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The aim of the present study was to assess possible adverse effects
of transgene expression in leaves of ﬁeld-grown barley relative to
the inﬂuence of genetic background and the effect of plant
interaction with arbuscular mycorrhizal fungi. We conducted transcript proﬁling, metabolome proﬁling, and metabolic ﬁngerprinting
of wild-type accessions and barley transgenics with seed-speciﬁc
expression of (1,3-1, 4)-β-glucanase (GluB) in Baronesse (B) as well as
of transgenics in Golden Promise (GP) background with ubiquitous
expression of codon-optimized Trichoderma harzianum endochitinase (ChGP). We found more than 1,600 differential transcripts
between varieties GP and B, with defense genes being strongly
overrepresented in B, indicating a divergent response to subclinical
pathogen challenge in the ﬁeld. In contrast, no statistically signiﬁcant differences between ChGP and GP could be detected based on
transcriptome or metabolome analysis, although 22 genes and 4
metabolites were differentially abundant when comparing GluB
and B, leading to the distinction of these two genotypes in principle
component analysis. The coregulation of most of these genes in
GluB and GP, as well as simple sequence repeat-marker analysis,
suggests that the distinctive alleles in GluB are inherited from GP.
Thus, the effect of the two investigated transgenes on the global
transcript proﬁle is substantially lower than the effect of a minor
number of alleles that differ as a consequence of crop breeding.
Exposing roots to the spores of the mycorrhizal Glomus sp. had little
effect on the leaf transcriptome, but central leaf metabolism was
consistently altered in all genotypes.
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reeding for improved grain weight, higher grain yield, disease
resistance, and climatic adaptation by selection of spontaneous mutations shaped the modern barley (Hordeum vulgare L.)
crop plant beginning as early as 10,000 years ago. With the
technical advance to generate transgenic crops with improved
agronomic performance, it has become necessary to assess the
substantial equivalence of transgenic crop plants; that is, validate
that no undesired side effect of the genetic modiﬁcation has
occurred relative to their parental lines (see ref. 1 for review).
The availability of the “omics” techniques opens the possibility to
probe substantial equivalence in nontargeted global analyses,
providing unbiased results.
We have recently developed a 44-K barley microarray based
on the assembly of 444,652 barley ESTs into 28,001 contigs and
22,937 singletons, of which 13,265 are represented on the array
(2). In contrast, a comprehensive analysis of the metabolome
(i.e., all metabolites in a specimen) is not possible because of the
immense diversity of primary and secondary plant metabolites
(3, 4). Thus, investigating the metabolome requires the prioritization of metabolite subsets as deﬁned by their physicochemical
properties or abundance. Although approaches to metabolite
proﬁling are fueled by a multitude of individual targeted
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metabolite assays of high speciﬁcity and accuracy, metabolite
ﬁngerprinting aims at obtaining global metabolite patterns by
NMR- or MS-based applications, only allowing for suboptimal
recovery of individual metabolites (3).
When applied to pathway-engineered transgenic plants, global
transcriptome and metabolome analyses could not reveal substantial differences between genetically modiﬁed (GM) and nonGM plants. No signiﬁcant alterations in transcriptome were
exhibited in wheat plants expressing Aspergillus fumigatus phytase
compared with the corresponding non-GM variety, except for
changes associated with seed development (5). Similarly, GCMS-analyzed fructan-producing transgenic potato tubers did not
exhibit signiﬁcant changes, except for metabolites directly connected to the introduced pathway (6), and Arabidopsis expressing
up to three Sorghum bicolor genes involved in the biosynthesis of
the cyanogenic glucoside dhurrin did not exhibit any robust
transcriptional changes compared to the parental lines (7).
