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Abstract The anaerobic fermentation pathway is
thought to play an important role under flooding con-
ditions. The pyruvate decarboxylase 2 (pdc2) gene that
encodes the first enzyme of this pathway has been
cloned and characterized from rice. This gene has an
open reading frame that putatively encodes a 603
amino-acid-residue protein with a molecular mass of
64 kDa. pdc2 has five introns dispersed throughout the
coding region, which is also true for rice pdci. Although
the length of these introns in rice pdc2 are different from
those in rice pdcl, they are located in exactly the same
positions based on the deduced amino-acid sequences.
The temporal and spatial expression patterns of pdcl
and pdc2 show that pdc2 is induced to a higher level
during the early period (1.5-12 h) of anoxia than pdcl,
which is induced more after longer time periods
(24-72 h) of anoxia in both shoots and roots. The map
positions of the three pdc genes have also been deter-
mined. Rice pdcl is located on chromosome 5 between
BCD454A and RZ67, pdc?2 is located on chromosome
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Introduction

Pyruvate decarboxylase (PDC, EC 4.1.1.1) nonoxi-
datively decarboxylates pyruvate to acetaldehyde
which is then reduced to ethanol by alcohol dehydro-
genase (ADH). PDC is a critical enzyme in the anaer-
obic-specific fermentation pathway, and the product of
this reaction, acetaldehyde, is very toxic to plants. Re-
duction of acetaldehyde to ethanol by ADH regener-
ates NAD™, which is then utilized in the glycolytic
pathway to maintain carbon flow through this pathway
under anaerobic conditions. This switching of the en-
ergy production pathway from aerobic glycolysis to
anaerobic fermentation is one of the major metabolic
adaptations that plants undertake when they are sub-
merged or confronted with a lack of oxygen. The
importance of increased rates of alcoholic fermen-
tation (AF) under anaerobic conditions has been
demonstrated by several experimental observations
(Waters et al. 1991; Perata and Alpi 1993; Crawford
and Braendle 1996; Setter et al. 1997): (1) enzymes for
AF often increase, (2) mutants without ADH die more
rapidly during anoxia, (3) increased tolerance to anoxia
comes from hypoxic pretreatments and presumably the
induction of enzymes of AF, (4) high sugar supply
increases survival, presumably due to continued opera-
tion of AF, and (5) rates of AF are related to the
tolerance of several species to waterlogging or flooding.
It has also been suggested that the rate of AF is limited
by PDC (Waters et al. 1991).

Roberts et al. (1989) studied the role of ADH in the
metabolism and survival of anoxic maize root tips
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by comparing the ethanol production of isogenic
lines differing in ADH activity over an approximately
200-fold range. They concluded that ADH activity in
wild-type maize root tips was not a limiting factor for
energy production via fermentation and did not deter-
mine viability under anoxia. This conclusion was fur-
ther supported by Johnson et al. (1994) who showed
that 70% of the hypoxically acclimated root tips of
adhl null maize survived up to 24 h of anoxia, whereas
only 10% of the unacclimated root tips survived for 6 h
of anoxia. They also concluded that the high levels of
ADH activity inducible in acclimated wild-type maize
root tips are in excess of those required to increase rates
of fermentation. Thus, PDC, being the first enzyme in
the AF pathway, may play a key regulatory role.
Bucher et al. (1994) have found in tobacco that over-
expression of a pdc gene from Zymomonas mobilis re-
sulted in higher levels of acetaldehyde and ethanol
formation, suggesting that PDC is likely to be the key
regulator of anaerobic metabolism. Unfortunately, the
measurements made in this study were only for the
initial 24 h of anoxic treatment which did not allow for
an evaluation of tolerance under long-term anoxia.
Moreover, rice has different mechanisms of sub-
mergence tolerance from tobacco, as evidenced by
the fact that it has a well-developed aerenchyma
system to maintain an oxygen supply (Perata and Alpi
1993).

