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ABSTRACT Arabidopsis thaliana provides an excellent
experimental plant system for molecular genetics because of its
remarkably small genome size, near absence of dispersed
middle repetitive DNA, and short life cycle. We have cloned
and determined the nucleotide sequence of a single-copy gene
from A. thaliana likely to be the gene encoding alcohol
dehydrogenase (ADH; alcohol:NAD' oxidoreductase, EC
1.1.1.1). The gene was isolated from a random recombinant
library by cross-hybridization with a maize AdhM gene probe.
The DNA sequence contains an open reading frame capable of
encoding a polypeptide the same length as maize ADH1 and
ADH2 (379 amino acids) and having '80% homology with
both maize enzymes. This open reading frame is interrupted by
six introns whose positions are conserved with six of the nine
intron positions present in both maize genes. The 5' and 3'
untranslated regions are, respectively, 58 and 204 base pairs
long. Sequences important for eukaryotic gene expression such
as the TATA box, polyadenylylation signal, and intron splice-
site sequences are found in the expected locations. The gene
hybridizes to a specific anaerobically induced RNA in
Arabidopsis whose appearance correlates with the anaerobic
induction of Arabidopsis ADH protein.

Alcohol dehydrogenase (ADH; alcohol:NAD' oxidoreduc-
tase, EC 1.1.1.1) is an easily assayed enzyme whose activity
has been observed in numerous higher plants including
Arabidopsis, maize, pearl millet, sunflower, wheat, and pea
(1, 2). Most plants have two or three isozymes ofADH, which
exist as both hetero- and homodimers in various organs (1).
The enzyme is presumably required by plants for NADH
metabolism, via reduction of acetaldehyde to ethanol, during
periods of anaerobic stress. High levels ofADH activity are
found in dry seeds (3, 4) and in anaerobically treated seeds (5,
6), roots (5), and shoots (7).
The most extensive study of a plant ADH system has been

in maize (8) from which both Adh genes, AdhI and Adh2,
have been cloned and sequenced (9-11). The coding se-
quences of these genes are 82% homologous, interrupted by
nine identically positioned introns that differ in sequence and
length. ADH1 and ADH2 belong to a small group of proteins
in maize primary root that are selectively translated in
response to anaerobiosis (12); the increased levels of ADH
are due to induction of Adh mRNA (9-11, 13).
Arabidopsis ADH is similar to the maize ADHs, although

genetic experiments indicate only one Adh locus in
Arabidopsis (14). Examination ofArabidopsis ADH in crude
extracts has shown that the enzyme behaves as a homodimer
ofMr 87,000 (14), close to the maize ADH Mr of '80,000 (15).
ADH is induced anaerobically in Arabidopsis (16) as in
maize. ADH is also induced in both maize root and
Arabidopsis callus by the synthetic auxin 2,4-dichlorophen-

oxyacetic acid (16, 17), and for Arabidopsis this has been
shown to be the result of de novo synthesis of a poly(A)
mRNA (16).
Arabidopsis ADH has potential as a biochemical marker

for genetic transformation of Arabidopsis: null mutations
exist, and ADH is easily induced and assayed. We present
here the molecular cloning and characterization of an induc-
ible single-copy gene from Arabidopsis likely to be the gene
encoding ADH.

MATERIALS AND METHODS
Arabidopsis Strains. The Landsberg erecta strain of A.

thaliana was obtained from F. J. Braaksma (Department of
Genetics, Biology Centre, Haren, The Netherlands); the
Bensheim strain was obtained from A. R. Kranz (Botan-
isches Institut, J. W. Goethe-Universitit, Frankfurt am
Main, Federal Republic of Germany).
General Nucleic Acid Methods. Arabidopsis DNA was

