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Molecular analysis of the alcohol dehydrogenase gene family of barley
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Abstract

One partial and two complete genomic clones of the three loci specifying alcohol dehydrogenase (ADH) in
barley were isolated by screening libraries with a maize Adhl cDNA probe. Each gene is characterised by an
intron arrangement similar to that of both maize Adhl and Adh2, although two genes show an exon fusion.
A comparison with the maize coding sequences unambiguously assorts the barley loci into an Adhl-like gene
and two Adh2-like genes, indicating that an ancient gene duplication underlies the widespread occurrence of
two Adh loci in higher plants. In the barley lineage there has been a further duplication-transposition of a
progenitor “Adh2” locus to give rise to the extant three-gene system, with gene copies of different ancestry
being closely linked. An Adhl null-allele, AdhI-M9, has been cloned; the available sequence includes an intron
with a missing acceptor splice signal. Two independent clones of one of the barley Adh2-like genes have an
18 bp in-frame deletion towards the 3’ end of the coding sequence. The barley Adh2-like genes are extensively
diverged in their 5’ sequences apart from a conserved 15 bp motif in the mRNA leader region and sequences
at the start of transcription. A sequence related to the hexanucleotide core of a regulatory element found in
maize Adhl and in other anaerobically induced plant genes is present in the 5’ region of barley Adh2.

Introduction

Alcohol dehydrogenases (EC 1.1.1.1; ADH) are
NAD*-dependent oxidoreductases which catalyse
the oxidation of a range of alcohols. It is generally
assumed that ADH activity in vivo regenerates
NAD™ by the reduction of acetaldehyde to ethanol,
facilitating glycolysis under anaerobic stress. Alco-
hol dehydrogenase (4dh) genes are among the best
characterised loci in higher plants; both genetically
and at the molecular level, the best known system be-
ingthat of maize Adhl [19]. In many species a broad-
ly similar pattern of expression may be recognised
in which several ADH isozymes are inducible in tis-

sues (particularly root systems) by some degree of
anoxia, whereas usually only one isozyme is ex-
pressed “constitutively’ in mature, dry seed and in
pollen.

The genetics of the ADH isozymes have been
thoroughly elucidated in maize [21, 46] where ADH
is encoded by two loci; Adhl is expressed in dry seed
and both Adhl and Adh2 are expressed under
anaerobic conditions. The active ADH enzyme is di-
meric; the isozymes being formed by homodimers
and intergenic heterodimers [18, 21]. In maize, the
two Adh loci are unlinked, with Adhl on chromo-
some 1 [47] and Adh2 on chromosome 4 [14].

The maize pattern, in which one gene is very active
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in seed (and also in pollen) while both genes can be
anaerobically induced, fits a number of other plant
species, including Pearl Millet, Sunflower, Eucalyp-
tus obliqua, Pinus ponderosa and Bromus mollis
[for references see 24]. Lupinus angustifolius also
has two Adh genes but both are expressed in ger-
minating seeds while only one is active in pollen and
in flooded roots [37]. Initial studies on cultivated
barley {27, 28] and Hordeum spontaneum [7] sug-
gested that the system in maize also applied to these
closely related and interfertile species. More recently
it was demonstrated that a third Adh locus exists,
Adh3, which is not linked to Adhl and Adh2 [29],
these genes being closely linked on chromosome 4
[32]. Adh3 is expressed only under extreme anoxic
conditions such as an atmosphere of pure nitrogen
or prolonged root flooding [26, 29]. Significant
polymorphism at the isozyme level has been charac-
terised at the Adh3 locus [25].

Great progress has been made in the molecular
genetics of the Adh system in maize with the isola-
tion of both cDNA and genomic clones of each locus
[10, 11, 23]. Sequence analysis has revealed that the
two genes have an identical arrangement of nine in-
trons, although these differ in sequence and length.
The coding sequences are divergent by some 18% at
the nucleotide level. It is probable, therefore, that the
Adhl and Adh2 loci are the products of an ancestral
gene duplication. Analysis of 5’ regions [11] revealed
short conserved sequences adjacent to, and up-
stream of, the TATA box as candidates for transcrip-
tional controls [51] and a conserved motif in the 5’
untranslated regions of the mRNAs which might be
associated with the known property of selective
translation of Adh-specific messages under
anaerobiosis [17, 42, 43]. Recently, transient expres-
sion experiments on the maize Adhl promoter [33,
51] have identified sequences necessary for anaero-
bic expression. The core of this sequence seems to
be conserved in Adh2 and also in other anaerobically
induced genes such as maize aldolase [12}. If Adh is
to be useful as a selectable marker for plant gene
transformation systems [20, 39], it is important to
gauge the species specificity of regulatory se-
quences.

We decided to clone the barley Adh genes to
directly address the interesting question of gene ho-

mology between the barley and maize systems and
also to look for conservation of such regulatory se-
quences. We report the molecular cloning of an allele
of each of the barley Adh genes, present the nucleo-
tide sequences and comment on their evolutionary
relationships. A sequence closely related to the
anaerobic ‘“core” has been identified in the one
barley gene for which extensive flanking sequence is
available.

Materials and methods

Plant material and DNA extraction

Plant lines included Hordeum vulgare cv. Proctor
and the ADHI null mutants Adhl-M9 and Adhl-
M140, which were selected after sodium azide muta-
genesis in a Proctor background [28]. Hordeum
spontaneum genotypes Adhl-F and Adhl-M and
Zea mays genotype Adhl-S were used in protein
dissociation-reassociation experiments according to
procedures previously described [28]. For DNA,
shoot tissue from 4-day-old seedlings germinated on
agar was ground to a fine powder in liquid nitrogen.
5 ml of 0.1 M NaCl, 50 mM EDTA pH 8.5 was ad-
ded per gram of tissue and the slurry made 2% sar-
cosyl, 1 M NaCl10, and 0.1% diethyl pyrocarbonate.
An equal volume of phenol/chloroform/isoamyl al-
cohol (24:24:1) was added and the homogenate
stirred at 4 °C for 1 h. The aqueous phase was reco-
vered by centrifugation, re-extracted and ethanol-
precipitated. The precipitate was pelleted and
resuspended in a small volume of autodigested pro-
tease solution (1 mg/ml in 50 mM Tris, 10 mM
EDTA pH 8.0) and incubated for 1 hat 37°C. DNA
was then banded on a CsCl density gradient by cen-
trifugation at 45000 rpm for 18 h, butanol-
extracted, ethanol-precipitated and finally
resuspended in TE buffer.

