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Abstract DiVerential display was used to isolate
cDNA clones showing diVerential expression in
response to ABA, drought and cold in barley seedling
shoots. One drought-regulated cDNA clone (DD12)
was further analyzed and found to encode a branched-
chain amino acid aminotransferase (HvBCAT-1). A
genomic clone was isolated by probing the Morex BAC
library with the cDNA clone DD12 and the structure
of Hvbcat-1 was elucidated. The coding region is inter-
rupted by six introns and contains a predicted mito-
chondrial transit peptide. Hvbcat1 was mapped to
chromosome 4H. A comparison was made to rice and
Arabidopsis genes to identify conserved structural pat-
terns. Complementation of a yeast (Saccharomyces
cerevisiae) double knockout strain revealed that HvB-
CAT-1 can function as the mitochondrial (catabolic)
BCATs in vivo. Transcript levels of Hvbcat-1,
increased in response to drought stress. As the Wrst
enzyme in the branched-chain amino acid (BCAA)
catabolic pathway, HvBCAT-1 might have a role in the

degradation of BCAA. Degradation of BCAA could
serve as a detoxiWcation mechanism that maintains the
pool of free branched-chain amino acids at low and
non toxic levels, under drought stress conditions.

Introduction

Plants have evolved adaptive strategies to cope with
environmental stresses. Among the abiotic stresses,
water availability is the most common and important in
determining plant survival. Plants react to drought
stress in a complex manner. The “adaptation syn-
drome” begins with stress perception, which initiates
signal transduction pathways that cause changes at the
cellular, physiological and developmental levels, which
involve hormone balance, modiWcation of metabolites
and repression or induction of many regulated genes
(Blum 1996).

Amino acid pools and concentration are inXuenced
by abiotic stress: free amino acid levels are aVected by
increased protein degradation (Di Martino et al. 2003;
Kaplan et al. 2004) and some amino acids act as com-
patible solutes (i.e. proline) whose synthesis is strongly
induced by drought. Amino acids can act in defence
mechanisms, for example the branched chain amino
acids (BCAA) leucine, isoleucine, and valine serve as
precursors of secondary metabolites involved in patho-
gen response, and their level is increased in response to
drought and heat stress (Rizhsky et al. 2004).

Pathways for the biosynthesis and degradation of
BCAA are well known in plants and many genes have
been characterised (Singh 1999) with the exception of
the Wnal biosynthetic step, which is catalysed by a
branched-chain amino acid transaminase (BCAT; EC
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2.6.1.42). BCATs catalyse the Wnal transamination step
in the pathway that produces the essential amino acids
leucine, isoleucine, and valine; the enzymes are also
involved in the degradation of the three amino acids.
BCAT activity has been detected in a wide range of
eukaryotic organisms, including yeast, maize, spinach,
pea, barley, tomato, soybean, rat and human (Singh
1999). Biosynthesis of BCAA in plants is localised in
plastids, while there is evidence for a mitochondrial
catabolic pathway (Diebold et al. 2002; Fujiki et al.
2000). After a transamination step, the �-keto-acids are
esteriWed by the branched-chain �-keto-acid dehydro-
genase complex (BCKDC) whose activity has been
detected in Arabidopsis mitochondria. Several
enzymes in the BCAA degradative pathway have also
been localised in mitochondria by LC–MS/MS analysis
of mitochondrial trypsinated proteins (Taylor et al.
2004).

Plants contain a small family of bcat genes. So far
the identiWcation and cloning of bcat genes in potato
have demonstrated that the two genes isolated are
diVerentially expressed (Campbell et al. 2001), whereas
in Arabidopsis a family of six transcribed members
with diVerent sub-cellular localization has been
described (Diebold et al. 2002). The isoenzyme AtB-
CAT-1 is imported into mitochondria while the other
isoenzymes are either sorted into plastids or remain in
the cytosol. It has been demonstrated that AtBCAT-1
can initiate the degradation of all branched-chain
amino acids (Schuster and Binder 2005), thus conWrm-
ing that plant mitochondria are the reaction compart-
ment for the degradation of all BCAA.

Here we report the barley gene Hvbcat-1, which
belongs to the BCAT gene family, regulated by
drought stress. The coding region is interrupted by six
introns and contains a predicted mitochondrial transit
peptide. The gene was mapped to chromosome 4H. We
propose that an increased degradation of BCAA under
stress conditions could provide an alternative carbon
source or detoxiWcation mechanism by maintaining the
pool of free branched-chain amino acids at levels com-
patible with cellular homeostasis.

