of 1 amu. Multiple reaction monitoring (MRM)

was performed to identify individual compounds accurately. This allows mini-

mizing parallel monitoring and enhancing the sensitivity. Pure standards

for all metabolites were prepared and specific masses were determined

using a MassHunter Optimizer 7.1.7109.0. Quantification of the desired

compounds was performed with authentic standards at different

concentrations.

Non-targeted metabolite profiling was carried out using gas chromatog-

raphy mass spectrometry (GC-TOF-MS) according to Lisec et al. (2006).

The GC-MS system was composed of a GC-TOF-MS system including an

A7890gas chromatograph (Agilent), a Twister XXL autoinjector (GERSTEL)

and a GCT Premier TOF mass spectrometer (Waters Corporation). The mass

spectrometer was tuned according to the method described by Lippmann et al.

(2009), on a 30m DB5ms capillary column (Phenomenex) with 0.25mm inner

diameter and 0.25mm film thickness including a 5m guard column. All chro-

matograms were processed after converting to netCDF format and analyzed

using the web-based processing platform MeltDB (Neuweger et al. 2008).

Briefly, two different tools were used: the MeltDB profiling pipeline for obser-

vation and annotation and the MeltDB warped profiling pipeline for observa-

tion of peaks. The detection of peaks in all samples was performed for high

sensitivity (FWHM 7, SN 10) using the XCMS tool of R (Smith et al. 2006).

Soluble amino acids were measured using a reversed-phase HPLC system as

described by Höller et al. (2014). The concentrations of sugar alcohols were

determined using an ion chromatography system (Dionex) according to Höller

et al. (2014).
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Extraction and measurement of the maximum
enzyme activity

The extraction of enzymes was carried out according to Ding et al. (2007). The

maximum enzyme activity of cytosolic, acid and cell wall invertases was assayed

as described by Ahkami et al. (2009). Plastidic glyceraldehyde-3-phosphate de-

hydrogenase was measured in 0.1M Tris (pH 7.0) containing 5mM MgCl2,

1mM sodium fluoride, 5mM dithiothreitol, 5mM 3-phosphoglycerate

(3PGA), 0.4mM NADPH, 2 U of phosphoglycerate kinase (PGK) and protein

extract. The reaction was started by adding ATP (2.5mM final concentration),

and the absorption of NADP was followed at a wavelength of 340 nm. The

cytoplasmic fructose-1,6-bisphosphatase and plastidic fructose-1,6-biospho-

sphatase were measured according to Kelly et al. (1982). The activity of cytosolic

and plastidic aldolase was measured according to Haake et al. (1998). The

activity of sucrose synthase was measured with a new MS-based method in

which produced UDP glucose was detected after incubation of protein extracts

with the appropriate substrates. The reaction assay medium contained 100mM

HEPES-KOH (pH 7.0), 0.5M sucrose, 20mM UDP and 20 ml of the protein

extract in a final volume of 100 ml. Samples were incubated at 30�C for 3 h.

The reactions were stopped at 95�C for 5min. Blanks were prepared with the

above protocol but were heat inactivated immediately at 95�C for 5min. The

determination of UDP glucose was carried out with ion chromatography

coupled to an Agilent 6490 triple quadrupole (QQQ) mass spectrometer as

described above for metabolite profiling with minor modification of the gradi-

ent that was shortened to 20min (Heinzel and Rolletschek 2011). The activity of

phosphofructokinase and pyruvate kinase was determined according to

Hajirezaei et al. (1993). Phosphoenolpyruvate carboxylase was assayed as pre-

viously described by Rolletschek et al. (2004). The activity of malate dehydro-

genase and isocitrate dehydrogenase was measured spectrometrically by the

method described previously by Jenner et al. (2001) and Gibon et al. (2004),

respectively. Glucose-6-phosphate dehydrogenase was measured by the

method described by Ahkami et al. (2009). The enzyme activity of 6-phospho-

gluconate dehydrogenase was analyzed in a reaction buffer containing 50mM

HEPES-NaOH (pH 7.2), 5mMMgCl2 and 1mM NADP. A final concentration of

1mM 6-phosphogluconate was used to start the reaction. The activity of PGI

and PGM was measured in accordance with Hattenbach and Heineke (1999).