Genes encoding PDC have been cloned and charac-
terized from maize (Kelley et al. 1991), yeast (Kellerman
et al. 1986), and bacteria (Conway et al. 1987). Recently
we have reported the isolation and characterization of
two pdc cDNAs (Hossain et al. 1994 a; Huq et al. 1995)
and two genomic clones (Hossain et al. 1994 b; 1996)
from rice, while Rivoal et al. (1997) reported another
partial cDNA, called pdc4, from rice. In this paper, we
provide a characterization of pdc2 and the relative
induction of pdcl and pdc2 over time in both shoots
and roots under anaerobic conditions. We also present
the map locations of these three genes in rice chromo-
somes and predict the locations of orthologous loci in
maize, oat, and Triticeae chromosomes.

Materials and methods

Seedling growth conditions

Rice (Oryza sativa L. variety IR54) seeds were stirred in 75% Clorox
for 50 min, rinsed three times with tap water followed by a single
brief rinsing with 95% ethanol. Finally, these seeds were washed
with sterile de-ionized water twice and placed in Petri dishes on two
layers of filter paper still moist following sterilization in an auto-
clave, and seedlings were grown at 25°C in light (12 h photoperiod).
After 5-7 days, seedlings were transferred to Magenta boxes
(Magenta Corporation, USA) containing 0.5 MS salts (Murashige
and Skoog 1962) (5-10 ml solution, just sufficient to cover the root of
the seedlings), and were grown for an additional 7 days under the
same light conditions.

Screening of the genomic library and construction of a restriction
map of pdc2

An IR54 genomic library constructed in a lambda GEM 11 vector
(Hossain et al. 1996) was screened with the following probes gener-
ated from the plasmid pBGS-PDC containing maize pdc cDNA
(Kelley 1989): a BgllI-BamHI fragment of 702 bp representing the 5
end of the gene, and a HindIII-EcoRI fragment of 366 bp of the 3’
pdc coding region. Identification of the hybridizing clones and sub-
sequent plaque purifications were carried out using standard pro-
cedures (Sambrook et al. 1989). Phage DNA isolation was done
using a liquid culture method (Sambrook et al. 1989). A pdc2-specific
probe was made from the 3'-untranslated region of pdc2 cDNA (Huq
et al. 1995) and was used to identify the pdc2 gene. Phage DNAs
were digested with different restriction enzymes, electrophoresed on
0.9% agarose gels, and hybridized with two different probes after
Southern blotting. The size of the bands was calculated in compari-
son with migration of a 1-kb ladder (Life Technologies) run on the
same gel, and a restriction map of the positive phage clone, 2B, was
constructed.

Cloning and sequencing of pdc2

pdc2 was subcloned into the plasmid vector pGEM7Zf(+)
(Promega) as three fragments from the positive phage clone 2B:
a 2.4-kb Nsil-BamHI fragment representing most of the 5'-upstream
region, a 1-kb BamHI-Nsil fragment representing the middle region,
and a 2.5-kb fragment containing approximately 1.8 kb of the 3'-
coding and untranslated regions. The inserted pdc fragments were
serially deleted by exonuclease III using the Erase-a-Base protocol
of Promega. Both strands of the deleted clones were sequenced using
a Sequenase version 2 protocol (United States Biochemicals). When
required, synthetic oligonucleotides (19 - mers) were used as primers
for further sequencing. In some cases compressions were resolved by
performing the reactions at 70°C with Tag DNA polymerase (United
States Biochemicals) and using the deaza-GTP analog. DNA se-
quences were analysed using the University of Wisconsin Genetics
Computer Group (GCG) package (Devereux et al. 1984) and the
DNA Strider program (Marck 1988).