prepared from whole plants as described in ref. 18. Library
construction followed the procedure in ref. 19. The clone
nomenclature system is described in ref. 20 with the following
additions: f for X EMBL4 (21); b for pMT21, a 1.9-kilobase-
pair (kbp) pBR322 derivative (H. V. Huang, personal com-
munication); j and k, respectively, for pSP65 and pSP64
(Promega Biotec, Madison, WI) containing the SP6 RNA
polymerase promoter. Radiolabeled DNA probes were pro-
duced by nick-translation (22). Hybridizations with the maize
probe were in 50% formamide/5 x SSPE (5 x SSPE is 5 mM
Na2EDTA/40 mM NaOH/50 mM NaH2PO4'H20/900 mM
NaCl) at 370C with washes in 0.05x SSPE at 370C. Genome
blot hybridizations were in 50% formamide/5 x SSPE at
430C, with washes in lx SSPE at room temperature. All
DNA manipulations were carried out as described in ref. 23.
TheDNA sequence was determined by the method ofMaxam
and Gilbert (24).

Anaerobic Treatment. Seeds were treated for 1-2 days at
40C in Petri dishes containing distilled H20-soaked filter
paper (Whatman 3). The seeds were germinated on fresh filter
paper on 0.7% agar plates at 250C with constant illumination
(7000 lx). After 3-5 days, seedlings were transferred into 1-2
ml of distilled H20 (60-100 seedlings per ml). Untreated
seedlings were left on plates. At various times, seedlings
were placed on filter paper in a Buchner funnel with suction
to remove excess water. They were then used for eitherRNA
or protein preparations.
RNA Analysis. Seedlings (60-100) were homogenized for 2

min in a 0.5-ml microtube fitted onto a mini-BeadBeater
(Biospec Products). Each tube contained 20 1ul of 50%
phenol/0.2 M Tris, pH 7.7/10 mM NaCl/75 mg of 0.5-mm
zirconium oxide beads (Biospec Products). After homogeni-
zation, an additional 20 1.l of buffer, 10 A.l of 10% NaDodSO4,
and 2 Al of yeast tRNA (10 mg/ml) were mixed in by

Abbreviations: ADH, alcohol dehydrogenase; kbp, kilobase pair(s).
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vortexing. The contents were extracted three times with an
equal volume of phenol/chloroform/isoamyl alcohol
(50:49.5:0.5; vol/vol), twice with chloroform/isoamyl alco-
hol (99:1; vol/vol), once with ether, and then precipitated
with ethanol.
For blot analysis, the RNA was glyoxylated (25), subjected

to electrophoresis in agarose gels and transferred to nitro-
cellulose (23). Radiolabeled RNA probes were synthesized
by using SP6 RNA polymerase (26). RNA induction was
quantitated by liquid scintillation counting of bands excised
from the blots.

Protein Analysis. Seedlings (60-100 per 0.5-ml microtube)
were homogenized for 2 min in the mini-BeadBeater. Each
tube contained 5.0 Ald of 70 mM TrisHCl, pH 7.2/25%
(vol/vol) glycerol/0.8% (vol/vol) 2-mercaptoethanol/0.25%
(wt/vol) bromophenol blue/75 mg of0.5-mm zirconium oxide
beads. A hole was punched in the bottom of each tube with
a 26-gauge needle and the homogenates were spun into 1.5-mi
microtubes. The resulting supernatants were loaded onto
nondenaturing polyacrylamide gels consisting of 7.3%
(wt/vol) acrylamide/0.2% (wt/vol) N,N'-methylenebisacryl-
amide/70 mM Tris HCl, pH 7.2/0.8% (wt/vol) ammonium
persulfate/0.08% (vol/vol) N,N,N',N'-tetramethylethylene-
diamine. The gels were run at 10 mA at 22°C with recirculated
8.25 mM Tris/30 mM diethylbarbituric acid electrode buffer
(pH 7.4). Gels were stained for ADH activity at 37°C in 0.1
M Tris*HCl, pH 7.6/1.5 mM NAD+/0.25 mM nitroblue
tetrazolium/0.26 mM phenazine methosulfate/0.5%
(vol/vol) ethanol. Ethanol was omitted in substrate-depen-
dence controls.

5' and 3' RNA Mapping. The 5' end was mapped by primer
extension (27) using induced RNA and a synthetic oligonu-
cleotide primer complementary to the RNA sequence at the
3' end of the believed first exon. The 3' end was mapped by
ribonuclease protection (28) using a gel-isolated in vitro-
synthesized complementary strand RNA probe, -645 bases
long, and having one terminus within the last intron.