Materials and methods

Plant material

Spring barley seeds (Hordeum vulgare L. cv. Georgie)
were obtained from the Experimental Institute for
Cereal Research, Fiorenzuola d’Arda (Italy). Seeds
were surface-sterilized with 2% sodium hypochlorite for
10 min, rinsed with water, then germinated on moist

Wlter paper and grown at room temperature (RT) in the
dark for 3–4 days. Seedlings with approximately 3 cm
coleoptiles were treated or stressed with ABA, NaCl,
drought, cold and heat stress as described by Malatrasi
et al. (2002). For microarray expression analysis plants
were treated as described by Rodriguez et al. (2005).

The Oregon Wolfe Barley mapping population that
contains 94 F1-derived doubled-haploid lines (http://
www.barleyworld.org/oregonwolfebarleys/concept.php;
Costa et al. 2001) was obtained from Dr. Patrick Hayes
(Oregon State University) and propagated at the Uni-
versity of California, Riverside. Leaves and shoots
were cut oV, frozen in liquid nitrogen, and stored at
¡80°C until use.

DiVerential display reverse transcriptase and cloning

The diVerential display method (Liang and Pardee 1992)
was performed with RNAmap kit (GenHunter, Nash-
ville, TN) as directed by the manufacturer with the
T12MN anchored primer and an arbitrary 10-mer primer
(5�-GACCGCTTGT-3�). After re-ampliWcation, the
resulting fragments were separated on a 1.5% agarose gel
and puriWed. These fragments were cloned in pGEM-T
vector (Promega, Madison, WI) and sequenced.

Progressive drought stress, RWC and OP evaluation

Barley plants cv. Georgie were grown in a greenhouse
at 23°C with 16 h of light (PPFD 80 �mol m¡1 s¡1) for
7 days with continuous watering, then irrigation was
suspended for 2 weeks. Two pots with plants regularly
watered for the entire period were used as control.
After this period all pots were watered again and plants
were sampled 2 h later. Leaf relative water content
(RWC) was measured, according to Barr and Weather-
ley (1962), taking the Wrst leaf of Wve plants after 7, 10,
11 and 14 days of water deprivation. Cellular osmotic
potential (�s) was measured on the Wrst leaf of three
plants after 7, 10, 11 and 14 days of water deprivation:
leaves were sealed into a syringe and frozen immedi-
ately, the samples were then allowed to thaw at room
temperature and the cell sap was collected in vials by
pressing the tissues. The osmotic potential of the cell
sap was measured using a vapour pressure osmometer
(model 5500 Wescor, Logan, UT). Sub-samples were
collected at the same time points for RNA puriWcation.

Expression analysis by northern blot 
and real-time RT-PCR

Total RNA was extracted from 500 mg of seedlings (cv.
Georgie) using a procedure adapted from Verwoerd
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et al. (1989). For northern blot analysis, 30 �g of RNA
were separated on a denaturing formaldehyde 1.5%
agarose gel and blotted onto Hybond N+ nylon mem-
brane (Amersham Biosciences, Uppsala, Sweden) and
hybridised according to Sambrook et al. (1989). The
hybridisation signal was quantiWed by electronic auto-
radiography with the instrument Instant Imager
(Canberra Packard, Meriden, CT). An equal quantity
of RNA in each lane was veriWed by ethidium bromide
staining using as a reference the intensity of rRNA
bands.

For reverse transcriptase-PCR (RT-PCR) total
RNA was treated with DNaseI (Promega) according to
the manufacturer then 200 ng were retro-transcribed
with 3� gene speciWc primers using M-MLV point
mutant-RNaseH minus (Promega). An aliquot of these
reactions was used as template for PCR ampliWcations:
reaction conditions were 95°C for 2 min followed by 40
ampliWcation cycles with 30 s at 95°C for denaturation
step, 30 s at 59°C for annealing and 15 s at 72°C for
extension.

For real-time RT-PCR analysis, 500 ng of total
RNA were retro-transcribed with random hexamers,
then 20 ng used for PCR ampliWcations with DD12
speciWc primers (RT-DD12Forw 5�-GCGCCAGAA
GCATCCAGTATT-3�; RT-DD12Rev 5�-CGATTTC
TTTCCGTGCCCA-3�); 18S rRNA was also ampliWed
as endogenous control (RT-18S Forw 5�-TGCCCTA
TCAACTTTCGATGG-3�; RT-18S Rev 5�- TGGATG
TGGTAGCCGTTTCTC-3�). The reactions were per-
formed in triplicate using Platinum SYBR Green
qPCR Supermix UDG (Invitrogen, Carlsbad, CA). For
both genes a calibration curve was calculated and the
expression of DD12 normalized on the 18S rRNA.

Expression analysis by microarray

Expression data from triplicated experiments were col-
lected using the AVymetrix Barley1 GeneChip
(AVymetrix, Santa Clara, CA) and viewed using the
software GeneSpring (Silicon Genetics, Redwood City,
CA). Expression estimates were calculated using
gcRMA implemented in GeneSpring 7.1 (Silicon
Genetics) and normalization was done to the median
of each probe set. Hvbcat-1 expression levels were
studied using the probe set contig8247_at.