Assessing the inﬂuence of natural genotypic variation and
environmental factors on multiparallel datasets is of paramount
importance to better evaluate the impact of transgene expression. To avoid unnecessary bias, the regarded transgene should
not directly inﬂuence metabolic pathways in the target plant. An
NMR comparison of wheat-ﬂour metabolome derived from
ﬁeld-grown transgenic wheat expressing high molecular weight
glutenin and the corresponding parental line revealed that,
despite some differences in central free amino acid and sugar
metabolism between GM and non-GM varieties, year and ﬁeld
site had a stronger effect on the dataset than expression of the
transgene (8). Metabolome analysis of Bt-maize by NMR also
revealed signiﬁcant differences in free amino acid contents of the
parental line; however, other likely-inﬂuential factors were not
assessed in this study (9). Comparative transcript proﬁling of
different maize cultivars harboring an identical Bt transgene
insertion event revealed that the variability between cultivars was
much greater than the inﬂuence of the transgene (10, 11).
Independently, comparison of the potato tuber proteome of 21
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Results
Generation and Analysis of Transgenic Barley Plants Expressing Recom
binant Trichoderma Endochitinase. We constitutively expressed the

codon-optimized recombinant T. harzianum endochitinase ThEn42(GC) (13) in barley cv. Golden Promise either (i) fused to
the barley chitinase 26 (HvChi26) secretion signal peptide driven
by the Cauliﬂower mosaic virus 35S (CaMV 35S) promoter (Fig.
S1A) or (ii) fused to the chitinase 33 (HvChi33) secretion signal
peptide and driven by the maize ubiquitin promoter (Fig. S1B).
After identiﬁcation of primary transformants with expression of
recombinant endochitinase by immunological detection and subsequent selection for homozygous T1 transformants (SI Materials
and Methods), we chose for further study two Ubi::ChGP (Ubi::
ChGP-9 and -19) transgenic lines and one 35S::ChGP transgenic
line that exhibited the strongest endochitinase expression. We
assayed tissue speciﬁcity of chitinase activity (Fig. 1A and SI
Materials and Methods, with a quantitative method using the ﬂuorogenic substrate methylumbelliferyl-chitotrioside (Fig. S2A).
Chitinase activity was highest in coleoptiles, reaching up to 320
μg·g−1 FW in both Ubi::ChGP lines and 280 μg·g−1 FW in 35S::
ChGP-36 (Fig. 1A). Although CaMV 35S-driven chitinase expression in roots was close to that in leaves, ubiquitin-promoterdriven chitinase expression was 6- and 3-fold lower in roots compared with primary leaves or coleoptiles, respectively. Both Ubi::
ChGP lines yielded very similar results.
To assess, whether chitinase expression confers antifungal
activity, we checked if resistance to R. solani AG8 was increased
in the transgenics, being quantiﬁed as number of wilted leaves
per plant (Fig. 1B and SI Materials and Methods). Compared
with the GP wild-type, only 35S::ChGP plants exhibited signiﬁcantly milder disease symptoms after 1 week of cocultivation
with R. solani AG8. This ﬁnding suggests that, despite the proof
of concept obtained from the 35S::ChGP plants, endochitinase
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tetraploid cultivars with eight potato landraces and ﬁve transgenic potato lines led to the same conclusion (12).
In the present study, we investigated two transgenic barley
cultivars. The ﬁrst, hereafter termed ChGP, was designed for
ubiquitous expression of a secreted, codon-optimized 42-kDa
endochitinase cThEn(GC) from Trichoderma harzianum (13) in
the variety Golden Promise (GP). Trichoderma chitinases can
degrade rigid fungal cell walls of mature hyphae, conidia, chlamydospores, and sclerotia, in addition to the soft structure of
hyphal tips (14–16). Recombinant cThEn(GC) conferred growth
inhibition to the necrotrophic fungal root pathogens Rhizoctonia
oryzae and Rhizoctonia solani AG8 in vitro (13). Overexpression
of cThEn(GC) in tobacco and potato yielded high levels of
transgene expression, and the transgenics displayed mediumlevel to complete-resistance phenotypes toward the necrotrophic
fungal pathogens Alternaria alternata, Alternaria solani, Botrytis
cinerea, and R. solani (17).