RESULTS
Isolation of Arabidopsis DNA Clones. Four genome equiv-

alents of an Arabidopsis DNA library (described in ref. 18)
were screened for cross-hybridization with a maize Adhl
gene fragment probe (kindly provided by M. Freeling). Four
positive clones were detected; restriction digests revealed
that all four were identical, each containing the same 4.9-kbp
EcoRI restriction fragment of Arabidopsis DNA (the At3001
fragment; Fig. la) and a 6.6-kbp EcoRI stuffer fragment ofthe
X vector.
To obtain larger clone segments, a new library was con-

structed consisting of Landsberg erecta strain DNA that had
been partially digested with Mbo I and ligated into BamHI-
digested XEMBL4. After amplification of the library, four
genome equivalents were screened with nick-translated
bAt3001 (a plasmid containing the At3001 fragment). Three
positive clones were detected; two contained 15.6-kbp inserts
that were identically oriented and indistinguishable by re-
striction mapping (XfAt3lO2), and the third contained a
17.2-kbp insert in the opposite orientation (AfAt3lOl) (Fig.
la).
Genome blots verified that these clones represent the

sequence organization present in genomic DNA. Seven
different restriction digests ofArabidopsis DNA were probed
with nick-translated bAt300l andjAt3Oll (a plasmid contain-
ing the 2.5-kbp Sac I/HindIII At3Oll fragment of XfAt3lO2,
Fig. lb). The hybridized restriction fragments completely
agreed with the map produced by the X clones, suggesting
that the region of DNA spanned by the clones exists in a
single copy in the Arabidopsis genome (data not shown).
The maize Adhl gene fragment cross-hybridized with each

of the X clones as expected; the region of hybridization is
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FIG. 1. (a) Summary of isolated X clones. Lines represent the
lengths and positions of the three independently cloned inserts
relative to the restriction map above. Boxes indicate regions of the
clones that hybridize with the maize Adhl 2.3-kbp HindIII gene
fragment. (Relative positions have not been verified for sites en-
closed in parentheses. Three unmapped HindIII sites are not shown.)
(b) DNA sequencing strategy. Top, lines represent the two se-
quenced subclones, derived from XfAt3102 as indicated by dashed
lines. Center, restriction map of sites end-labeled for sequence
analysis showing the entire gene structure with boxes representing
exons; the gene is shown such that the transcription direction is left
to right (determined as in Fig. 2 a-c). Bottom, arrows designate the
direction and extent of DNA sequence obtained for each fragment.
Arrows having a dot denote sequence data from jAt3012; remaining
data are from jAt3011. A, Ava I; Ac, Acc I; Ah, Aha III; B, BamHI;
Bg, Bgl II; D, Dde I; H, HindIII; M, Msp I; N, Nco I; P, Pst I; R,
EcoRI; S, Sal I; Sc, Sac I; X, Xba I.

shown in Fig. la. The cloned portion ofDNA includes at least
7 kbp on either side of this region.
RNA Induction Correlates with ADH Protein Induction. The

fact that ADH activity increases in anaerobically treated
Arabidopsis plantlets suggested that anaerobically treated
plantlets should contain Adh mRNA to which our
Arabidopsis clones might hybridize. RNA blots were probed
with single-stranded RNA derived from SP6 RNA polymer-
ase transcription of HindIll-linearized jAt30ll and Sac
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FIG. 2. RNA induction, showing direction of transcription, and
ADH protein induction. Lanes 1 and 2, 0 hr and 4 hr of anaerobiosis,
respectively. (a) Ethidium bromide-stained half of agarose gel
containing 10% of total RNA prepared from Bensheim strain
plantlets shows similar amounts ofRNA for lanes 1 and 2, assessed
by the intensity of predominant rRNA bands. (b) Autoradiogram of
blot of other half of gel, containing 90% of the RNA preparations,
probed with a single-stranded RNA probe (described in text) from
jAt3O11. Little or no specific hybridization is detected. (c) Autoradi-
ogram of the same blot hybridized with a single-stranded RNA probe
from kAt3O11 (after washing off previous probe) shows induction of
an RNA in lane 2. An overexposure is shown here to emphasize the
low level of hybridization in lane 1. Hybridization conditions were
made as close as possible to those of the first hybridization. (d)
Native protein gel stained forADH activity shows induction ofADH.
Nonspecific protein staining just below the wells indicates that
roughly equal amounts of protein were loaded onto both lanes.
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I GCTCTTAAGAGTTGTTCTTGAGGAGCTTGTGAGAAAGATTAATTAACGGTTAATTACATT