Southern transfer and hybridisation
10 ug of barley DNA was digested with five-fold ex-

cess of restriction enzyme, electrophoresed on 0.8%
agarose, and blotted onto nitrocellulose [49] with a



10-minute acid wash [50]. Probe DNA was nick-
translated [41] to a specific activity of 5 x 108 cpm
ug”!. Filters were hybridised with 2 x 107 cpm, at
a probe concentration of 10 ng ml-!, in 5x SSC,
Sx Denhardt’s solution, 0.5% SDS at 68 °C over-
night and were washed in 1x SSC at the same tem-
perature. The probe used in genomic blots was
pZML793, a full-length cDNA clone of maize Adhl
[10].

Genomic cloning

Genomic DNASs from various barley genotypes were
digested to completion with Eco RI or Barm HI and
ligated to either Eco RI-digested Agt7 arms [9] or
Bam HI-digested AEMBL4 arms [22]. Ligated
DNAs were packaged in vitro and plated without am-
plification on K802 host cells. Library screening was
carried out by plaque hybridisation [3] using gel-
purified pZML793 insert as a probe. Positive phage
were isolated by several rounds of plaque purifica-
tion and DNAs prepared by standard techniques
[36]. Barley DNA inserts were recloned into pUC8
or pUC9 plasmid vectors.

RNA analysis

RNA samples were run on formaldehyde denaturing
gels and transferred to nitrocellulose. Northern
hybridisations were performed according to stan-
dard techniques [36]. S; mapping of transcription
starts was carried out by hybridisation of single-
stranded M13 probes complementary to the 5’ ends
of barley Adh messages essentially according to [10].
To determine the start of transcription for the Adh2
mRNA, an appropriate probe was annealed to 5 ug
of poly(A)* RNA extracted from root tissue of
anaerobically treated AdhlI-M9 mutant seedlings.

Sequencing
Nucleotide sequences were determined using the

dideoxy chain termination method [45]. Bal31 dele-
tion fragments, or restriction fragments made blunt
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with Klenow, were subcloned into Sma I-digested,
phosphatased M13mp8 or mp9 vectors. Sequences
were determined several times independently from
each strand. Specific oligonucleotide primers were
synthesised to assist in certain regions. Sequence
analyses were performed on the University of Cam-
bridge IBM 3081 computer.

Results

Homology between maize and barley ADHI
polypeptides

Functional homology at the protein level was
demonstrated between the maize and barley AHDI
enzymes by in vitro reassociation of dissociated pro-
tein extracts from mature seeds. Figure 1 shows an
ADH activity gel of such an experiment. The ADHI
homodimers of maize and of two electrophoretically
marked genotypes of barley migrate to different po-
sitions (Fig. 1a, b, €). In each of the two interspecific
reassociation tracks (Fig. Ic, f) there appears a novel
band of ADH activity with a mobility intermediate
to those of the respective homodimers, indicating
that the ADH1 polypeptides of maize and barley re-
tain sufficient homology to allow the formation of
enzymatically active heterodimers.
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Fig. 1. Starch gel zymogram of in vitro barley/maize ADHI het-
erodimerisations. Dissociated/reassociated protein extracts from
dry seed tissue: (a) maize Adhl-S; (b) barley Adhl-F; (c) maize
Adhl-S + barley Adhl-F; (d) maize Adhl-S; (¢) barley Adhi-M;
(f) maize Adhl-S + barley AdhI-M. Anodal migration is towards
the bottom of the figure.
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Detection of Adh sequences in barley genomic
DNAs

Barley genomic DNAs were digested with Eco RI,
blotted and probed with nick-translated pZML793,
a full-length maize Adh! cDNA clone [10]. Filters
were washed at a reduced stringency (1x SSC at
68°C). Three discrete hybridising fragments of
11 kb, 6.6 kb and 3.5 kb were readily detected
(Fig. 2); on some blots, an additional faint band of
less than 2 kb could be resolved. This sequence com-
plexity indicated the presence of a multigene family
in barley, consistent with the gene copy number of
three inferred from isozyme studies [29]. Similar
patterns of hybridisation were obtained from Proc-
tor, Adhl-M9 and Adhl-MI140 genotypes, both with
Eco RI (Fig. 2) and with several other restriction en-
zymes (data not shown), indicating that the ADHI-
null phenotype of these mutants [28] is not accom-
panied by gross rearrangements at any of the gene
loci.

Barley Adh gene isolation

Genomic libraries were constructed from DNA pre-
pared from both Proctor and Adhl-M9 genotypes
and screened by plaque hybridisation using a gel-
purified pZML793 insert probe. Two clones were iso-
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Fig. 2. Genomic organisation of Adh sequences in barley. DNAs
were digested with Eco RI, blotted and probed with a maize Adhl
cDNA, pZML793. Genotypes: (a) Proctor; (b) . '4I-M9; (c)
Adhl-M140. Approximate sizes of hybridising fragments are giv-
en in kb.

lated from an Adhl-M9 Eco Rl limit digest library
made in the vector Agt7. These recombinants, AM9
15.1 and AM9 1.2, contained 6.6 kb and 11.2 kb in-
serts respectively, corresponding to the sizes of the
two largest Eco RI fragments detected by blotting.
Subsequently, a Bam HI library was constructed in
the vector AEMBL4 from Proctor DNA and two
more positive phage, APr 3.1 and APr 7.1, were reco-
vered with inserts of 10.5 kb and 5 kb respectively.
Each barley genomic segment was recloned in a plas-
mid vector for further analysis.