Genomic DNA isolation and genotyping

Genomic DNA of parental and doubled haploid
genotypes was prepared from leaves using Plant
DNAzol (Invitrogen) according to the instructions
from the manufacturer. Gene-speciWc oligonucleotides

(forward 5�-CTCCTCCTGCAACCTCTTCG-3� and
reverse 5�-CCGTGCAGAACACTTCGTCT-3�) were
designed in order to amplify a genomic region contain-
ing a single nucleotide polymorphism between OWB-
D and OWB-R forming in the latter a ClaI restriction
site. PCR ampliWcations were performed with a Gene-
Amp PCR system 9600 (Perkin Elmer, Foster City,
CA, USA) in a 40 �l reaction containing Taq DNA
polymerase (Qiagen, Hilden, Germany), PCR buVer
(10 mM Tris–HCl pH 8.3, 50 mM KCl2, 1.5 mM
MgCl2), Q-solution, 200 �M of each dNTP, 0.3 �M
primer, and 60–100 ng genomic DNA. PCR reactions
were initiated at 95°C for 5 min, followed by 35 cycles
of 95°C for 30 s, 59°C for 30 s, 72°C for 45 s, and
terminated at 72°C for 10 min. AmpliWed DNAs were
digested with ClaI restriction enzyme and electropho-
resed in a 2% MetaPhor® agarose gel (Cambrex,
Baltimore, MD).

Linkage analysis

The genotype of each individual was recorded and
used in Map Manager QTX software (Manly et al.
2001) and gene recombination frequencies were used
to map Hvbcat-1. The Kosambi (1944) mapping
function was used. The reference data set was available
at http://www.barleyworld.org/oregonwolfebarleys/maps.
php.

Isolation and characterization of the BAC clone

A 6.3£ Morex barley BAC library 17-Wlter set (Yu
et al. 2000) was obtained from Clemson University
Genomics Institute. Pre-hybridization and hybridiza-
tion conditions were described in Malatrasi et al.
(2002). The DD12 cDNA fragment of Georgie barley
was labelled with 32P-dCTP. DNA from a positive
BAC clone (461O20) was isolated by an alkaline-lysis
procedure (Sambrook et al. 1989) from a 20 ml over-
night culture containing 12.5 �g/ml of chloramphenicol.
BamHI and HindIII digestion fragments were sepa-
rated in a 0.7% agarose gel, then blotted onto a nylon
membrane and probed with [32P]-labeled DD12 cDNA
following standard procedures (Sambrook et al. 1989).
A 4 kb HindIII–EcoRI fragment of the BAC clone was
subcloned in pUC19. Sequencing of the region contain-
ing Hvbcat-1 was performed throughout both strands
using CEQ 2000 Dye Terminator Cycle Sequencing
Quick Start Kit (Beckman Coulter, Fullerton, CA). A
set of DD12 gene-speciWc primers was designed and
veriWed with the program NetPrimer. Oligonucleo-
tides were synthesized by MWG Biotech (Ebersberg,
Germany).
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The nucleotide and deduced amino acid sequences
were analyzed and compared with sequences in data-
bases using BLAST (Altschul et al. 1997) and ClustalW
(Higgins et al. 1994) programs. Prediction of subcellu-
lar targeting was done using MitoProt II (http://ihg.
gsf.de/ihg/mitoprot.html), ChloroP 1.1 (http://www.
cbs.dtu.dk/services/ChloroP), iPSORT (http://hc.ims.
u-tokyo.ac.jp/iPSORT/), TargetP 1.0 (http://www.cbs.
dtu.dk/services/TargetP), SubLoc1.0 (http://www.
bioinfo.tsinghua.edu.cn/SubLoc/) and Predotar 1.03
(http://genoplante-info.infobiogen.fr/predotar). Analy-
sis of the promoter sequence was performed on
1,000 bp upstream of the translation start codon, using
the software Signal Scan and a plant cis-acting regula-
tory DNA elements database (Higo et al. 1999). The
putative transcription initiation site was recognized
using the program at http://www.fruitXy.org/seq_tools/
promoter.html.