61 GTTGAATCAAATTACTGGTAAATGGTTAGGTGAATAATTTAATTTTATGTATTTGATATC

121 CAACATTGATCGACGTACGTACGTAGTGAGGTAGAGGCTTAGGTTAGGAATCAATCGTGA

181 ATACTATTTCAACGTTGATTCCCGCGAGCTGAATGATTTTTTGTGATGTATAGTAAAACG

241 CATATGATTCATATATAGGAATCATCATAAAGATTCTTGTCATGAAGAACAATATTAAAC

301 CAAATTATGCATTACGAGCAAAATAATTATACAAAAATACTGATAATTATAACTTGGGTC

361 ATTGTATTTTCTGTGTAATGTCTACTATCCCTTAATTAGTCGGTTTAAATCAGGAAAAAG

421 TATAATTAATGACACTCATAATTGTATCGTTAAGACTTGAAAGTGACGGCCAAGAATACA
I

481 ATTAAGAGCCAATTAGTGATCTTTCATAACTTTAAAAATCTCACAAAAGTAGAAAAAAAA

541 AATTCCAACTTGATGACCAAGAATAATACTATTAAAGAGCTATTTAAGATGAAACCGCCC
I

601 GAAACCAAAAGCATTCGATGGGTACACCGATTACTGCTTTTAGCAACACCACGGCGTGAC
661 CATCAAGACTAATTAACTAAGACCACATTTTAAAAAAACTATTAATAATTACTACAATTT

721 GTAATTAAAAAGATCAACGAGAAATGCCACGTGGACGAATACTAGCAACGCCAAGTGGAA
*

781 AGAGCGTTCGAGAGAACAAGGCAAAACCAAATACGCCCCTAGTATTCTACAGATGTCGAC

841 TGGATAATTACAAAAGATTTCAATAAACAGTACTAATTAATTTCTAGTGGTGAGTTTTTG

901 TAAATATCTACTTCTTCCAATTACCAGCTGCTATATAAATCCCCTTCTCTGTTTCTCTTT
. ~~I -.--~ I

961 TCT ACATCACAATCACACAAAACTAACAAAAGATCAAAAGCAAGTTCTTCACTGTTGAT

I M S T T G 0 I I R C K 1
1021 AATGTCTACCACCGGACAGATTATTCGATGCAA--AfTTTTCTTTTTATTCTGTCTTTTTC
1081 CAAATATTTATTGATCGGTTACATTTCTGTTGAAGTTTTTGTTATGAATCCACAATTTCT

12 ATVTTGAATTAACAAAACCTG1TGTCGTTTTTTTGTGGTGGTTGCATGCTGTGGCATGG1141 AGT^TAC^ACGGCTTTTTGGTG~CGTTGAG
I

17 E A G K P L V I E E V E V A P P 0 K H E
1201 GAAGCCGGAAAGCCACTGGTGATCGAGGAAGTGGAGGTTGCTCCACCGCAGAAACACGAA

37
1261

57
1321

58
1381

62
1439

1499

73
1559

93
1618

113
1678

V R I K I L F T S L C H T D V Y F W E A
GTTCGTATCAAGATTCTCTTCACTTCTCTCTGTCACACCGATGTTTACTTCTGGGAAGCT

1'