Homology relationships between these four
clones was investigated by blotting experiments, per-
formed at high stringency (data not shown). Under
these conditions the pM9 15.1 probe did not cross-
hybridise with the other three clones, while pM9 1.2
and pPr 3.1 behaved identically, cross-hybridising
strongly with each other and weakly with pPr7.1. The
probe derived from pPr 7.1 gave the reciprocal effect.

Additionally, each probe was used on Northern
blots of poly(A)* RNA extracted from mature, dry
seeds of both Proctor and Adhl-M9 genotypes (data
not shown). Only the pM9 15.1 probe was found to
hybridise, producinga =1.5 kbband only in Proctor
mRNA. Since dry seed expresses the ADHI1 isozyme
almost exclusively [28], this suggested that the pM9
15.1 insert contained barley Adhl sequences and,
therefore, the remaining genomic clones originated
from other Adh-specific loci. Furthermore, the ab-
sence of a signal in Adhl-M9 mRNA indicated that
this mutant phenotype arises from a dysfunction in
the transcription or processing of Adhl message and
not a structural lesion in the gene coding sequence.

Gene sequences

Blotting experiments on the four genomic clones us-
ing pZML793 and derived 5’ and 3’ probes estab-
lished the location and transcriptional orientation
of the Adh genesin each DNA segment (summarised
in Fig. 3). Each clone was characterised by a unique
restriction map and yet each contained both 5’ and
3’ sequences. Complete nucleotide sequences of the
coding regions of pM9 1.2 and pPr 7.1 were deter-
mined. A total of approximately 1 kb of sequence,
distributed throughout the coding region, was deter-
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5 e 3 Clone (Gene)
E X B P PX E
L1 | L1 oMo 151
[ — (Adh119)
EP B H H SC H S C S E
Ll T R R L 11 | M9 1.2
— (Adh2)
B H HS H S C S P EP S B
L1 11 | L1 1 1] L1 opr 31
E— (Adh2)
BP S H E B
Li N | obr 71
— (Adh3)

Fig. 3. Restriction maps of barley Adh genomic clones. Inferred gene identities are given with the clone designations. Pr and M9 refer
to the Proctor and AdhI-M9 genotypes from which clones were isolated. The locations of the gene coding regions are displayed as solid
bars along with the direction of transcription. The AdhI-M9 gene is truncated in pM9 15.1 by an Eco RI cloning site, the open part of
the bar indicates the 5’ region of the gene not sequenced. Restriction sites are as follows; B, Bam HI; C, Cla I; E, Eco RI; H, Hind 1II;

P, Pst1; S, Sal 1; X, Xba 1.

mined from pPr 3.1. This proved to be identical to
the pM9 1.2 sequence. We concluded that these two
clones carried copies of the same gene (see Discus-
sion). In addition, a partial sequence from pM9 15.1
was obtained comprising 1.5 kb extending from
within an internal intervening sequence (IVS III)
and truncated by the distal Eco RI site of the genom-
ic clone (Fig. 3). The sequences (Fig. 4) show exten-
sive homology with the maize Adh genes.

The gene coding sequences are interrupted by AT-
rich introns at precisely the same locations as in the
maize genes except that IVS IX has been eliminated
from both the genes represented in pM9 1.2 and pPr
7.1. Each intron, with one exception (see below), has
the GT and AG 5’ and 3’ splicing signals charac-
teristic of eukaryotic genes [6]. These intron/exon
junction sequences may be expanded into the con-
sensus sequences (A/G)AGGTATG and
T(G/TYCAGG(T/G) which are essentially the same
as the corresponding ones in the maize genes and
similar to the canonical animal sequences.

The sequence for IVS V of the pM9 15.1 gene lacks
a 3’ acceptor splice site (Fig. 4). No alternative
splice sites in the appropriate reading frame are
available in the adjacent downstream sequences.
Although a direct comparison with the progenitor
allele has not been possible, inspection of the se-
quence suggests that a small deletion may have re-
moved the splice site; this is the only irregularity
found in the available sequence. A splicing mutation
could be consistent with the RNA phenotype and
this, combined with the gene’s homology to maize
Adhl (see below), strengthens the proposal that pM9
15.1 contains the AdhlI-M?9 allele.

One of the other two Adh genes cloned shows a
major mutation in coding sequence in that the 5’
end of exon 9 in pM9 1.2 is characterised by an 18 bp
deletion which conserves the reading frame (Fig. 4).
This feature is also observed in the identical copy of
this gene independently cloned in pPr 3.1 and so this
feature is assumed not to be a cloning or sequencing
artefact.
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CTACTAGAAATTGATCATCATAGCAAGATTATTTTTTTACTICTTAAGT TTTTTGGTTGTGTGCATCCATAATGTCTTTAGTACATTTCGTTATTGTAGA

GACAGGATGTAATTAGTATCTTTATGATATTAACATATTCCCTTTGTTGAAAAATCGAGCACAGTGAAGCAGCAGCCAGTqEATATEkGTAGCTCGGCTA
GGATCCCCTCACCTTCGTTC

—
CTCACCACGAGCTCATCAGCAAAGCCGTGACCGG

GTCACCAAAATCTACGTAGCAACGAACTG-——————— ACAGAGATCCGTCTTTCTCTTCCAGCGACAGG CGACCGCT

GGGGAGATATCGACCAMGTTCTTG-GAGTGAECGACCGCC
=IVS I

GGGAAGGTGATCAAGTGCAAAGETTGGATGTTCCTGAACTATTTAATT TCC TGGAATGGACGGATGAGATGAGATTAGCAAGGGCGCCTAGTTAATCTAA
GGGAAGGTGATCAAGTGCAAAGGTT~~~TGCCCCTGAA--ATACAGTAGCATGCATGCAGT TAGTTCCATCTGAT TTTGGT TGATGCTTCGAGGAT -GGA

TGGGTTAATTTGGTTGGTATTGGCAGCGGCCGTGGCCTGGGAGGCCGGGAAGCCGCTGTCGATGGAGGAGGTGGAGGATGCGCCGCCGCAGGCCATGGAG
GATCTGAATTGTACGGCTGAGTGCAG GGCGGTGGCGTGGGAGGCCGGGAAGCCGCTGTCGATCGAGGAGGTGGAGGTGGCGCCGCCGCAGGCCATGGAG