Yeast (Saccharomyces cerevisiae) complementation 
analysis

For the complementation tests, Hvbcat-1 full length
cDNA was ampliWed with primer pairs BglII–BcatF
(5�-AGATCTATGGCTGTGCTGTCTTCTGCG-3�)
and EcoRI–BcatR (5�-GAATTCTCAATCAATCGC
TACCGTCC-3�) containing the BglII–EcoRI restric-
tion sites at the 5� ends to allow directional cloning into
the yeast expression vector pYeDP10 under the con-
trol of phosphoglycerate kinase (PGK) promoter. To
test the inXuence of sub-cellular targeting of HvBCAT-
1 on functional complementation, primer pairs BglII–
Bat1F (5�-AGATCTATGTTGCAGAGACATTCCT
TG-3�) and BglII–Bat1 TP (5�-GGATCCTGCATCT
AATGGGGCACCAG-3�) were used to amplify a
fragment containing the targeting signal of S. cerevisiae
BAT1 (aminoacid 1–25), which was then cloned
upstream of the Hvbcat-1 full length cDNA (aminoacid
1–397) and upstream of the coding region from amino
acids 42 trough 397 of HvBCAT-1 ampliWed using
primer pairs BglII–41BcatF (5�-AGATCTATGAAGT
CGTCGCTGCCGCAG-3�) and EcoRI–BcatR. The S.
cerevisiae BAT1 gene was ampliWed using primer pairs
BglII–Bat1F and EcoRI–BcatR (5�-GAATTCTCAAT
CAATCGCTACCGTCC-3�) and cloned in pYeDP10
and used as a positive control; the same vector without
insert was used as a negative control. Escherichia coli
DH5� was employed for plasmid DNA propagation.
About 1 �g of each complementation clone and vector
without insert were transformed into yeast strain
�bat2/gal–bat1. Yeast strain �bat2/gal-bat1 (W303-A,
bat2::LEU2; pBAT1::pGal1-10-HIS3) (Kispal et al.
1996) is a regulatory mutant that carries BAT1 under

the control of an inducible Gal1-10 promoter and a
deleted BAT2 gene. Deletions were carried out by a
PCR-based method employing the LEU2-selective
marker. Exchange of the endogenous promoter of the
BAT1 gene for a galactose-inducible promoter in
�bat2 cells was performed as described (Lafontaine
and Tollervey 1996). The �bat2/gal-bat1 strain is not
able to grow in absence of BCAA on minimal medium
with glucose, while with galactose, the bat1 gene is
expressed and the strain phenotype is essentially wild-
type. The pYeDP10 vector, which carries the URA3
marker, rescues the auxotrophy for uracil. Cells were
routinely grown in YPD medium (1% yeast extract,
2% Bacto peptone and 2% glucose). Yeast cells were
transformed by the lithium chloride procedure (Ito
et al. 1983), and transformants were selected and main-
tained in minimal medium containing 0.67% yeast
nitrogen base without amino acids (Difco, Franklin
Lakes, NJ) containing 2% (w/v) glucose and supple-
mented with adenine, lysine (20 mg/l each) and leucine
(30 mg/l). Solid media were obtained with addition of
20 g/l agar; growth of yeast on solid media was observ-
able after incubation at 28°C for 4 days.

Results

Isolation and characterisation of Hvbcat-1 in barley

DiVerential display reverse transcription-PCR
(DDRT-PCR) (Liang and Pardee 1992) was used for
the ampliWcation and isolation of partial cDNA frag-
ments corresponding to stress-responsive genes as
described in Malatrasi et al. (2002). In this work we
focus our attention on one partial cDNA, DD12

Fig. 1 Expression analysis of Hvbcat¡1 in barley coleoptiles
upon abiotic stresses and ABA treatment by northern blot. (C)
Control; (ABA) incubation in abscisic acid; (D) drought stressed;
(HS) heat stressed; (CS) cold treatment; (NaCl) incubation in
NaCl solution. Total RNAs were isolated from coleoptiles of 3-
day-old seedlings. Total RNA (30 �g) were separated by agarose
gel electrophoresis, blotted and hybridised with DD12 cDNA
fragment. Ethidium bromide-stained rRNA bands are shown on
the bottom
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(AJ493167), which is a 264 bp fragment. Expression of
DD12 was determined in 3 days old seedlings by north-
ern blot (Fig. 1) and real-time RT-PCR (data not
shown). The transcript homologous to DD12 with a
size of 1.6 kb was present in control conditions and did
not signiWcantly increase after treatment with ABA,

NaCl, and in response to cold or heat stress. Under
water deWcit conditions a threefold increase was found
and conWrmed by real-time RT-PCR (data not shown).