The second transgenic line employed in the study was pJH271
Beta-Glu-307 (271.06 × Baronesse), hereafter termed GluB, that
exhibits hordein-D-promoter-driven, endosperm-speciﬁc expression of the chimeric heat-stable (1,3-1,4)-β-glucanase from Bacillus amyloliquefaciens and Bacillus macerans (18). The GluB
transgenics were generated in the GP background, outcrossed to
the elite cultivar Baronesse (B), and selected for high yield and
good ﬁeld performance by the single-seed descent method. GluB
plants accumulate the recombinant enzyme in storage protein
vacuoles and lack β-glucan in endosperm cell walls (19, 18).
Expression of (1,3-1,4)-β-glucanase in the endosperm improves
the nutritional value of barley for poultry (20, 21).
Making use of comparative, parallel transcriptome proﬁling, targeted metabolome proﬁling, and nontargeted metabolite ﬁngerprinting, the present study assesses substantial equivalence in leaves of ﬁeldgrown transgenic barley relative to the variation between cultivars and
to the effects caused by the interaction with mycorrhizal fungi.

Fig. 1. Characterization of ChGP transformants tissue-speciﬁc accumulation of
endochitinase ThEn42 in ChGP transformants and its effect on root infections by R.
solani AG8. (A) Amounts of endochitinase in tissues of ChGP transformants.
Seedlings of the transgenic barley lines Ubi::ChGP-9 (black bars), Ubi::ChGP-19 (light
gray bars), and 35S::ChGP-36 (dark gray bars). Endochitinase content in root tips,
upper parts of the roots, coleoptiles, hypocotyls, and ﬁrst leaves (Left to Right) were
determined with a ﬂuorometric assay (Fig. S2A and SI Materials and Methods). Data
are the mean of ﬁve replicate samples ± SEM (B) Reduced disease symptoms on
ChGP transformants after root inoculation with R. solani AG8 (SI Materials and
Methods). Signiﬁcant differences to GP with P < 0.05 are indicated by an asterisk
above the bars and were calculated with a Welch’s modiﬁed t test (29).

amounts might be too low in roots of the two Ubi::ChGP lines to
diminish susceptibility toward the highly virulent R. solani AG8.
Nevertheless, we selected line Ubi::ChGP-9 for further experiments to minimize effects of chitinase expression on the growth
of challenging fungi in the ﬁeld, which could inﬂuence both the
transcriptome and the metabolome.
Metabolome Analysis of Field-Grown Barley Leaves. We conducted
both a targeted metabolite proﬁling and a metabolite ﬁngerprinting approach with ﬁeld-grown plants of the four barley
genotypes GP, ChGP, B, and GluB that were cultivated in the
ﬁeld at the Giessen Experimental Station (Giessen, Germany;
SI Materials and Methods). The plants were grown with and
without amendment of soil in the plots with Amykor (Amykor
Wurzel-Vital), a mixture of the mycorrhizal fungi Glomus mosseae and Glomus intraradices. Targeted analysis of 72 metabolites, including major carbohydrates, free amino acids,
carboxylates, phosphorylated intermediates, major antioxidants
(such as ascorbate, glutathione, and tocopherol), as well as carotenoids (for complete dataset, see Table S1), revealed only
three differences associated with endochitinase expression in the
GP background. In contrast, the contents of sucrose, starch, the
amino acids Gln, Ala, and Leu, as well as of the carboxylate
oxoglutarate were signiﬁcantly reduced in GluB compared to B
(Table S1). Comparisons of the two unmodiﬁed varieties B and
GP revealed more consistent differences (e.g., UDPGlc and
the amino acids, Tyr, Phe, Ala, Leu, and Cys) (Fig. 2A). Furthermore, several consistent changes in central leaf metabolism
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in response to Amykor treatment were revealed (Fig. 2B):
although the amounts of free hexoses and central phosphorylated intermediates (3PGA, PEP, RuBP, Glc1P), free inorganic
phosphate and the carboxylates isocitrate and malate increased
upon treatment, the contents of sucrose, the two major amino
acids Glu and Asp, as well as chlorophyll, lutein, and glutathione
all decreased in response to mycorrhizal inoculation (Fig. 2B).
The elevated pool sizes of several phosphorylated intermediates indicate improved phosphate availability as a possible
consequence of successful mycorrhizal root colonization. Thus, it
was instructive to determine the extent of mycorrhizal root colonization in plots with and without treatment with Amykor.