IVS II
GTGCGCGACAAGATCCTCTACACCGCCCTCTGCCACACCGACGTCTACTTCTGGGAGGCGAACETA ----- CCACTTTTGTGTTTTCAAATT—-—-~ ACT
GTGCGCGTCAAGATCCTCTACACTGCCCTCTGCCACACCGACGTCTACTTCTGGGAAGCCAAGGTATCTCGCCGTTTTTGTGTTTTCCAATTGGGTGAAT

TCATCTGAATGGATGGATGGATCAGTGGTGTTGTGACTGCTGCTTGGATTTGGGCAGGGCCAAACTCCGGTCTTCCCTAGGATCTTGGGCCATGAAGCTG
TGTGATGCATCTGTGGCTAAATTAAATC TGTGATGTTGTTCTGCTGGATTTGTGCAGEGGCAAACTCCGGTTTTCCCTAGGATCTTAGGCCATGAAGCTG

IVs III
« » . AGCTTGTGCTAATTGTTTGTTGACAGAGAATAGGTTGACCACAGAAATGAAAACATGTGAAGCAATCATAAGAACTGTGCTGCCTGTGTAA
GAGEETATCCATCTTCACCTTTTGCCTCTCTCTTAGT—~-——TCCCACTCTCTTTCCCCTGTAT TAAG
GAGEETATGTATGCATCCTCTCTGTCTCTGTCTATGTCTCTATCTTATTCTGTTTCAGTTTTGTTGC TTGGAGGAGGAATCTGGAATCCTARATCATAGT

ACCGTTACTGAATAATTGATGTTGTCTGTATCGTAGTGGCGTCACTGTCGTTGAATCTTCATAGAGTAACTATGGAGACAGAAGTCAATATCATAGATCG
TTCTACTCCCT AGTGTTAAAAACGCTATTATATTATAAAACGA
TTATTCTCCCTGGCTTCTAATTGTAGTCATCCTGAGTACTGATCTC TGTCAGTGGTACTAGATCCATACCTACATAAAGCAAGTGTCTATATTTTTATTG

GTACTAGGATTCTCAAACAAGTGAAGATACATCAGGTGTTTGTTCCATGTTGCTTTAGTTGACTTGTTATATCTATCCATCTCTTTATTTATC TGAGGTG
AGGAAGTATTTGTTAATTACTTGATGAAATCTACTAGCTTGAATCCTCACCTG
CCAATGGGATAAAACATACTATGAAGAATCATGGGAAAACGTCATCCATGACACAAGCTCTCATCATAAACTGCTCTGTACAATCATACAGTTTTGGACT

CTCGGACATGAAGTCCTTTTATATAGATATTTCTGGTCAAATTTATCTGTTGCACGTCCCTGAACTTATTTATGCTCAC ACAGTGGAGAGTGTTGGA
------------ -AATTATGATTTG TATGCTCAC. ATTGTGGAGAGCGTTGGC
GGCTAATCTACTCATCATGTTTGCTCTGCATAGTTTATCTTTTTTGGCACCTCGTTTCACCAAATAGCTTCTTTATTGC, ATTGTCGAGAGCGTCGGA

GAGGGCGTGACAGATGTTGCCCCTGGTGACCACGTCCTCGCTGTGTTCACCGGGGAGTGCAAGGAATGCCCACATTGCAAGTCTGCGGAGAGCAACATGT
GAGGGCGTGACGGAGCTGGTGCCGGGAGACCATGTCCTCCCGGTGTTCACCGGAGAGTGCAAGGAGTGTGCCCACTGCATGTCAGAGGAGAGCAACCTCT
GAGGGCGTGACTGAGCTTGTGCCGGGTGACCATGTCCTCCCGGTGTTCACCGGCGAGTGCAAGGACTGTGCCCACTGCAAGTCAGAGGAGAGCAACCTTT

GTGATCTGCTCAGGATCAACACCGACAGAGGTGTGATGAATCGGGATGGCAAGTCGCGCTTCTTTATTGGCGGCAAGCCGATTTACCATTTCGTAGGGAC
GTGACCTCCTCAGGATCAATGTCGACCGTGGCGTGATGATTGACGATGGGCAGTCCCGCTTCACCATCGACGGGAAACCCATCTTCCACTTCCTCGGGAC
GTGATCTCCTTAGGATCAATGTGGATCGTGGCGTGATGATCGGCGATGGGCAGTCTCGCTTCACCATCAACGGAAAACCGATCTTCCACTTCGTCGGGAC

TTCCACCTTCAGTGAGTACACTGTCATGCATGTCGGTTGTGTTGCCAAGATCAACCCTGAGGCCCCCCTTGATAAAGTCTGTGTTCTTAGCTGTGGTATT
GTCCACCTTCAGCGAGTACACCGTGATCCATGTCGGGTGCGTCGCCAAGATCGACCCCGAGGCGCCCCTCGACAAAGTCTGCCTCCTTAGCTGTGGTATC
CTCCACCTTCAGTGAGTACACCGTCATCCATGTCGGTTGCCTCGCARAGATCAACCCCGAGGCTCCCCTCGACAAAGTTTGTGTCCTCAGCTGTGGTCTC
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=1VS IV

692 TCCACTQGTAAGTTGACTTGTATTGCTGTTGTAGTATGCTT ATTATGGCTACAGCTTATCTCGAGATGCTGAGCTGCCAT Adh
1191 TCGACCEGTAAGAATCTATCATTATATCTATACCTACACGTATGGAAATCTTCCCAGCCGGTGAAATCAACATATTTGGTGGAACTACTAAGTTGTCACG Adh
1206 TCAACﬂT?mAGA —————— CATAATAGCTCCTCATGCATTGTTTCAAAACAAGCACAATGGTTTAGGATGCCTCGATATATTGGTTGCTGAGTTGCCATT Adh