The DD12 nucleotide sequence, as well as the trans-
lated sequence, were compared with nucleotide and
protein sequences of the GenBank non-redundant

Fig. 2 a Alignment of the amino acid sequences of branched-
chain amino acid aminotransferases from barley (CAE00460),
rice (AAO06962) and Arabidopsis (CAB93131). The alignment
was made using the ClustalW program. Gaps in the sequences are
indicated by dashes. “*” means that the residues in that column
are identical in all sequences in the alignment. “:” means that con-
served substitutions are observed. “.” means that semi-conserved

substitutions are observed. Vertical bars indicate intron position.
b Comparison of barley Hvbcat-1 (AJ574850), rice OsBCAT
(AC105927) and Arabidopsis AtBCAT-3 (AJ276124) genomic
clones. Exons positions are shown by thick rectangles and introns
by thin rectangles. Four exons a, b, f, g are conserved in all se-
quences and e is conserved between barley and rice
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(GenBank, Rockville Pike, Bethesda, MD) and
expressed sequence tag (EST) databases by using
BLAST (Altschul et al. 1997). A nucleotide–nucleo-
tide BLASTN search revealed 10 ESTs from leaf
cDNA library of barley almost identical to DD12 (95–
100% of homology), while translation of the Wrst 60 bp
of DD12 5� end showed signiWcant homology with a
putative branched-chain amino acid aminotransferase
from Oryza sativa (AC135157-6) (data not shown). In
order to obtain more sequence information to better
characterize this gene (designated throughout this
paper Hvbcat-1) the software HarvEST:Barley (http://
www.harvest.ucr.edu/) was utilized. The consensus
sequence of contig #8247 (assembly #21 unigene
21_8247) is 1,529 bp; this unigene corresponds to a
transcript for a putative branched-chain amino acid
aminotransferase of barley. The cDNAs comprising
this contig derive mainly from drought stressed 3-
week-old and normal 2-week-old seedling libraries. It
was also possible to identify two other putative Hvbcat
unigenes, 21_8040 and 21_20424, named throughout
this paper Hvbcat-2 and Hvbcat-3, respectively. Hvb-
cat-2 is 1,690 bp and contains a complete open reading
frame (ORF), Hvbcat-3 is 1,108 bp and lacks the 5�

region of the transcript.
The DD12 clone was used to probe a subset of the

Morex BAC library Wlter set (equal to 1.1£ coverage),
resulting in the isolation of one BAC clone (461O20)
containing the corresponding gene (Hvbcat-1). Com-
parison of the genomic DNA sequence of Hvbcat-1
with unigene 21_8247 showed the presence of six
introns. The Hvbcat-1 gene has an ORF of 1,191 bp
corresponding to a protein of 397 amino acids, with
a deduced molecular mass of 42.7 kDa. HvBCAT-1
had highest homology with a rice putative BCAT
(AAO06962, 76% of identity, 82% of similarity) and
Arabidopsis AtBCAT-3 (CAB93131, 61% identity,
76% similarity). The N-termini of these proteins, as
shown in Fig. 2a, are characterized by high sequence
variability, probably due to diVerent signal peptides for

sub cellular sorting. HvBCAT-1 was predicted to have
a mitochondrial signal peptide.

Comparing Hvbcat-1 with the putative orthologs of
rice and Arabidopsis (Fig. 2b) it is evident that these
genes are formed by nine or ten exons, respectively.
The position of introns is in most cases conserved,
while their length is variable. Barley and rice have Wve
exons conserved (a, b, e, f, g in Fig. 2b); barley and
Arabidopsis have four (a, b, f, g) and the other exons
have been subjected to rearrangements.

Analysis of the promoter region (1,000 bp) of Hvb-
cat-1 revealed a putative transcription initiation site at
¡138 bp and typical stress-related cis-acting elements
including ABRE, DRE, MYC, MYB, AMYBOX and
POLLEN1LELAT52 putative recognition sites (Table
1). The presence of these cis elements is consistent with
the expression data.

Hvbcat-1 gene mapping in barley

Hvbcat-1 was mapped using a doubled haploid map-
ping population (Oregon Wolfe Barley; Costa et al.
2001) to barley chromosome 4H close to the centro-
mere, it falls 2.2 cM from £4.2 and 4.3 cM from
Bmag0353 (Fig. 3). Chromosome 4H is known to con-
tain some QTLs related to drought stress response
(Teulat et al. 2001, 2003) including osmotic adjustment,
RWC and water soluble carbohydrate, but the position
of these QTL did not overlap with the map position of
Hvbcat-1.

Hvbcat-1 expression is subjected to environmental 
control

Hvbcat-1 transcript levels were analysed in barley
coleoptiles by real-time RT-PCR. To characterize the
regulation of Hvbcat-1 under drought stress condition,
a progressive dehydration was applied as described in
Materials and methods. Leaf RWC and cellular sap
osmotic potential were measured: RWC decreased