K
AAIGT-AGAGTAATCAATTTATTACACTCCAAATTCATAATCAAGTTCTAATTTTTTTAGA

t.I

rG OT P
ATTCTAATTTTTTATCTAAAAAAATTCAACCTTTTTGATTCCACAGGACAAACACCG

L F P R I F G H E A G
TTGTTTCCACGTATCTTCGGCCATGAAGCTGGAG$3TAATAGAAACACTAATCTTCTTTG
CTTCGTTTTGGATATTTTTAAGGTTTTAGAGATTCAAGGTCGTTTTTTTTTTGTTGTGTA

I V E S V G E G V T D L O P G D H V L
ATTGTTGAGAGTGTTGGAGAAGGAGTGACTGATCTTCAGCCAGGAGATCATGTGTTG

P I F T G E C G D C R H C O S E E S N M
CCGATCTTTACCGGAGAATGTGGAGATTGTCGTCATTGCCAGTCGGAGGAATCAAACATG

C D L L R I N T E R G G M I H DO G E S R
TGTGATCTTCTCAGGATCAACACAGAGCGAGGAGGTATGATTCACGATGGTGAATCTAGA

133 F S I N G K P I Y H F L G T S T F S E Y
1738 TTCTCCATTAATGGCAAACCAATCTACCATTTCCTTGGGACGTCCACGTTCAGTGAGTAC

153 T V V H S G 0 V A K I N P 0 A P L D K V
1798 ACTGTGGTTCACTCTGGTCAGGTCGCTAAGATCAATCCGGATGCTCCTCTTGACAAGGTC

173 C I V S C G L S T 'G L G A T L N V A K P
1858 TGTATTGTCAGTTGTGGTTTGTCTACTGGGTTAGGAGCAACTTTGAATGTGGCTAAACCC

193
1918

213
1978

233
2038

235
2098

244
2157

264
2217

K KG 0 V AI F G L AV L GA A E
AAGAAAGGTCAAAGTGTTGCCATTTTTGGTCTTGGTGCTGTTGGTTTAGGCGCTGCAGAA

II

G A R I A G A S R I I G V D F N S K R F
GGTGCTAGAATCGCTGGTGCTTCTAGGATCATCGGTGTTGATTTTAACTCTAAAAGATTC

o ol1
GACCAAG)ITATTCAAAAAGATGATAGTCTGTTTTTGACTATGTTCTTCTATAATCTCCCT

.

TCACTTACATTGAATTTGATATGTTATTGGCA1 TAAGGAATTCGGTGTGACCGAGTGT

V N P K D H D K P I Oa V I A E M T D G
GTGAACCCGAAAGACCATGACAAGCCAATTCAACAGGTGATCGCTGAGATGACGGATGGT

G V D R S V E C T G S V A M I O A F E
GGGGTGGACAGGAGTGTGGAATGCACCGGAAGCGTTCAGGCCAT6ATTCRAGCATTTGAA

284 C v H Dl
2277 TGTGTCCACGATTAATCCTCCCTTCACATCATTCGGACCAAAACTTTTGTAACTACATT

288 r G V A V L
2337 GTGGGTATCTGAACTTATCACATATGATGTTGTTTCAG1GGCTOGGGTGTTGCAGTGCTG

295 V G V P S K D D A F K T H P M N F L N E
2396 GTGGGTGTGCCAAGCAAAGACGATGCCTTCAAGACTCATCCGATGAATTTCTTGAATGAG

315 R T L K G T F F G N Y K P K T 0 I P G V
2456 AGGACTCTTAAGGGTACTTTCTTCGGGAACTACAAACCCAAAACTGACATTCCCOGGGTT
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335 V E K Y M N K 1
2516 GTGGAAAAGTACATGAACAA TAATGAGAAGCTTTGATATCTTATGATGCCAACTTTGA