The activity of ADP-glucose pyrophosphorylase was measured spectrometri-

cally by monitoring NADH production at 340 nm. The reaction buffer con-

tained 100mM HEPES-KOH (pH 7.8), 2mM ADP glucose, 5mM MgCl2,

0.5mM NAD, 2 U of PGM and 5U of glucose-6-phosphate dehydrogenase.

The reaction was started by adding of 2mM sodium pyrophosphate (PPi).

Alanine aminotransferase and aspartate aminotransferase were measured as

described by Holtum and Winter (1982). Glutamine oxoglutarate aminotrans-

ferase was measured in a reaction mixture containing 50mMTris HCl (pH 7.9),

40mM sorbitol (Sbt), 5mM 2-oxoglutarate, 5mM glutamine, 10mM glucose-6-

phosphate and 50 ml of fresh protein extract. Samples were incubated at 30�C
for 3 h and stopped at 95�C for 5min. Blanks containing buffer and protein

extract were inactivated immediately at 95�C for 10min. The determination of

produced glutamate was performed by reversed phase HPLC using on a C18

column as described by Rolletschek et al. (2002).

Transcriptome analysis

Total RNA was extracted from 200mg of leaves and seeds of the same material

that was used for metabolite and enzyme measurements using TRIzol reagent

(Invitrogen) following the manufacturer’s protocols. RNA was purified using

the RNasey Min Elute cleanup kit (Qiagen). The quality of total RNA was

checked before starting the hybridization process on an Agilent BioAnalyzer

2100 (Agilent Technology). A custom barley Agilent microarray technology

containing approximately 56,000 genes has been created (in a 60K� 8 plex

format), which cover a broad range of metabolic and growth developmental

processes. Three biological replicates of flag leaves and seed tissues were used to

synthesize amplified cDNA (Quick Amp Labeling Kit, Agilent). The detailed

procedures of labeling, hybridization and scanning of Agilent Barley

GeneChips were performed according to Koppolu et al. (2013). The microarray

TIF images were processed to run batch extractions by choosing an appropriate

grid using Agilent’s Feature Extraction Software version 11.0. The quantified

feature text file is first analyzed for quality checks using the Agilent QC chart

tool. The gene expression data of 56K genes from the experiments which passed

quality control were subjected to quantile normalization (Wu et al. 2004). Fold

differences calculated between HOR216 vs. S42IL107 flag leaf samples were used

as differentially expressed gene sets. A similar comparison was made for seed

samples. The one-way analysis of variation which applied a Benjamini

Hochberg (P� 0.05) for correction of the P-value was used to assign significant

differences in the expression levels (Benjamini and Hochberg 1995). Functional

categorization by using Gene Ontology (GO) terms was performed as previ-

ously described using VANTED, a tool for the visualization and analysis of

networks with related experimental data (Junker et al. 2006). The R-values

for significant over-representation of a particular GO category were calculated

using one of VANTED’s main modules using Fisher’s exact test.

Visualization of transcriptome data onto
metabolic pathways using Mapman

The 34 MapMan BINs/subBINS used for the Arabidopsis, which have

been adapted previously to the most similar Arabidopsis genes by

Sreenivasulu et al. (2008), was used for the visualization of transcriptome results

within the current study. The data including differentially expressed genes be-

tween genotypes were imported into MapMan and mapped onto diagrams

of metabolic pathway and visualized as false color code rectangles. MapMan

version 3.05, which is freely available at http://mapman.gabipd.org, was

employed.

Graphical visualization and network correlation
analysis

All graphs and heat maps were drawn using Microsoft PowerPoint and Excel

(Microsoft Office 2007). Network correlation analyses were performed by cal-

culating all pairwise correlations for metabolites, enzyme activities, transcripts

and phenotypical parameters and their combinations in different tissues and at

various developmental stages of barley using VANTED (Junker et al. 2006).

VANTED was also used for constructing and modifying pathways from the

KEGG database or MetaCrop (Grafahrend-Belau et al. 2008). The pathways of

central metabolism were mapped with the results of correlations among meta-

bolic traits and between metabolic traits and biomass.

Supplementary data

Supplementary data are available at PCP online.
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