Table 1 Regulatory cis-elements predicted in Hvbcat-1 promoter

Regulatory element Consensus motif Position from ATG Ref

Transcription start site ¡138 http://www.fruitXy.org/seq_tools/promoter.html
ABRE ACGTG ¡148 Simpson et al. (2003)
DRE (g/a)CCGAC ¡655 Busk et al. (1997)
LTR CCGAAA ¡883 Dunn et al. (1998)
MYC CANNTG ¡264, ¡294, ¡300, ¡932 Urao et al. (1993)
MYB (a/t)AACCACNGTT(a/g) ¡273, ¡433, ¡521, ¡639 Abe et al. (2003); Urao et al. (1993)
AMYBOX1 TAACA(a/g)A ¡639 Huang et al. (1990)
AMYBOX2 TATCCAT ¡810 Hwang et al. (1998)
CGACG element CGACG ¡440, ¡869 Hwang et al. (1998)
POLLEN1LELAT52 AGAAA ¡159, ¡249, ¡347, ¡426 Bate and Twell (1998)
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from 96% in control plants to 80% in wilted plants
after 14 days of water deprivation, whereas osmoticum
concentrations increased from 443 to 788 mmol/kg; 2 h
after re-watering RWC returned to levels of the con-
trols whereas the osmotic potential remained signiW-
cantly lower (Fig. 4a). Hvbcat-1 expression was
evaluated in the same conditions by real-time RT-PCR
(Fig. 4b): Hvbcat-1 was expressed at low levels in con-
trol conditions and expression increased sevenfold
after 14 days of water deprivation. After 2 h re-water-
ing the expression was Wvefold over control samples.

Expression analysis by microarray

To further analyze the expression of Hvbcat-1 and
the two other putative members of the barley bcat
family (Hvbcat-2 and Hvbcat-3) we used data gath-
ered using the AVymetrix Barley1 GeneChip (Close
et al. 2004) from various stress experiments (E. Rod-
ríguez and J. T. Svensson, unpublished) and from
another study including 15 diVerent tissues/stages of
unstressed plants (A. Druka, unpublished). The
probe set named contig8247_at represents the Hvb-
cat-1 gene, while probe sets contig8040_at and con-
tig20424_at correspond to Hvbcat-2 and Hvbcat-3
(http://harvest.ucr.edu). Data analysis produced a
present call for contig8247_at in all samples, consis-
tent with Hvbcat-1 constitutive expression found by
real-time RT-PCR. Microarray data showed a strong
transcript increase after drought-stress, a progressive
transcript increase over control samples was
recorded with a maximum of 34-fold at SWC7. Com-
parison among tissues showed the highest diVer-
ences; for example, Hvbcat-1 transcripts were 6 times
higher in anthers and 12 times higher in leaf than in
reference sample (Fig. 5). The Hvbcat-2 transcript
was revealed in all conditions analysed, with no
apparent regulation either by environmental stresses
or by developmental conditions except in anthers
were a reduction of threefold over control samples
was observed. Hvbcat-3 transcript, corresponding to
contig20424_at, was not up- or down-regulated by
the environmental stresses considered. Analysis of
the expression level among tissues of this contig evi-
denced an increase of 37-fold in immature inXores-
cence and 31-fold in anthers, of 91-fold in seminal
roots and of 97-fold in roots.

HvBCAT-1 function as BCATs in yeast

To determine the function of HvBCAT-1 an in vivo
complementation test was performed using a �bat2/
gal-bat1 yeast strain (derivative of Kispal et al. 1996).
This strain is unable to grow on minimal medium with
glucose in the absence of a single, any combination of
two, or all three branched-chain amino acids. Several
transformation cassettes were prepared in the
pYeDP10 vector, containing Scbat1 and Hvbcat-1
ORF downstream a PGK promoter, and used to
transform �bat2/gal-bat1 yeast strain (Fig. 6a). No
complementation was achieved with the Hvbcat-1 full
length cDNA (construct 1 Fig. 6a) but growth restora-
tion on minimal medium lacking Ile and Val was
obtained for the positive control (Fig. 6b-2). This led
to the interpretation that either the gene Hvbcat-1

Fig. 3 Genetic mapping of 
Hvbcat-1. Linkage map of 
chromosome 4H with the 
short arm at the top from the 
Oregon Wolfe Barley map-
ping population, based on 
Costa et al. (2001). Map loca-
tion of Hvbcat-1 is underlined. 
Numbers on the left indicate 
the distance in centiMorgans; 
symbols on the right represent 
genetic markers
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does not encode a BCAT or that the protein, pre-
dicted as mitochondrial, remained in the cytosol
where it is not able to function. To check whether an
improper sub-cellular targeting might be responsible
for the lack of complementation, the predicted HvB-
CAT-1 mitochondrial transit peptide (amino acids 1–
41) was removed (construct 3 Fig. 6a) and the
sequence without the portion coding for the signal
peptide or the full-length cDNA were fused to a pre-
dicted ScBAT1 mitochondrial targeting sequence
(amino acids 1–25, constructs 4 and 5; Fig. 6a). Trans-
formation of the strain �bat2/gal-bat1 with these new
constructs resulted in positive complementation for
both constructs (4 and 5), demonstrating that the
gene Hvbcat-1 from barley rescued the auxotrophy
and therefore encodes a branched-chain amino acid
aminotransferase (Fig. 6b).