Quantiﬁcation of fungal genomic DNA by qPCR based on the
G. mossae ITS sequence relative to host ubiquitin revealed
increased fungal abundance in roots from treated compared with
untreated plots (Fig. S3), despite considerable amounts of fungal
DNA in plants (e.g., in GP) from untreated plots. Furthermore,
microscopic analysis of plants grown in plots treated with Amykor conﬁrmed arbuscle formation in all specimens (SI Materials
and Methods), demonstrating that mycorrhiza were intact and
functional. To validate that the characteristic changes in the leaf
metabolome were brought about by improved mycorrhizal colonization of plants in the Amykor-treated plots, we determined
the same targeted metabolome proﬁle of ChGP and GP plants
grown under controlled conditions in the greenhouse with soil
that was either devoid of mycorrhizal inoculum or fortiﬁed with
the same dosage of Amykor as in the ﬁeld experiment. The
contents of phosphorylated intermediates and hexoses were
altered in a similar fashion between mycorrhizal and nonmycorrhizal plants of both examined genotypes in the ﬁeld and in
the greenhouse experiment (Table S2), providing strong indication for successful symbiotic interactions in all genotypes in the
ﬁeld experiment (SI Materials and Methods).

In a principal component analysis (PCA), the targeted
metabolome data were able to distinguish both the effect of
mycorrhizal infection and cultivar-speciﬁc differences by principal components 1 (PC1) and PC2, respectively (Fig. 3A; see Fig.
S4A for the corresponding hierarchical cluster analysis). Interestingly, the metabolite proﬁle in GluB transgenics was less
affected by mycorrhizal infections compared to the other genotypes, and GluB was more distant to non-GM B plants than the
ChGP transgenics was from their wild-type counterpart. As
indicated by individual metabolite contents (mentioned in the
previous paragraph), sugars, major amino acids, and phosphorylated intermediates strongly loaded on PC1 in response to
mycorrhizal infections. Likewise, sugar and free amino acid
contents contributed strongly to PC2, distinguishing cultivarspeciﬁc differences. Nearly identical results were obtained when
data from the 307 most signiﬁcant mass signals of a metabolite
ﬁngerprinting approach were fed into the PC analysis (Fig. 3B),
except that GP and ChGP were more distant to each other in the
Amykor treatment compared to untreated samples.
Transcriptome Analysis of Field-Grown Barley Leaves. Our next goal
was to compare the discriminatory power of the metabolome
analysis to that of the corresponding transcriptome dataset
obtained from identical sample pools (SI Materials and Methods).
PCA resulted in a similar discrimination of genotypes as reported
for the metabolome analyses, with GluB again being distant from
B (Fig. 3C; see Fig. S4B for the corresponding hierarchical cluster
analysis). In contrast to the metabolome analysis, treatment with
Amykor could not be clearly resolved in the PC analysis; indeed, no
statistically signiﬁcant differentially transcribed genes were
detected in three of the four examined genotypes in response to
the Amykor treatment. Only in GP, 4 out of 31,198 features
detected on the array were differentially expressed in response to
the mycorrhizal fungi (Table S3). However, 1,660 genes (697 up

Fig. 2. Differentially abundant metabolites in barley leaves. Overview of differentially abundant metabolites from the targeted proﬁling approach with leaf
material from 4-month-old, ﬁeld-grown barley plants representing the treatments (A) cultivar or (B) Amykor. The schematic metabolic diagrams in (A) and (B)
represent a map of all analyzed metabolites. The heat map strips next to the metabolite names were taken from the hierarchical cluster analysis (Fig. S4A) conducted
with the program Cluster v2.11 (30), with red signals denoting an increased metabolite content relative to average and green signals indicating decreased metabolite
contents relative to average. The consistent sample order in these strips is indicated at the bottom of the ﬁgure using the genotype and treatment abbreviations used
throughout the text and as explained below. The entire dataset, including the results of the signiﬁcance tests, are given in Table S1. Please note that the color pattern
has no implications on statistically signiﬁcant differences in pairwise comparisons, which were calculated with a Welch-Satterthwaite test embedded in the VANTED
software v1.7 (31) and are displayed in Table S1. GP, Golden Promise; B, Baronesse; ChGP, Chitinase GP; GluB, Glucanase B; M, Amykor treatment.