N =

w

=1VS V
772 TCTTTCTTTT. TCTTGGCGCGTCAATTAATGTTGCAAAACCACCAAAGGGTTCCACAGTGGCGATATTTGGGCTAGGGTCTGTTGGCCTTGCGETAAA Adh 1
1291 CCTCCAATTC GCTCGGTGCGACGCTCAACGTCACGAAACCGAAGAAGGGTATGACGGTGGCGATTTTCGGTCTTGGAGCTGTAGGCCTCGC%;TAAG Adh 2

1300 TTTC---TTCAGGACTTGGTGCTACGCTCAATGTCGCAAAACCAAAAAAGGGTTCCACGGTGGCCATTTTCGGTC TTGGAGCTGTAGGACTGGCYIGTGAG Adh 3

872 ---TGTCCTAATCCCTCCCTTGATTGTTCTGCAATTGCAACCGGTACATGTATCCGACTTGCATCTATTTGCCCGTCGTATTTTT—=~—=~ CTGCAGA Adh 1
1391 -TATTCCTCAAGGAAATATTGTTTGATTTCGATGAGAATTGTGTGCTATAACCATGCCAAAATTGCTGCGTATCTGACACATGCATGATCAGQGCCATGGA Adh 2
1397 TTTTTCTTCCACGCCATATTTTTGCAGGCTTAAGAGAATTATGTGCTGTAACCATGCATAA-~—~~ TGACTGTATGCTTCTGACATGGGCAQGCCATGGA Adh 3

IVs VI
962 AGGTGCAAGGATTGCAGGTGCATCAAGGATCATTGGTATTGACCTGAACGCCTTCAGATTTGAAGAAGGTGTAAATACTCCT Adh 1
1490 AGGGGCCAGGATGTCCGGCGCATCAAGGATTATCGGCGTGGACTTGAACCCTGCAAAACACGAACAAGGTAC---~GCATGATAATCTGCCACTGCCATC Adh 2
1492 AGGGGCCAGGATGGCTGGGGCATCAAGGATCATTGGTGTGGATTTGAACCCTGCAAAATACGAACAAGGTACAGTAATATGAAAACAAGGATGTGCAAAT Adh 3

1044 TATTTTACTATTCATGGGGTTATTTTTGTTGTTTTGAGAAGTTCCTCAGATTTTCTATTTTCTCCATG——~——— Adh 1
1586 GATATTCAGGAAGAAGGAAAAAAAAATACTCCACCCATCTTGGCCAAAAGTTATCGGAGCACACCGACTCAACCTTGCAACCCCATGCATGTCCATTGTT Adh 2
1592 GTTTTTCGGATTGATAGAA CACTGAACCT-~-AACAACATGTA-CTACATTATT Adh 3

=IVS VII

1112 -TTCA TAGGAAGTTTGGCTGCACGGAATTTGTGAACCCGAAAGCTCACACCAAGCCAGTTCAGCAJGTGT Adh 1
1686 TTTCAGCTAAGAAATTTGGCTGCACCGACTTTGTGAACCCCAAAGACCACACCAAGCCGGTGCAAGAQGTATACATGCATATATGCATCG~~ATCTCTCC Adh 2
1642 TTTCAGCTAAGAAATTTGGATGCACAGACTTTGTGAACCCGAAGGACCACACTAAGCCCGTGCAGGAQGTCTGTTCATGTCCCTCAGTARACATTTTTCC Adh 3

1183 -GTTCCTTCACACGAGGAAAATAGTTATTCATTATGCTTAATGATGATCATGACATACAACTTCA---~-TGGTGATTCTTCAQETGCTCGCTGACATGAC Adh 1
1784 CTTTTGTTCATGACATTCGTACACAAGAACCTTGCGCCAAATCAAATCCTGGACAGTTCCAATCAATGGTGGTGCCGCCACAQGTGATCGTGGAGATGAC Adh 2

1742 CTTTGTTAAAT-—~CTTCAGACACGATAA~=—~=~=—==, AACTCA-=—=————c—=——m CTGTTCAATGATG~-~-CTCTTCAGGTGCTCGTCGAGATGAC Adh 3
-
IVS VIII
1278 ARATGGCGGAGTTGACCGCAGTGTTGAGTGCACTGGCAACGTCAATGCTATGATACAAGCATTTGAATGTGTTCATGATGTATGACTTCTTAAGACAT-- Adh 1
1884 CGATGGAGGAGTCAACCGGGCGGTGGAGTGCACGGGCAACGCCGACGCCATGATATCCGCCTTTGARTGCGTGCACGAQETACATACGATG———~~—~=— Adh 2

1812 CAATGGCGGAGTCGACCGGGCAGTCGAGTGCACTGGCCACATCGACGCCATGATCGCCACCTTCGAATGCGTCCATGAYGTACGTAGCTTGCAGTTTACC Adh 3

1376 —————==—= CAATCGTCCACTCAAGCATGATCATTTTGCATCGCCTCTTATCTCTAGATGGAAGCTTGAATTATGTGATCTGTATACAE:GTTGGGGTGT Adh 1
1975 ——mm——oo—me——e, ACCACCTTGCTTCTTCTGCTTCAAAG~TTGAAACTGAATCCTGAAACTAATGC TATGGCCTGATGATGGGAGCAGEGGTGGGGCGT Adh 2
1912 TATATATAATGTGCACTCCAATGATCACTCTAGTTTAGAGATTAAAACTGAATGTTGCAA-~————————m=meu TCTGGTGGATGCAﬂSGGTGGGGCGT Adh 3

1467 AGCTGTGCTGGTGGGTGTGCCACACAAGGACGCTGAATTC Adh 1
2060 GG CGCACAAGGAGGCGGTGTTCAAGACCCACCCCATGAACTTCCTCAACGAGAGGACGCTCAGGGGCACCTTCTTCGGCAAC Adh 2
1997 GGCTGTGCTGGTGGGTGTGCCGCACAAGGAGGCGGTGTTCAAGACCCACCCAATGAACTTCCTCAACGAGAAGACCCTGAAAGGCACCTTCTTCGGTAAC Adh 3