Discussion

In this work we describe the isolation, sequence,
expression patterns, genetic map location and in vivo
complementation test of a gene named Hvbcat-1
encoding a branched-chain amino acid aminotransfer-
ase regulated during some environmental conditions.

The Hvbcat-1 gene is composed of seven exons and
encodes a 397 amino acid BCAT with a predicted mito-
chondrial localisation. BCATs catalyse the Wnal trans-
amination step in the pathway that produces leucine,
isoleucine, and valine; these enzymes are also involved
in the degradation of these three amino acids. The bio-
synthetic and the catabolic pathways are localized in
diVerent sub-cellular compartments with the former in
plastids and the latter probably in mitochondria. To
predict protein sub-cellular sorting of HvBCAT-1 we

Fig. 4 Physiological and molecular analysis of progressive
drought stress eVects. (a) Time course of relative water content
(RWC) and osmotic potential of barley plants under drought
stress. Barley seedlings (after 7 days of growth) were dehydrated
for 14 days, followed by re-hydration for 2 h; RWC and cellular
osmotic potential were measured on the Wrst leaf of each plant.
Data are shown as the means § SE (n = 5 for RWC; n = 3 for
Os.Pot.). (b) Time course of Hvbcat-1 transcription under pro-

gressive drought stress evaluated by real-time RT-PCR. Total
RNAs (500 ng) were retro-transcribed with random hexamers
then 20 ng of cDNA were ampliWed with DD12 (AJ493167) spe-
ciWc primers and 18S rRNA speciWc primers as endogenous con-
trol. QuantiWcation is based on Ct values that were normalised
using the Ct value corresponding to a barley housekeeping gene
(18S rRNA). Samples are a pool of four plants that were exam-
ined in triplicate. Each value is the mean § SD
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used diVerent programs (iPSORT, TargetP, Predotar,
MitoProt, SubLoc) and a mitochondrial localisation of
HvBCAT-1 was suggested, indicating an involvement
of this enzyme in BCAA degradation. The compart-
ments where branched-chain amino acids are degraded
in plants have been a matter of debate for many years.
There is evidence that it occurs in peroxisomes (Ger-
bling and Gerhardt 1989), but other evidence assigned
the �-oxidation of branched-chain �-keto acids to mito-
chondria, supported by the isolation and identiWcation
in Arabidopsis of mitochondrial proteins correspond-
ing to several enzymes involved in this pathway,
including BCAT (Fujiki et al. 2000; Diebold et al. 2002;
Taylor et al. 2004). In particular it has been shown that
the mitochondrial AtBCAT-1 can initiate the degrada-
tion of all BCAA in almost all tissues (Schuster and
Binder 2005). The Hvbcat-1 gene encodes for a func-
tional BCAT enzyme as shown by yeast complementa-
tion analysis. The yeast complementation experiments
are consistent with mitochondrial targeting of HvB-
CAT-1 therefore, we consider it functionally homolo-
gous to the Arabidopsis enzyme, although the highest
sequence homology was observed with AtBCAT-3
(Fig. 2a).

The analysis of Hvbcat-1 expression was performed
in barley in several environmental and developmental
conditions with northern analysis and quantitative real-
time PCR (cv. Georgie) and with microarrays (cv.

Morex). Northern analysis demonstrated that Hvbcat-1
transcript increased only in response to drought
(Fig. 1) as conWrmed also by real time RT-PCR (data
not shown), therefore a more detailed analysis was per-
formed. The experiment of progressive dehydration
demonstrated that Hvbcat-1 transcription was
increased in conditions of low RWC and low osmotic
potential (Fig. 4). Similar expression patterns were
conWrmed with microarray data in cv. Morex in which
there was a peak of expression at the lower SWC (soil
water content) point (Fig. 5a). Furthermore, it was
shown that this gene is actively transcribed in leaves,
seedlings and anthers. The expression of Hvbcat-1 cor-
relates with the localisation of Atbcat-1 by histo-chem-
ical staining (Schuster and Binder 2005). The level of
transcripts in cv Georgie was higher in coleoptiles as
compared to leaves (data not shown), while in cv.
Morex higher levels of Hvbcat-1 transcripts were evi-
denced in leaves. This discrepancy can be explained by
diVerent behaviour of the two cultivars or by the diVer-
ent growth stage of the coleoptiles analysed; the sam-
ples analysed by real-time RT-PCR were obtained
from 3 cm long coleoptiles while in the array experi-
ment the sampled coleoptiles were 2 mm long.