Isolation of total RNA

Two-week-old uniform seedlings of the variety IR54 were transfer-
red to 2-1 flasks. The flasks were air-tight and well-ventilated. Seed-
lings were completely submerged in distilled water through which
nitrogen gas (99.5%) was continuously bubbled to produce anaer-
obic conditions. The anaerobic treatment was in the dark at 25°C.
Control seedlings were maintained in the dark at 25°C in Magenta
boxes. Roots and shoots including coleoptiles were harvested separ-
ately and immersed in liquid nitrogen. Extraction of RNA was
carried out according to the procedure of Logemann et al. (1987)
with modifications. The frozen tissue (2 gm) was ground in liquid
nitrogen in an autoclaved morter and pestle, and transferred
to autoclaved plastic centrifuge tubes. Extraction buffer (4 M
guanidine hydrochloride, 20 mM MES pH 7.0, 20 mM EDTA,
4 ml/g of tissue) was added to each tube. After vigorous shaking and
complete mixing the suspension was extracted once with phen-
ol:chloroform:isoamyl alcohol (25:24:1) and centrifuged for
45 min at room temperature at 10000 rpm in a Beckman centrifuge
using a JA-20 rotor. Then 0.2 vol of 1 M acetic acid [diethyl pyro-
carbonate (DEPC)-treated] were added to the supernatant, and
RNA was precipitated by adding 0.7 vol of ethanol after 1-h incuba-
tion at —80°C following centrifugation at 10000 rpm for 10 min.
The RNA pellet was subsequently dissolved in DEPC-treated water
and re-precipitated using 1/3 vol of 8 M LiCl (overnight at 4°C). The
RNA sample was subsequently washed with 80% ethanol and



dissolved in DEPC-water after drying, and then quantified spectro-
photometrically.

Synthesis of antisense probes

Gene-specific antisense RNA probes were synthesized for use in
ribonuclease protection assays using the Maxiscript II System (Am-
bion). pdcl (Hossain et al. 1994 a), pdc2 (Huq et al. 1995), and ubil
(Hugq et al. 1997) cDNAs were all subcloned into the pSPORT1
plasmid vector (Life Technologies) as EcoRI-NotI fragments. pdcl
was linearized with Xhol, pdc2 with Scal, and ubil with Ncol. These
linearized plasmids were transcribed with SP6 RNA polymerase to
produce gene-specific antisense RNA probes from the 3’-untran-
slated regions. Transcription reactions were performed in a 20 pl vol
containing 1 pg of linearized DNA template, 1 transcription buffer,
0.5mM ATP, 0.5 mM GTP, 0.5 mM UTP, 10 units of SP6 RNA
polymerase, and 3.5 pM of [«-32P]CTP (800 Ci/mmol, 20 mCi/ml),
and then incubated for 1h at 37°C. Following transcription, all
reactions were treated with RNase-free DNase I (0.4 units/pl, Am-
bion) for 15 min at 37°C to remove contaminating template DNA.
Full-length probes were purified from 5% denaturing polyacrylam-
ide gels as described (Sambrook et al. 1989).

Ribonuclease protection assays

Ribonuclease protection assays (RPAs) were performed using total
RNA isolated from shoots and roots of the 2-week-old IR54 variety
treated under anaerobic conditions for 0, 1.5, 3, 6, 12, 24,48, and 72 h
time periods. Assays were carried out using the RPAII System
(Ambion) according to the protocol supplied by the company. Five
micrograms of total RNA samples for each time point were hybrid-
ized with 2-4 x 10* CPM of high-activity (typically 6-7 x 10® cpm/ug)
antisense probes specific for either pdci or pdc2. A rice ubil cDNA
isolated from variety IR54 (Hugq et al. 1997) was used as an internal
control to show the amount of RNA employed. Ribonuclease diges-
tions were performed using 1: 100 dilutions of the supplied ribonuc-
lease cocktail (final concentration = 0.2 units/ml RNase A; 2.0
units/ml RNase T1). Following RNase treatment, total samples were
subjected to electrophoresis through 5% denaturing polyacrylamide
gels, wrapped in plastic wrap, and exposed to X-ray film with an
intensifying screen for autoradiography. The expected sizes of the
full-length and protected fragments using the various gene-specific
probes were as follows: 343 and 286, respectively, for pdcl; 235 and
178, respectively, for pdc2; 300 and 243, respectively, for rice ubil
(internal control).