342 E L E L E K F I
2576 ATATATATCAATGTTCTGATGATTTTTATGACATAIAGCTGGAGCTTGAGAAATTCATC

350 T H T V P F S E I N K A F D Y M L K G E
2636 ACTCACACAGTGCCATTCTCGGAAATCAACAAGGCCTTTGATTACATGCTGAAGGGAGAG

370 S I A C I I T M G A
2696 AGTATTCGTTGCATCATCACCATGGGTGCTTGAAGCCATTCTCTCGCAGATGATGTTCAC

2756 TTTGTGTTTTACTTCCTTTATGCATTCACAGCAATAAAAGAAAGAAATCTCCATCGCTTT

2816 TGGTTTTCTTCTCTGTCTTAAGTTAGTCGTTTTCGTGTCTAATCTATTACTTATCATTGT

2876 AATAGACTCTTCTTCTATTGAGATTTGAATATAAACTAAAACACATTCCATTTT ACTGTG

2936 TTCTCAACATTCAGAATGCAAACGGACTAACCGTAGTGACTCGAAAGCCGTTTCGAGTCG

2996 CCATTCTCTTTGCTTCTTGCTCAAAGGTCTTCCTTTGCCGGCCTwTTTCTCGGTTTACTCT

3056 TATATCTGCTATGCCCCAAATGCAGATTTTAGCTTCCACATCGAAAGAAACCAGCCTGAA

3116 AATACCATCACCTTCGGTCTTCAGTGTCCTCGTTAGTGTACCTCACGTACATCGGTCTAT

3176 CCTTATACCGATCAAGATCC

FIG. 3. Complete DNA sequence of the Adh gene including
introns and flanking regions. The derived amino acid sequence is
shown in the one-letter code above the DNA sequence and is
numbered separately. Exons are bracketed. Arrows indicate intron
positions that are present in the maize Adh genes but absent in
Arabidopsis Adh. The TATA box is noted with a solid underline and
the putative polyadenylylation signal is noted with a dotted
underline.

I-linearized kAt3Ol1 templates. (kAt3011 is identical to
jAt3Oll except for the opposite orientation of the At3011
fragment with respect to the SP6 promoter.) These experi-
ments revealed a homologous RNA, =1450 nucleotides long,
that clearly increased upon anaerobiosis. The induction for
Landsberg erecta strain plantlets at 2 hr and 4 hr of
anaerobiosis was =5-fold and 10-fold, respectively. Hybrid-
ization to the induced RNA occurred only with the SP6
transcripts from kAt3l0 (not from jAt3Ol1), revealing that
the in vivo transcription direction of the gene, as depicted in
Fig. 1, is from left to right (Fig. 2).

Examination of protein from plantlets treated in parallel
with those used in the RNA experiments demonstrates that
the induction of RNA correlates with induction of ADH
activity. Protein extracts were subjected to electrophoresis in
nondenaturing polyacrylamide gels and stained for ADH
activity. Two bands normally appeared; we identified one of
these bands as arising from ADH because of its substrate
specificity as well as its shifted migration when Arabidopsis
ADH electrophoretic variants (14) were used (data not
shown). The ADH band showed a marked increase in
intensity after anaerobic treatment (Fig. 2d).
DNA Sequencing. We determined the DNA sequence of a

3.2-kbp segment (Fig. lb) that contains the region that had
hybridized with the induced RNA. The sequence is presented
in Fig. 3. Extensive homology was discovered between the
Arabidopsis gene and the protein coding sequence of both
maize Adh genes. The homology is interrupted by six
probable introns in the Arabidopsis gene; although their
lengths and sequences differ from the corresponding maize
introns, their positions are coincident with six of the nine
intron positions present in both of the maize Adh genes (Fig.
4). All six begin with the dinucleotide GT and end with the
dinucleotide AG, as seen consistently at the intron/exon
junctions of eukaryotic genes (29). The average A+T content
of these regions is 71%, while the A+T content of the open
reading frame is 52%. Translation of the DNA sequence in all
possible reading frames produces an open reading frame only
when all six of the putative intron sequences are omitted.
The deduced polypeptide encoded by the 1137-nucleotide

open reading frame (Fig. 3) shows conservation with both
maize ADH sequences: it is of identical length and has 80.5%
identity with maize ADH1 and 79o identity with maize
ADH2. (The maize ADH proteins are 87% conserved.) The
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FIG. 4. Comparison of exon/intron structure of Arabidopsis Adh and maize Adh (11) genes. Boxes represent relative lengths and positions
of exons; shaded portions designate protein-coding regions of exons. Solid lines represent relative lengths and positions of introns that are at
identical positions in all three genes with respect to the protein sequence; the number below each line gives the length of the intron in nucleotides.
Dashed lines connect homologous exons.

nucleic acid sequence coding for this polypeptide has 73%
homology with maize Adhi and 72% homology with maize
Adh2. (The maize Adh coding regions are 82% conserved.) Of
the nucleotide differences with Adhi, 53% are silent at the
amino acid level and 17% result in conservative amino acid
substitutions.