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and 863 down) were differentially transcribed between the cultivars GP and B (Tables S3 and Dataset S1), indicating strong cultivar-speciﬁc expression patterns. The result of the microarray
data analysis was conﬁrmed in independent sample pools by qRTPCR, picking ﬁve genes with cultivar-speciﬁc transcript abundance
(Fig. S2B). Along with genes involved in carbohydrate metabolism
and genes coding for storage proteins, defense-associated genes
were strongly overrepresented among the differentially regulated
genes in the GP to B comparison (Fig. S2C). This result likely reﬂects
a greater level of disease resistance obtained deliberately or fortuitously over years of breeding and selection for ever better-adapted
and higher-yielding modern barley varieties. Of particular interest, 22
differentially transcribed genes were found between GluB and its
non-GM counterpart B (Table S3), corresponding with the distance
of these two genotypes in the PCA. Sixteen of these 22 differential
genes, (i.e., approx. 73%) were also discriminated in the GP to B
comparison. Although surprising at ﬁrst glance, this ﬁnding can
be explained by the pedigree of GluB. GluB was produced by transformation of GP with glucanase transgene, which was later introduced into the cultivar B by outcrossing and selection of single-seed
descendants. Thus, differential gene expression between GluB and B
could be caused by retention of a few GP alleles in the GluB genotype.
To obtain data in support of this hypothesis, we attempted to reﬁne
the chromosomal location of the 16 genes that were differentially
transcribed in both the GluB to B and the GP to B comparisons on
the current genetic map of barley (http://www.harvest-web.org/hweb/
bin/gmap.wc?wsize=1263 × 854). Although 14 of the unigenes had
no assigned map position, 2 could be located between 142 cM and
167 cM on the lower arm of chromosome 7H. Analysis of two simple
sequence repeat (SSR) markers located in the region of interest
revealed that both carried the GP allele (Fig. 4 and Fig. S5).
Discussion
The comprehensive dataset generated in the present study provides a comparison of the alterations in leaf transcriptome and
Kogel et al.

metabolome caused by (i) the presence of transgenes, (ii) cultivar, and (iii) biotic interactions in the root. This dataset leads
us to four major conclusions.
First, the effect of recombinant Trichoderma chitinase on both
the metabolome and transcriptome was negligible compared to
the differences between the wild-type cultivars GP and B.
Second, the metabolome analysis has proven to be as sensitive
as the survey of the corresponding transcriptome as a means to
detect minor differences between B and the out-bred transgenic
GluB. In addition, both targeted and untargeted metabolome
analyses discerned an inﬂuence of mycorrhizal infection on leaf

Fig. 4. Inheritance of GP alleles in GluB on the lower arm of barley chromosome 7H. Two of the 16 unigenes differentially expressed in both the B vs.
GP and the B vs. GluB comparisons could be mapped to the current physical
barley map (www.harvest-web.org) and were located at 142 cM and 167 cM
on chromosome 7H, respectively. Analysis of the two polymorphic SSR
markers EBmag0757 (142 cM) and Bmac0156 (156 cM) revealed retention of
the respective GP alleles in GluB that had been generated by introgressing
the GluB transgene from GP into B. Locations of the employed markers and
the two unigenes of interest on the genetic map are given on the left, their
names and annotations are to the right to the chromosomal sketch.