RFLP mapping

A mapping population consisting of 113 backcross (BC) individuals
derived from the cross O. sativa/O. longistaminata//O. sativa, main-
tained at Cornell University, was used to place pdcl, pdc2, and pdc3
onto rice chromosome maps (Causse et al. 1994). DNA from
the indica recurrent parent (BS125) and the interspecific F;
(BS125/WLO2) was digested with six restriction enzymes (EcoRV,
HindIll, Xbal, Scal, Dral, EcoRI), electrophoresed overnight on
0.9% agarose gels, and blotted onto Hybond N* (Amersham Cor-
poration) according to the manufacturer’s instructions and used in
parental polymorphism surveys. For mapping purposes, DNA from
113 backcross progeny was digested and blotted using the same
procedures.

The following were used as probes: (1a) pdcl, a 2.2-kb cDNA in
a pSPORTI1 vector (Life Technologies) that contained an open
reading frame for pdcl which is highly homologous to the other pdc’s
and is not specific for pdcl (hereafter referred to as clone 1A), (1b)
pdcl, a 115-bp Mlul-Ncol fragment of the 5" untranslated region
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specific for pdcl (hereafter referred to as clone 1B), (2a) pdc2, a 700-
bp 3’ fragment of pdc2 cDNA in a pSPORT]1 vector (Life Technolo-
gies) (hereafter referred to as clone 2A), (2b) pdc2, a 200-bp Scal-Notl
fragment from the 3’-untranslated region specific for pdc2 (hereafter
referred to as clone 2B) and (3) pdc3, a 2.8-kb 5" fragment of pdc3 in
a pUCI19 vector (Life Technologies) (hereafter referred to as clone 3).
The fragments were labeled by the random priming method using an
Amersham Megaprime Labeling System and used as probes in
Southern analyses. Filters were hybridized overnight at 65°C and
washed three times for 20 min each at 65°C at successive stringencies
of 2x, 1x, and 0.5 x SSC (with 0.1% SDS). Labeled filters were
exposed to X-ray film with an intensifying screen for 5 days at
—80°C. For mapping, segregation in the backcross progeny was
scored by the presence or absence of the polymorphic band from O.
longistaminanta. Linkage analysis was performed using Mapmaker
version 2.0 (Lander et al. 1987) on a Macintosh Performa 475.
Genetic distance is expressed in Kosambi cM (Kosambi 1944) and
the map was constructed using a LOD 2.0 significance threshold.

Results
Isolation and sequence analysis of pdc2

Two probes from the maize pdc cDNA (Kelley 1989)
were used to screen an IR54 rice genomic library, and
18 positive clones that hybridized to both the 5'- and
3'-regions of the maize pdc cDNA were identified. Fight
of these 18 clones were found to be pdc3, and two of
them were found to be pdcl (Hossain et al. 1996). Two
clones, 2B and 14C, were similar in restriction pattern
and hybridized to a pdc2-specific probe (data not
shown). The 2B phage clone was selected for further
subcloning and sequencing. In order to subclone pdc2,
we constructed a partial restriction map of the phage
clone using different restriction endonucleases. This
restriction map is shown in Fig. 1, and the region that
hybridized to the 5'- and 3'-region probes is shown at
a larger scale. The 5.9-kb fragment that is shown in
larger scale was subcloned as three fragments and was
sequenced from both ends. The vector containing pdc2
was called pRgpdc2. The nucleotide and predicted

HindIIl
KpnI | Nsil
KpnI BamHI Sphl
BSD;II SphI Eéoggl Sphl Kpnl
Scal EcoRI BstXI
( rNSII EcoRI
16 18 kb
IV VI
I m Vv