2142 TACAAGCCGCGCACCGGCCTCCCCGGCGTCGTCGACATGTACATGAGGAAGGAGCTGGAGCTGGACAAGTTCATCACCCACAGCCTGCCCTTCTCGCAGA Adh 2
2097 TACAAGCCGCGCACCGACCTGCCGGAAGTGGTCGAGATGTACATGAGGAAGGAGCTCGACCTGGAGAAGTTCATCACACATAGCGTGCCCTTCTCGCAGA Adh 3

2242 TCAACACGGCCTTCGACCTCATGCTCAGGGGGGAAGGCCTGCGCTGCGTCATCAGGAGTGAGGAJIAG Adh 2
2197 TCAACACGGCGTTCGACCTCATGCTCAAGGGGGAGGGCCTGCGCTGCATCACGAGGACGGACCAGQIAGEGAGCT Adh 3

Fig. 4. Nucleotide sequences of the barley Adh clones. The partial sequence determined from pM9 15.1 (AdhlI-M?9) is displayed above
the aligned sequences of the complete coding regions of pM9 1.2 (4dA2) and pPr 7.1 (Adh3). Positions of intervening sequences are indicat-
ed. Features such as the presumptive TATA box and translational initiation and termination codons are boxed, as is the 5’ leader homology.
Sites of transcription initiation, either mapped or presumptive, are indicated by arrows. The 6 bp conserved motif 5’ to these sites is
underlined.
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The coding sequences were extracted and com-
pared with each other and with the two maize Adh
genes. Divergences at nucleotide and amino acid lev-
els were calculated; the partial sequence from Adhl-
M9 being included in this analysis. These data are
summarised in Table 1. The results of the cross-
hybridisation experiments described above are
borne out by the barley sequence homologies, with
pM9 1.2 and pPr 7.1 being about half as divergent
as either is to pM9 15.1. The comparisons with the
maize genes show that the latter clone is the most
homologous to maize Adhl; less than a third of the
15.8% nucleotide divergence recorded results in ami-
no acid substitutions. The genes cloned in pM9 1.2
and pPr 7.1 are more homologous to maize Adh2,
pPr 7.1 being the most conserved with exactly a third
of the divergence being expressed but with pM9 1.2
displaying considerably more amino acid substitu-
tion.

The lengths of equivalent introns are generally
different between barley and maize and their se-
quences totally diverged but, amongst the barley
genes, small regions of homology can occasionally
be detected between equivalent intervening se-
quences. At the intron-exon junctions, short motifs,
including the splicing signals, sometimes show ho-
mologies which run counter to the gene relationships
already described. For example, 11 nucleotides at the

3’ end of IVS 11l are perfectly matched between the
Adhl-M9 allele and the pM9 1.2 sequence (Fig. 4)
genes which, on the basis of coding sequence homol-
ogy, have been long diverged. Presumably, these
residual homologies reflect fluctuations in the rates
of divergence of neutral DNA sequences.

5’ sequences

From the 5’ regions of the two complete genes avail-
able, 187 bp of sequence upstream of the initiating
ATG has been determined from pM9 1.2, but the
equivalent region of the other gene is truncated by
the Bam HI cloning site only 99 bp 5’ to the start
of translation.

S; mapping experiments were performed to de-
fine the start of transcription of the pM9 1.2-specific
message (data not shown). An appropriate 5’ probe
was annealed to RNA extracted from moderately in-
duced root tissue of the AdhlI-M9 mutant which ex-
presses only Adh2-specific message. A DNA frag-
ment extending 70 nt 5’ from the translational start
was protected, giving the probable transcription in-
itiation sequence as TCATCAGCAA. A presump-
tive TATA box sequence (GTATATATG) is located
31 bp upstream of this transcription start (Fig. 4),
conforming to the plant consensus in both sequence

Table 1. Table of % sequence divergence in all pairwise comparisons of barley and maize Adh genes. The partial sequence of pM9 15.1
is used for Adhl. The 18 bp deletions in pM9 1.2 (4dh2) and pPr 7.1 (Adh3) are treated as single mutations. The divergences given
first are those at the nucleotide level, those in brackets are at the amino acid level.

Adhl Adh2 Adh3 maize Adhl maize Adh2

Adhl 0 27.7 22.3 15.8 21.8
(22.4) (19.8) (8.6) (17.7)
Adh2 0 11.0 20.9 13.9
(10.0) (18.7) (14.5)
Adh3 0 18.7 13.9
(14.5) (10.3)
maize Adhl 0 18.0
(12.6)

maize Adh2 0




and position [38]. No CAAT or AGGA sequences
[38] were found 5’ to the TATA box, in common with
the absence of such features in the maize Adh2 gene
[11]. Although an S, experiment was not performed
for the pPr 7.1 gene, an inspection of the available
5’ sequence reveals a likely transcription start; the
homologous sequence, TCGTCACCAA, 75 bp up-
stream of the ATG. A 6 bp motif, CTCACC, is con-
served in both genes at a similar position, 10-11 bp
5’ to each presumptive start site.

In the 5’ non-translated regions of the two
mRNAs, a 15 bp sequence is conserved in all but one
nucleotide, 33-34 bp upstream from the ATG. The
maize Adhl and Adh2 mRNAs share a completely
different homology at a similar position [11];
although the barley pM9 1.2 leader region has a trun-
cated version of this latter sequence just 2 bp 5’ to
the ATG.

Gene identifications

Evidence has been given which suggests that the
pM9 15.1 clone is the barley AdhI-M9 allele. The ge-
netical identities of the similar pM9 1.2. and pPr 7.1
genes are more difficult to establish directly, Howev-
er, an Adh gene has been cloned from wheat which
is extremely homologous to the pPr 7.1 sequence.
(Mitchell et al., in preparation). A probe derived from
the 3’ untranslated region of the wheat clone hybri-
dises to a single restriction fragment in barley total
genomic DNA but fails to hybridise to any barley-
specific band in wheat/barley addition lines in which
the barley chromosomes are added one at a time to
the wheat complement. Wheat addition lines con-
taining each of the barley chromosomes were tested
except for chromosome 5, which is not available.
Since Adhl and Adh2 are known to be on chromo-
some 4, this negative result indicates that pPr 7.1 is
Adh3 and suggests, furthermore, that this locus re-
sides on chromosome 5. The pM9 1.2 clone would
therefore be Adh2.