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Fig. 3. Principal component analysis (PCA) of multiparallel datasets obtained from ﬁeld-grown barley leaves. (A) PCA based on 72 metabolites that were
analyzed in a targeted fashion (complete dataset displayed in Table S1): For PCA, mean values of four replicate samples per genotype and treatment were
taken and the resulting data points labeled as described below. (Left) PCA plot of principal component 1 (PC1) versus principal component 2 (PC2). Circles are
drawn around spots derived from the genotype of identical cultivar or treatment and are labeled by letters as indicated below. (Right) loadings plot for PC1
and PC2. The 72 metabolites are individually labeled. (B) PCA of metabolite ﬁngerprinting data. The analysis was computed for the 307 most signiﬁcant mass
signals obtained by metabolite ﬁngerprinting and is based on mean values from four replicate samples (see Materials and Methods). Compounds are labeled
according to the quantiﬁed transition. Data arrangement and labeling are as described in A. (C) PCA of transcriptome data. PCA was performed based on
data from two replicate hybridizations per genotype and treatment. RNA was extracted from aliquots of pooled sample material also used for metabolome
analysis. From the 1,660 genes differentially expressed between cultivars B and GP (Table S3), ﬁve of the most signiﬁcant ones were conﬁrmed by qRT-PCR
analysis of independent sample aliquots (Fig. S2B). GP, Golden Promise; B, Baronesse; ChGP, Chitinase GP; GluB, Glucanase B; M, Amykor treatment.

metabolism that was not achieved by transcriptome analysis
alone. In targeted experiments, on the other hand, differential
display was used successfully to identify transcripts of ﬁve differentially expressed genes from leaves of mycorrhiza-colonized
tomato (22). Based on our results, metabolome analysis represents a more immediate probe of physiological status of the plant
than the transcriptome. We have found that a subset of phosphorylated intermediates of central metabolism was more
abundant in leaves of Amykor-treated than in control plants,
reﬂecting improved phosphate availability in treated plants.
Third, comparisons of the metabolome and transcriptome
between the transgenic GluB and wild-type B revealed four differentially abundant metabolites and 22 deregulated transcripts,
suggesting a more distant positioning in the PCA between these
two lines, as compared to ChGP and GP. Although the reason for
the deviation in the metabolome of GluB and B remain elusive,
about 73% of the differentially transcribed genes between GluB
and B were similarly deregulated between GP and B. The evidence
for genetic linkage of 2 out of the 16 coregulated genes between
GluB and GP by SSR marker analysis indicates that the differences
in the transcript proﬁles of GluB and B could be attributed to
retention of introgressed GP traits in the GluB background. This
ﬁnding could also hold true for the differences in the GluB and B
metabolome proﬁles. Our ﬁnding suggests that introgression of a
few alleles can convey a stronger effect on substantial equivalence
than the introduction of the two regarded transgenes.
Fourth, compared with the previously addressed slight changes,
the data compiled for GP and B revealed 1,660 differentially regulated genes and a considerable, albeit minor, number of steady-state
metabolite pools that were substantially different. Targeted qRTPCR analysis of ﬁve genes that strongly differed in expression
between GP and B disclosed that, for most of them, transcripts were
only speciﬁcally abundant in one of the two cultivars. Defenseassociated genes such as pathogenesis-related gene-4 (PR-4) were
overrepresented in the 1,660 genes. Because we did not include a
substantial number of defense-related metabolites in our targeted
metabolome analysis, the difference in defense priming between GP
and B remained obscure in the metabolite dataset. As no symptoms
of infection were visible on any genotype at sampling date, our data
indicates that subclinical or latent infections at the ﬁeld site had
triggered defense-gene expression. Thus, our results suggest that B,
unlike GP, was in an alert state with basal expression of pathogenesis-related genes. The variety GP lacks most resistance genes
(23) and exhibits a much weaker defense response compared to bred
high-end varieties. We can thus estimate that past breeding of elite
lines, such as B for putative disease resistance, represent the
strongest effect on global gene expression between cultivars in the
ﬁeld, where plants are subjected to perpetual challenge by microbial
pathogens and pests. Such large differences are not expected to be
caused by single transgenes, although evidence on pathogen-challenged disease-resistant GM crops is thus far unavailable. Although
resistance toward pathogen challenge in the ﬁeld should be
increased in ChGP because of the presence of endochitinase,
transcript proﬁles of ChGP, and because GP did not exhibit signiﬁcant differences, unlike the B to GP comparison described
above. This result means that endochitinase expression did not
affect the transcriptome in challenged plants. In comparison, strong
differences in transcript proﬁles of Bt maize compared with nonGM cultivars were to be expected upon corn borer infestation,
representing sick and healthy plants, respectively.