By a TBLASTN search of the EST database with
HvBCAT-1, the presence of at least three genes
seems possible in barley, as shown also using the Har-
vEST database. As is typical of multigene families,

Fig. 5 Hvbcat-1 transcript 
detection using microarrays, 
and comparison with two 
putative BCAT of barley. 
Microarray data from a stress 
experiment and b diVerent tis-
sues and development stages 
(A. Druka unpublished; E. 
Rodriguez, and J. T. Svens-
son, unpublished). Data were 
analyzed using GeneSpring, 
expression values were nor-
malized to the median of each 
probe set. Signal intensity is 
the normalized probe-set Xuo-
rescence in arbitrary units. 
Transcript levels of Hvbcat-1 
(contig 8247_at) are com-
pared with transcript levels of 
contig 8040_at (Hvbcat-2) and 
contig 20424_at (Hvbcat-3) of 
barley
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transcriptional analysis of three paralogous bcat genes
by microarray shows that the three genes are not co-
ordinately regulated. Similarly in Arabidopsis distinct
expression patterns for the six transcribed members of
the Atbcat gene family were observed (Schuster and
Binder 2005), thus suggesting that each protein per-
forms a speciWc function in diVerent organs and tissues.

In the catabolic pathway of branched-chain amino
acids, BCAT represents the Wrst enzyme, followed by
the branched-chain �-keto-acid dehydrogenase com-
plex (BCKDC); in Arabidopsis it has been shown that
genes encoding for BCKDC complex are induced by
darkness, mannitol, and sugar starvation (Fujiki et al.
2002). Taylor and co-authors (2004) suggest that
branched-chain amino acids promote their own catabo-
lism but only when plant cells are sugar starved, and
they may constitute an alternative source of respiratory
substrates for the TCA cycle during severe plant stress.

The results shown in Fig. 4 are consistent with this
hypothesis, in fact it is well known that as RWC
decreases a decline in photosynthetic rate is observed
and an increased degradation of BCAA can serve as an
alternative energy source. Hvbcat-1 is up-regulated
also in etiolated coleoptile; this could be related to the
progressive degradation of starch reserves of the endo-
sperm and is consistent with the presence of speciWc
cis-elements in its promoter, required for gene expres-
sion during sugar starvation.

BCAA and �-keto-acids are also considered to be
cytotoxic, and can induce apoptosis in mammals (Eden
and Benvenisty 1996). Thus, removal of BCAA via
respiratory oxidation could also serve as a cell detoxiW-
cation mechanism, maintaining a pool of branched
chain amino acids for protein synthesis and at the same
time preventing toxic levels. In stress conditions, such
as those imposed to barley plants in this work, rapid

Fig. 6 Complementation analysis of HvBCAT-1 in the yeast
double knockout mutant �bat1/galbat2. To examine the sug-
gested BCAT function in vivo, Hvbcat-1 cDNA was cloned into
pYeDP10 vector and transformed into �bat1/galbat2. The con-
structs prepared are shown in panel (a) 1- the complete ORF of
Hvbcat-1 is cloned downstream the PGK promoter; 2-yeast
BAT1 is used as positive control; 3-Hvbcat-1 ORF is deleted in 5�
of 123 bp coding for the transit peptide (41 aa); 4-BAT1 transit
peptide is cloned in 5� in frame with Hvbcat-1 deleted of 123 bp;
5-BAT1 transit peptide is cloned in 5� in frame with complete

Hvbcat-1 ORF; 6-pYeDP10 without insert is used as negative
control. (b) Restored growth on medium lacking Val, Leu and Ile
due to construct 4 and 5 indicates that the competent BCAT
activity of HvBCAT-1 in yeast depends on the presence a mito-
chondrial transit peptide recognized by yeast. Complementation
is also observed with ScBAT-1 as positive control (2). No growth
is detected with the empty transformation vector (6) and with
HvBCAT-1 with its own transit peptide (1) or without any transit
peptide (3)
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protein degradation and accumulation of certain amino
acids (e.g. proline) was observed (Reddy et al. 2004;
Lawlor and Cornic 2002), BCAA level increased and
therefore activation of their catabolism may play an
important role as detoxiWcation mechanism which may
protect plant cells.

In Arabidopsis it has been observed that Atbcat-1
can use as a substrate also methionine and the corre-
sponding �-keto-acids, suggesting an involvement of
this enzyme in the methionine regeneration pathway
(Berger et al. 2003). Methionine, besides being essen-
tial for protein synthesis, has an important role in stress
response. In fact, it is mainly presents in cell as S-aden-
osine-methionine (SAM), which is utilised as a sub-
strate in methylation reactions (e.g. choline) and as
precursor in the biosynthesis of ethylene and polyam-
ines. Therefore a further role for BCATs can be envis-
aged in relation to stress response.
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