Fig. 1 Restriction map of lambda clone 2B containing the pdc2 gene.
The 5.9-kb region which contained the gene and about 2.38 kb of the
5" upstream region is shown in larger scale. The empty boxes are
the exons and the lines in between the boxes are the introns. The
three fragments that were subcloned and sequenced are shown by
thin lines. The restriction enzymes used are shown in the figure
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ATGCATAAAAR CAGTGGITTC TCTTAGAAAA AAAAGGAAAA TTGGAAGCAT GTTACTATAA TTTTATAAAA TTTAAAATAT GTCATTTTGA 90
TCCATATGTC ATTGACTCAT GTAGATTTTA CATGTTATTG AGATACATAT GGCATATCTC AAACTTTACA AAATTATAAT GGTATGGTTT 180

CAAATTAAAA AAAAACGTGG TGACAGTGAG CGGTGAAGAA GGTGAGTCGT CAACGACAGG ACGAGGTTAA TTGTCAGATG GCAGAACCAC 270
TAGAAACAAG ARAAATGACA CGGCACGGAG GCACCAATAA AATGAAAATG TTAAAGGAGA GAAAAAGGTG AGAGCGCACG AAAGGTTCAT 360
GGTCTTACGA TATAGTAATT GGCAACCTAA TAAGGCAGTG ACACCTAGGC ATATTTACTA TCATTTTATT ATCAAATTAT TTAATTTGTA 450
AAATAAAATT GTTCTCAAAC ATCTAAAAAG TTGGTATTAG AAATAAGTAA AAAGTTCGTA TTATCTAAAA AGTAAACAAT AGTAATCGGC 540
AAAGAGAGAC AAGGAAGTGT AAGTCAATTA CTCCATTCAT CTCAAAATAC AGTAACTTAT AGCCTACTTC ATAAGTTAGT GGTGGTGGTG 630
ATAGACTCGT CGTCTCCCCT GTTAATGTTA ATGTTAGTAT TATGAATTTG AAGATTTTTG TTCCAATAAT AACATTTTTT TCCTAACTAA 720
CCATTTGAAA TAAAGTGGTG GATATTATTC GATCATATGA AATTTCTATG GAATGCCTAA ATTTTATAGA AAATTTAACA CGAGGTCCTC 810
CATGGAAGTT CCCTTTGAGT ATACCTAAAC ACCATTTTTA TATTTTCATG TGTTTTACAA TTGAAAACGT TTGAGAAATT CCACTACAAA 900
CGTACGCAGG_ TTTCAAAACC ATTGTTCATG AGRATGATAT GTGTTACCAG GACCTACATA CCAATGACAC ATAATAATAT CTTTCAACTC 990

CATGATTTTT ACAACAACAC TAGGCAAATC GACCATTTAC AATCCTGTAA AAAAAATATG TTTATCTTAC TTTTTTTAAT TATCTCAATC 1080
CTGCAATTTT TCGCCCTTCA TCTTTCTACC CAAAAAAARAA AGATTTGATT TGATTAAATT TGTGCACTAC ATCCGTCAGA GCAAGTTTAA 1170
TAGTATAGCC CACTACAAGC TCCAATTCAC CTGTAACCAA TCGAATAACC AATTCATACA ATAGTTGCTT ACTATATTAT TAATATATGG 1260
TCCACCTGTC ATACACACAT CATGTCTTGG AGTCCGCGTT GCAGCTGCCT ACAGATCTAC AGCCCGCTTC TCTTCTCTCT TATCTTTTAT 1350

CTCATTAAAA TATATTTATA GCTGGCTAAG GGCACCCACA ATTGTTATCT ATAGGCTCTC TACAAGAGAT CCATGTCAAC ATATTTTCCT 1440
ATTTAGAAGA TATTAAATGA AGAGAGAGAG CAAAGCTATC TACTAACTTA GAGATAGTCT ATAGAGAAAA ACGAGACAAG GCATGAGAGA 1530
GCTATAGATA CCTATGTAGA CATACTATTG AGGTGGTTTA CTATTAATCT AGTCTATTAC TGAGATGTAC ATATTTATAT AGAAACACAT 1620