Conclusion
In summary, our results substantially extend observations that cultivar-speciﬁc differences in transcriptome and metabolome greatly
exceed effects caused by transgene expression. Furthermore, we
provide evidence that, (i) the impact of a low number of alleles on
the global transcript and metabolite proﬁle is stronger than transgene expression and that, more speciﬁcally, (ii) breeding for better
adaptation and higher yields has coordinately selected for improved
resistance to background levels of root and leaf diseases, and this
selection appears to have an extensive effect on substantial equivalence in the ﬁeld during latent pathogen challenge.
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Materials and Methods
Barley Seed. The seed used in this study represented barley lines pYW210-9(4001-4360), pYW210-19-(4701-6100), pYW300-36-(7121-7187), pJH271-Beta
Glu-307 and the cultivars Golden Promise and Baronesse. Line pYW210-9(4001-4360), termed ChGP, and lines pYW210-19-(4701-6100) and pYW30036-(7121-7187), which are constitutively expressing endochitinase ThEn42
(GC) from T. harzianum (13), were produced for this study (see below). Line
pJH271-Beta Glu-307, termed GluB, constitutively expresses a thermostable
(1,3-1,4)-β-glucanase and was described earlier (18).
Double-Cassette Vector Construction with the Ubiquitin Promoter and Barley
Transformation. For construction of plasmid pYW300 (Fig. S1A), the Cauliﬂower mosaic virus 35S promoter was ampliﬁed from plasmid pBI221 (Clontech Inc.), digested with HindIII and PstI, and inserted into HindIII- and PstIdigested plasmid pAM110-cTHEn42(GC) (Fig. S1C). The HindIII-NotI fragment
of this plasmid was moved into pAM300b (Fig. S1D), and the HindIII-EcoRI
fragment from this intermediate vector was then inserted into the pJH 260
binary vector as described for the vectors with the ubiquitin promoter (see
below). The sequence of the plasmid pYW300 has been assigned GenBank
Accession number DQ469639.
Plasmid pYW210 (Fig. S1B) was constructed in the binary cloning vector
pJH260 derived from pBIN19, as follows: The fragment containing cThEn42(GC)
provided with the pUbi 1 promoter and the SP(HvChi33) signal sequence was
excised from plasmid pAM110-cThEn42(GC) (Fig. S1C) with HindIII and NotI. The
resulting fragment was inserted into HindIII-/NotI-digested plasmid pAM300b
(Fig. S1D), yielding plasmid pAM300. A HindIII / EcoRI fragment of the insert was
cloned into pJH260 to produce plasmid pYW210 (GenBank Accession Number
DQ469636). For barley transformation, see SI Materials and Methods.
Metabolome Proﬁling and Metabolite Fingerprinting. Targeted analysis of free
amino acids (24), major leaf carbohydrates (25), ascorbic acid, tocopherols
and glutathione (26), carotenoids (2), phosphorylated intermediates and
carboxylates (27) was conducted as previously described.
Untargeted metabolome proﬁling by ESI-MS was carried out on a
QTrap3200 mass spectrometer (Applied Biosystems) after metabolite
extraction and ion exchange chromatography as described (26). Negative
Ions were generated at −4.5 kV and a declustering potential of −20 V. The
entrance potential was from −6 to −4 V, and gas pressures were 20 psi
(curtain), 30 psi (nebulizer), and 20 psi (turbogas). A mass range of m/z 60–
610 was recorded with one scan per second over 80 min. Peak alignment was
performed after import into Marker View (Applied Biosystems) with a
retention time tolerance of 0.75 min and a mass tolerance of 1.0 amu.
Maximal number of peaks was set to 500. Retention time corrections and
normalization was done with the internal standard pipes (m/z 301.1; RT 16.6
min). For PC analysis of ﬁngerprinting data, quality control samples were
generated as described (28) by pooling equal-volume amounts from all
analyzed samples. Artifact peaks were removed before the analysis was
conducted with MarkerView.
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