5' and 3' RNA Mapping. Primer extension on the RNA
resulted in a DNA transcript 58 ± 1 nucleotides beyond the
translational initiation codon (data not shown). The position
of the initiation codon was determined by homology with the
deduced protein sequences of both maize enzymes. Neither
the upstream DNA (1021 nucleotides) nor the 5'-untranslated
RNA contains an alternative initiation codon that would
allow read through. Ribonuclease protection mapping of the
3' end gave a length of 204 ± 2 bases for the 3'-untranslated
RNA using DNA ladder size standards calibrated for RNA
(data not shown). The actual length may be as low as 200
nucleotides since the 2-4 terminal adenosine nucleotides of
the protected probe are resistant to the ribonucleases used.

DISCUSSION
Sequence analysis indicates that we have cloned the
Arabidopsis Adh gene. Our clone is single copy in the genome
supporting genetic evidence of there being a single Adh locus
in Arabidopsis (14). The calculated molecular weight of the
deduced polypeptide is 41,200, which is close to the value
44,000 measured by the migration of Arabidopsis ADH
monomers in polyacrylamide gels (14). The length of the
anaerobically induced RNA is consistent with the predicted
exon sizes of the gene, allowing for a poly(A) tail of -50
nucleotides.
The gene contains sequences characteristic of expressed

eukaryotic genes. A TATA box is located 23 base pairs (bp)
upstream of the mapped 5' end of the RNA, consistent with
other genes expressed in plants (30). A possible polyadenyl-
ylation signal, AATATAAA, similar to the plant consensus
signal (30, 31), is situated 19 bases upstream of the mapped
3' end. An AGGA box, possibly involved in transcription
regulation, is occasionally found 36-59 bp upstream of the

TATA box of plant genes (30). Such a sequence for the
Arabidopsis gene might be TAAACAGTACT, which is
similar to the plant consensus sequence CA25GNGA2-4-
CC and is located 57 bp upstream of the putative TATA
box.
Upstream sequences may be required for ADH expression

during anaerobiosis or 2,4-dichlorophenoxyacetic acid induc-
tion. Although the DNA sequences upstream of the coding
sequences have generally diverged, distinct homologous
stretches exist 5' of the translation start sites of the Arabi-
dopsis Adh and maize Adhi genes (Fig. 5). These sequences
are not found in maize Adh2, with the exception of the TATA
box. The three 8-bp sequences shared by the two maize genes
in their 5'-untrahslated regions (11) are not seen in the 1021
nucleotides --Upstream of the initiation codon of the
Arabidopsis ene.,,
The six intibfhs.bf the Arabidopsis gene possess the 5' and

3' splice site consensus sequences of eukaryotic genes (29)
(Fig. 6). Recently, internal signals, such as the conserved
TACTAAC sequence at 20-55 nucleotides from the 3' border
of yeast introns (32), have been discovered to be required for
gene splicing. Each Arabidopsis Adh intron contains the
consensus sequence TTGAT at 16-39 nucleotides from the 3'
border, which is homologous with the animal consensus
sequences found in identical positions in diverse animal gene
introns (33) and homologous with the 5-base-long sequences
used in vitro for formation of the lariat intermediate in intron
excision (34). In addition to this consensus sequence, a
second highly conserved sequence was found within the
Arabidopsis introns (Fig. 6); this second consensus sequence
may have some role in Arabidopsis gene expression.
The deduced Arabidopsis ADH polypeptide is 47% con-

served with horse liver ADH. Structurally and functionally
important residues defined by the tertiary structure of the
horse enzyme (35), such as the seven residues that provide
ligands for the catalytic and noncatalytic zinc atoms, are
conserved, suggesting that the Arabidopsis enzyme has a
similar structure.