TAATTTACCA TTACAGGTGC TCTAATAGTC TGCTATTATA TGTGCTCTCA TGCGTCATCC ATGGTAGCGG ATAGAATGCA GAAGTCTACG 1710
CGCCGTACGC CTCCTGTGCG GGATCAGGAT CGTCAGGCGA GCCACGTGAC CACGTCTGAT GTGGCGGGCT GGAGCTACTA GCTACGGTGC 1800
TTTCTGCCGC CGCCTACACC TTTGCCACGC AGCCCAAAAC GAGTCCACCT TGCGCAGCAA ACAAAACCAA AACCGCCGCC TTGCGTCGCA 1890
ARACCAGARA ACACCACCGC CGCCGCCGCA CCGCACACGC CCCCGCCTTC CCCTGATCGC GACGAAACCA TTTCCGTCGC GAATCTGGAT 1980
ACTGGAGAGA CCGCGAGTCA CCGACGCGCG CCCAAGCCAC GCTGCCCCAC CGAGCAGATC GCATCGCCCG CGAGATCACC GGCGTGCCGG 2070
CCTCCCCCAC CCCAATCTCG CCCGTGGTTT TCGTCGAAAG GAATACAGGT TITTGCACGG AAGCCCCCGG GTTTCCACAC CAATTCTCGA 2160

TCTGCCCCCG CCTCCATGGT ATAAAACGAG ACACATTCCT CCCCACCGCT GAATCCATCC ATCCACCGAA CCATACCCAA CAAGCGTCAA 2250
ATCGCGTCAA AGCCAAAAAC CTCATACAAG TCCAGGAATC TGTAATATAT TCCGAGACTT TTACACGCAT TCCAGTCATC ACTAGTGTAG 2340