Predicted protein sequences

ADH protein sequences were deduced from the open
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reading frames identified in the pM9 1.2 and pPr 7.1
genes. pPr 7.1 would encode a polypeptide of 379
amino acids (identical to the length of the maize
ADHI1 and ADH2 proteins) with a calculated
molecular weight of 41012. The polypeptide encod-
ed by pM9 1.2, shorter by 6 residues, would have a
molecular weight of 40512. A comparison of the
predicted protein sequences is shown in Fig. 5. The
pM9 1.2 polypeptides has four negative charges
more than that specified by pPr 7.1, conferring on
it a more rapid anodal electrophoretic mobility
which would also be consistent with the pM9 1.2
genomic clone being the Adh2 locus [29].

Discussion
Gene structures and evolution

Alleles of each of the three loci specifying ADH in
barley have been isolated by molecular cloning and
analysed. On the criteria of DNA and amino acid
homology with the maize Adh genes, two of the
genes (Adh2 and Adh3) have been designated as
maize Adh2-like and the third, from both sequence
comparisons and its developmentally regulated ex-
pression, has been identified as an Adhl mutant al-
lele. The complete géne structures available for the
Adh2 and Adh3 genes and the truncated structure
for the Adhl-M?9 allele are either identical to or, with
intron loss, derivative of that characterising both
maize Adhl and Adh2 [10, 11]. An Adhl-like gene
cloned from pea has a similar structure [35] and the
Arabidopsis Adh gene displays only intron loss with
respect to the maize pattern [8]. This conservation
of intron position amongst examples of both
monocot and dicot Adh genes argues strongly for
there having been a single Adh gene lineage in higher
plants and for Adh systems having evolved by repeat-
ed geneduplication. The widespread occurrence of at
least two Adh loci in all monocots and most dicots
examined [24] has been interpreted as the result of
the initial gene duplication predating this major
separation, although the intermediate status of the
single Arabidopsis Adh gene [8] may challenge this
assumption.

What is clear is that within the Gramineae a fur-
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1 2 3
B0 - B - R
ADHZ2 MATAGKVIKC KAAVAWEAGK PLSMEEVEDA PPQAMEVRDK ILYTALCHTD VYFWEANGQT
ADH3 MATAGKVIKC KAAVAWEAGK PLSIEEVEVA PPQAMEVRVK ILYTALCHTD VYFWEAKGQT
4
61 ......... . .GTVESVGE GVTDVAPGDH VLAVFTGECK ECPHCKSAES NMCDLLRINT

PVFPRILGHE AGGIVESVGE GVTELVPGDH VLPVFTGECK ECAHCMSEES NLCDLLRINV

PVFPRILGHE AGGIVESVGE GVTELVPGDH VLPVETGECK DCAHCKSEES NLCDLLRINV

121 DRGVMNRDGK SRFFIGGKPI YHFVGTSTFS EYTVMHVGCV AKINPEAPLD KVCVLSCGIS

DRGVMIDDGQ SRFTIDGKPI FHFLGTSTFS EYTVIHVGCV AKIDPEAPLD KVCLLSCGIS

DRGVMIGDGQ SRFTINGKPI FHFVGTSTFS EYTVIHVGCL AKINPEAPLD KVCVLSCGLS

5

6 7

181 TGLGASINVA KPPKGSTVAI FGLGSVGLAT AEGARIAGAS RIIGIDLNAF RFEEARKFGC

TGLGATLNVT KPKKGMTVAI FGLGAVGLAA MEGARMSGAS RIIGVDLNPA KHEQAKKFGC

TGLGATLNVA KPKKGSTVAI FGLGAVGLAA MEGARMAGAS RIIGVDLNPA KYEQAKKFGC

8

9

241 TEFVNPKAHT KPVQQVLADM TNGGVDRSVE CTGNVNAMIQ AFECVHDGWG VAVLVGVPHK

TDFVNPKDHT KPVQEVIVEM TDGGVNRAVE CTGNADAMIS AFECVHDGWG VA-—----- HK

TDFVNPKDHT KPVQEVLVEM TNGGVDRAVE CTGHIDAMIA TFECVHDGWG VAVLVGVPHK

301 DAEF...... ..........

EAVFKTHPMN FLNERTLRGT FFGNYKPRTG LPGVVDMYMR KELELDKFIT HSLPFSQINT

EAVFKTHPMN FLNEKTLKGT FFGNYKPRTD LPEVVEMYMR KELDLEKFIT HSVPFSQINT

361 Ll Ll U -~

AFDLMLRGEG LRCVIRSEE.

AFDLMLKGEG LRCITRTDQ.

Fig. 5. Predicted amino acid sequences encoded by barley Adh genes. Exons are numbered above their locations in the polypeptide se-

quence.

ther, much more recent, gene duplication has oc-
curred. Despite the lack of data for the Adhl locus,
the exon fusion shared by the Adh2 and Adh3 is like-
ly to be diagnostic. This exon fusion and the acquisi-
tion of certain characteristic peptide motifs not
found in the maize sequences (for instance, ELV;
residues 84-86 in Fig. 5) clearly predated the gene

duplication in the barley lineage. The existence of a
highly homologous Adh gene with an identical exon
fusion in hexaploid wheat (Mitchell et al., in prepa-
ration) also places the intron loss before in diver-
gence of barley and at least one of the diploid pro-
genitors of wheat.