JA AAmGCACGCCAAGTFGGAJ...12 [C G Al-GAAATGCCACGTGGACGA1 6... |A|E1G|C C A A|G T G GAl
Ml' ICEG G C I GC GA TCIG GIC CI CH...............74...1C G A G CIG A A A A -IC CA C GTICCIAC G|G 13...........CI3ECITIC C A G[G T G G Al

RNA
A ...13I..C T TC |TATCCIAGCTCATATAAATCCC...2.42...
Ml.I.......C T TC.CIT CCCT T T AG-- A TAACTAA A G...A ............
M2 A T3...2... ..69... , protein

A FTMCCTTFGA ------------------TAATG
M TTCGTA ACTG G TGA AG G ACT GA G TC G GAG T G G ---AT C GA T 32.. G TM2W1T[jTIT[AGGGTCCT C GA T ..32.. G C AATGG

FIG. 5. 5' sequence homologies forArabidopsisAdh (A), maizeAdhl (Ml), maizeAdh2 (M2). The number ofbases between each homologous
stretch is given. Contiguous bases, spread apart for alignment purposes, are linked with dashes. The homologies between Ml and M2 are from
ref. 11.
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3' SPLICE JUNCTION

GTTGAATtA 31... GCAGCT

TgTjGAATTC ... 38... ACAGGG
TTTGAT AT .42... GTAGGA
ATTGAATTT . 12... GCAGCT
T G A ATT . 8... TCAG GG

TTTG AA TT 28... AT A

TTTGAATTT CAGG
T C

~~~Py11NCAG GG

FIG. 6. Intron consensus sequences for the Arabidopsis Adh
gene. The number of bases between each consensus block is given.

Comparison of the nucleic acid coding sequences and
deduced protein sequences of the Arabidopsis Adh gene and
of the two maize Adh genes shows that the two maize genes
are more related to each other than either is to the
Arabidopsis gene. It is thus likely that the maize and
Arabidopsis Adh genes descended from a single ancestral
gene that was subsequently duplicated in the maize but not in
the Arabidopsis lineage. Further comparison with other
angiosperm Adh gene sequences, when they become avail-
able, should indicate whether the ADH isozymes of other
monocots and dicots are likewise descendants of a single
gene in their last common ancestor or are the result of more
ancient gene duplications, as is generally supposed (1, 11).
The low copy-number sequence content of the maize

genome is >20-fold that of the Arabidopsis genome (36, 37).
This difference is partially reflected in both the size and the
copy number of the Adh genes of the two species. The
Arabidopsis gene has three fewer introns than either of the
two maize genes; the sum of the intron lengths in the
Arabidopsis gene is >1000 bases shorter than the comparable
sum in the maize Adh genes. Other Arabidopsis genes have
also been seen to be present in fewer copies per haploid
genome than the homologous genes in other angiosperms
(38).

This work demonstrates the feasibility of isolating a dicot
plant gene by homology with a monocot gene. Cross-
hybridization is proving to be a useful approach for isolating
plant genes. A plant such as Arabidopsis, which lends itself
well to molecular genetics and cloning, might be exploited for
rapid cloning of genes that cross-hybridize with specific
genes in other plants (38). Our cloned Arabidopsis gene can
be tested for the ability to restore ADH function to existing
Arabidopsis ADH null mutants (14) via Ti plasmid-mediated
transformation. Should this approach succeed, we hope to
answer questions concerning the regulation ofADH in plants
and to develop Arabidopsis ADH as a marker in gene fusion
experiments.
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5' SPLICE JUNCTION

AAGG TLTaTTC .81...
AAGGTAG-AHG ...46. ..

AEGGTAAT ...25...
AAGGTATTC ...55...
GAfGJGTAATC ...49...
AAGGTAATG ...28...

AAGG TA TC
T G

CAG GTAAG T
A G
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