CGGTTGCTGC TTCTTCCCCG GGGAGGTTTA TCGGATCTTG ATGGAGACCC ATATCGGATC CGTGGACGGG GCGGCGGCGG CGGCGGACAA 2430
M E T H I G s vV D G A A A 1A A D N
CGGCGCGGTG GGGTGCCCGG CGTCGGCGGT GGGGTGCCCG ATGACCTCGG CGCGCCCCGG CGTGTCGGCC CGGCGAGGCG TCGCTGGGAC 2520
G A V G C P A S A vV G C P M T S A R P G vV s a R R G V A G T
GGCACCTGGC GAGGCGGCTG GTGCAGGTGG GCGTCAGCGA CGTGTTCGCG TGCCCGGGGA CTTCAACCTC ACGCTGCTCG ACCACCTGAT 2610
A P G E A A G A G G R Q R R V R V P G D F N L T L L D H L I
CGCCGAGCCC GGCCTGCTCG TCGGCTGCTG TAACGAGCTC AACGCCGGGT ACGCCGCCGA CGGCTACGCG CGGTCGCGGG GCGTCGGCGE 2700
A E P G L L V G C ¢ N E L N A G Y A A D G Y A R 8 R G vV G A
CTGCGCCGTC ACGTTCACCG TCGGCGGACT CAGCGTGCTC AACGCCATCG CCGGCGCGTA CAGCGAGAAC CTGCCGGTCA TCTGCATCGC 2790
cC A Vv T F T V G G L s vV L N A I a G A Y S E KN L P V I cC I A
CGGAGGGCCG AACTCCAACG ACTACGGCAC TAACCGCATC CTCCACCACA CCATCGGCCT CCCGGACTTC TCCCAGGAGC TCCGCTGCTT 2880
G G P N 8 N D Y 6T N R I L H H T I G L P D F S Q E L R C F
CCAGACCGTC ACTTGCACCC AGgtacgtgt ccccccctct getcctoctc ggatttccoe ctaatttott gggttgcaga tttggttgga 2970
Q T Vv T C T Q
tcgatcgatg gtttgectaat gtttgtggat tcagGCGGTG GTGACCAATC TGGAGGATGC GCACGAGCAG ATCGACACCG CCATCGCGAC 3060
AV vV T N L E D A H E Q I D T A I A T
GGCGCTGCGG GAGAGCAAGC CTGTGTACCT CAGCATCAGC TGCAATCTCC CAGGGCTGCC TCACCCCACG TTTAGCCGCG ACCCCGTCCC 3150
A L R E 8 K P v Y L S I s C N L P G L P H P T F 8 R D P V P
CTTCTTCCTC GCCCCCAGgt acccctctec gttttatcat gaagettatc ccataatcta ccaattttgt catgeccatgt ctcgattcaa 3240
F F L A P R
gagagtagga ttttatttac cccaaaaagg acgcctggtt gaattataag tattgagatc gtgcatattt gatacagtac cggaagttgt 3330
ctgatgattt caatatgttg taatatttca cttcagttcg atgctataag attggttgta ccaatgcatt tcagattttt gattcgatgc 3420
tatgaaattg gttgtaccat tgcatttcag attttcagtt tgtctgatga aattgtggca ttgcagGTTG AGTAACAAGA TGGGTCTGGA 3510
L S N K M G L E
GGCTGCGGTG GAGGCCACTG TCGAGTTCCT GAACAAGGCG GTGAAGCCGG TGCTCGTTGG CGGCCCCAAG CTGCGTGTGG CAAAGGCAGG 3600
A AV E A T V E F L N K A VvV K P V L VvV G G P K L R V A K A G
GAAGGCCTTC GTCGACCTTG TTGATGCCAG TGGCTACCCC TACGCGGTGA TGCCGTCGGC CAAGGGGCTC GTGCCGGAGA CGCACCCCCA 3690
K A F vV D L v D A s G Y P ¥ A VvV M P S A K G L vV P E T H P H
CTTCATCGGC ACCTACTGGG GTGCGGTCAG CACGGCCTTC TGTGCCGAGA TCGTCGAGTC GGCCGACGCC TACCTCTTCG CAGGGCCAAT 3780
F I G T Y W G A V s T A F ¢C A E I vV E S A D A Y L F A G P I
CTTCAATGAC TACAGCTCTG TCGGCTACTC CTTCCTCCTC AAGAAGGACA AGGCCATAAT TGTGCAACCG GAGCGTGTCA TCGTCGGGAA 3870
F N D Y 8§ s Vv G Y § F L L K K D K A I I vV Q P E R V I VvV G N
TGGCCCGGCG TTTGGGTGCG TCATGATGAA GGAGTTCTTA TCTGAGCTGG CTAAGCGCGT CAACAAGAAC ACCACTGCTT ACGAGAACTA 3960
G P A F G C V M M K E F L S E L &a K R V N K N T T A Y E N Y
CAAGAGGATC TTCGTCCTGA GGGCCAGCGC TGGAGAGGAG CCGAATGAGC CGCTGCGCGT CAATGTGCTC TTCAAGCACG TCCAGAAGAT 4050
K R I F V L R A S A G E E P N E P L R V N V L F K H V Q K M
GCTGAACAGT GACAGTGCTG TGATTGCCGA GACTGGTGAC TCCTGGTTCA ATTGCCAGAA GCTGAAGCTC CCTGAGGGCT GCGGgtgagc 4140
L N s D s AV I A E T G D S W F N C 9 K L K L P E G C G
attctgaaac ttgctacaac cctgttgtga atggttttac aatgttcttg gtgaatatac tgagtggttt attgcatgct gcagGTATGA 4230
Y E