It is interesting that these inferred phyletic affini-



ties between the barley genes appear not to be
reflected in their linkage relationships, thus Adhl
and Adh2 are closely linked on chromosome 4 [32]
but, from the sequence homologies amongst the
three genes cloned, they appear not to be related by
the recent gene duplication. Instead, Adh2 and the
unlinked Adh3 locus are clearly the descendants of
a progenitor Adh2-like gene with chromosomal
transposition of one of the gene copies having oc-
curred either concomitantly with or subsequent to
the duplication event. There is considerable heter-
ogeneity in linkage relationships between Adh loci
amongst the Gramineae. The maize Adhl and Adh2
genes are unlinked, being located on chromosomes
1 and 4 respectively [20]. In wheat, isozyme studies
have demonstrated the existence of two linked Adh
loci, resembling Adhl and Adh2 in expression, on
homoeologous group 4 [30, 31] although the Adh
gene cloned was previously unknown, mapping to
group 1 (L. Mitchell et a/,, in preparation). In Pearl
Millet, two extremely tightly linked Adh loci occur
[1, 2]. On balance, it is probable that a system of two
unlinked Adh loci existed in the grasses prior to the
divergence of the Maydeae and Hordeae. Pearl
Millet might then represent a degenerate condition
of the three gene system, as suggested by Hanson &
Brown [25].

Protein structures

Like the maize enzymes [10, 11], the predicted poly-
peptides encoded by the barley loci generally show
conservation of those residues implicated, by analo-
gy with the horse liver ADH three-dimensional
structure [5], in structural or catalytic roles. For in-
stance, the cysteine and histidine amino acids impor-
tant in binding both zinc ligands are conserved; these
particular residues are invariant amongst all plant
ADH sequences reported. Likewise, those residues
identified for coenzyme binding, catalytic function
and subunit interaction are also conserved.
Although the ADHI1 data are incomplete, the ready
heterodimerisation of the maize and barley ADHI1
polypeptides to give an active enzyme argues for the
conservation of those functional residues not deter-
mined in the present work. A similar active associa-
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tion of heterologous ADHI subunits of Arabidopsis
and maize has been reported [15] and antibodies
raised against maize ADH cross-react with a variety
of higher plant ADH proteins [4].

The clear exception to this functional conserva-
tion is the deletion of residues 294-299 suffered by
the putative ADH2 polypeptide encoded by the pM9
1.2 sequence; this region of the protein lies within the
second mononucleotide binding domain [5] and is
also implicated in subunit interaction. The sequence
after this deletion is very well conserved between the
ADH2 and ADH3 polypeptides. The possibility of
the deletion being a cloning artefact was excluded by
there being two independent isolates of the gene.
Although there is no direct evidence of the pM9 1.2
gene specifying the functional ADH2 polypeptide in
the plant, S, mapping has demonstrated its tran-
scription under anaerobic conditions. The possibili-
ty of it representing a very recently generated pseu-
dogene is mitigated by the Adh sequence complexity,
as revealed in genomic blots, not readily accomodat-
ing a fourth locus.

Two copies of the Adh2 gene were cloned on
genomic fragments which show a high level of re-
striction site variation in flanking sequences (Fig. 3).
From the limited sequencing done on the pPr 3.1
gene, it would appear that this variation is complete-
ly absent from both coding and intervening se-
quences within the transcription unit. The pPr 3.1
clone was isolated from a different acquisition of the
Proctor variety to that which formed the progenitor
of the Adhl-M9 mutagenised genotype [28] and from
which each of the M9 clones were isolated. Thus, this
flanking sequence divergence probably reflects
residual genetic polymorphism in seed stocks. A
comparable amount of divergence in the sequences
flanking the structural genes of various maize Adhl
alleles has been observed [34, 44].

5’ sequences

Despite their probably relatively recent derivation
from a common ancestor, the barley Adh2 and Adh3
genes show considerable divergence in sequence 5’
to the ATG. There are only two obvious regions of
sequence conservation between them. The first of
these is located at the mapped or putative transcrip-
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tion start sites. The consensus sequence here,
TC(A/G)TCA(G/C)CAA, shows homology to that
derived from the maize genes, TCCT(-/G)AC-
(AGG/CAA) [10, 16]. Located 11 or 10 nt upstream
of the transcription start in each barley gene is the
motif CTCACC which resembles the core of the se-
quence; no equivalent is found in the maize genes.
The second region of homology lies within the
non-translated leader sequences. The maize Adh
genes have a conserved sequence in their leaders
G(G/T)TCT(C/T)GGAGTGG..ATCGA, approxi-
mately 45 nt upstream of the translation start [11],
which has been suggested as a possible regulatory
element involved in the known selective translation
of Adh messages, amongst others, during anaerobi-
osis [43]. Interestingly, the barley Adh2 gene shows
perfect homology to a truncated version of the maize
Adh2 sequence, GTTCTTGGAGTG, but at a differ-
ent position, only 2 nt upstream of the ATG (Fig. 4).
No counterpart to this sequence is found in the
barley Adh3 gene. However, both barley genes do
have a highly conserved motif, AGAAG(A/C)AGA-
AACAGC, 33-34 nt 5’ to the start of translation
which perhaps has evolved to fulfil a similar role.
The sequence data available so far has not permit-
ted an extensive comparison of 5’ regions between
the barley and the maize genes. In the maize Adhl
gene, an anaerobic regulatory element (ARE) has
been located in the 5’ region and functionally de-
fined by a deletion analysis of constructs expressed
in a transient expression system [33, 51]. This ele-
ment is composed of two subregions both of which
are essential for anaerobic induction. Sequence
comparisons between the maize Adhl ARE
subregions and the upstream regions of other anae-
robically regulated genes, including maize Adh2,
Arabidopsis and pea Adh and maize aldolase [12],
have revealed the apparent conservation of a hex-
anucleotide “core” sequence, TGGTTT, between
positions -170 and -70 relative to the transcription
start [13]. An examination of the corresponding re-
gion of the 5’ sequence available for the putative
barley Adh2 gene reveals a related, but not perfectly
conserved, motif, TGGTTG at position -70. Func-
tional assays would be needed to demonstrate that
this sequence was at the core of an equivalent regula-
tory element in barley. If so, the significance of this

deviation from a consensus sequence established
amongst considerably more taxonomically distinct
plants is unclear.
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