ATTCCAAATG CAGTATGGTT CCATTGGATG GTCAGTGGGT GCATTGCTCG GATATGCTCA GGGCGCTAAG GACAAGCGTG TGATTGCCTG 4320
F 0 M Q Y G s I G W s VvV @6 A L L G Y A @ G A K D K R V I A C
TATTGGTGAT GGGAGTTTCC AGgtgaagca ccgtgatcac ttgatctttt gatcagatat gttgctaata tgatggcatg ttactgatgt 4410
I G D G s F 0
gtgategtgg taatttcctg cagGTGACGG CACAGGATGT GTCAACAATG ATTCGCTGTG CACAGAACAG CATAATCTTC CTGATCAACA 4500
vV T A Q DV S T M I R C A Q N S I I F L I N N
ACGGCGGGTA CACCATTGAG GTGGAGATCC ATGACGGTCC ATACAACGTC ATCAAGAACT GGAACTACAC TGGTCTTGTG GATGCCATCC 4590
G G Y T I E vV E I H D G P ¥ N V I K N W N Y T G L V D A I H
ACAATGGAGA GGGCAAATGC TGGACTTCTA AGgtatgcta actcttcgat cacctgacat tcaccacacg aggcttagac cgcagatgct 4680
N G E G K ¢C W T § K
cctatatctg aggaactgtt gctgatggtt gccatgatgt acattgcgca gGTGAAGTGC GAGGAGGAGC TGACGGAGGC GATCGGGATG 4770
V K C E E E L T E A I G M
GCGCTGGGGG AGAAGAAGGA CTGCCTGTGC TICATTGAGG TGATCGCGCA CAAGGACGAC ACCAGCAAAG AGCTGCTGGA ATGGGGATCG 4860
A L G E K K D cC L ¢ F I E V I A H K D D T 8 K E L L E W G s
AGGGTTTCTG CTGCCAACTC CAGGCCACCA AATCCTCAGT AGAAACTTTT AGTACTTAGT TGCAAGCTGG GCTCAATCAT AATAATGTAA 4950
R V § A A N s R P P N P Q
ACACTTTGCC CTTCAGTTAT GTTCCTTGTG TCCATTCCCT CGGGTTTCTG TTCTTCCAGT TTCGGTAGCT CTGTATCTAC TTGTGAACAT 5040
CTGTTTCTCC AATCAAATGC TACGAGGGTT ATGAGAGGTT TTCAGCTTGC ATCCAACTGT TTGATTTTGT GTTGCCATCT GCTACCCGGC 5130
ACTTGGTAAC GATTTGATGA GAGCATGGCC GGCCAGTGAA TCCTGTGATC TGTGCGAGAT CCGTCACTTG GAGGCAGGCT ACTATTGCAT 5220
GGTCCTCCTC CCGTGAGCCG TTACTTGTCT CTGTCTGCAA GAAAATGGCG ATGAAATTCA GAAGCGCTAG ATCGGTGTCA ACAGGGCAAT 5310
AATCTGGTAC TTCCTCCGTC TCAAAATAAA TATAGTTTTA CACTATTCAC GTTTACATTT GACCGTTTGT CTTATTTAAA TTTATTTTTA 5400
TGATTAGTAT TTTTATTACT ATTAGGACTA AATATTTTTT AATTTTTCAT AAATTTTTTA AATAAGACGA TGGCAAATGT TAGGCACGAA 5490
TATCATAATG TAGAAGATAT TCGCGATATT AGAGAG 5526

Fig. 2 Nucleotide and deduced amino-acid sequences of the rice like sequences are shown by solid and dashed underlines, respectively.
pdc2 gene. The presumptive TATA box is from nucleotides 2180 to A G-box-like sequence is present at nucleotides 175_2—17?9. The
2186. The start and end of the cDNA, pRcpdc2 (Huq et al. 1995), are  GenBank accession number for the sequence reported in this paper
at nucleotides 2242 and 5070, respectively. The GC- and GT-motif-  is U38199



amino-acid sequences of rice pdc2, including an
approximately 2.38-kb region upstream of the transla-
tional start site, is shown in Fig. 2. The sequence of the
coding region exactly matched the sequence of the
previously isolated pdc2 cDNA (Huq et al. 1995) in-
cluding the 5- and 3’-untranslated regions. It has an
open-reading-frame of 1812 nucleotides that encodes
a 603 amino-acid-residue polypeptide with molecular
mass of 64 kDa. The sequence also revealed that
there were five introns present in the coding region
(Fig. 2).

Ribonuclease protection assays

We performed ribonuclease protection assays (RPAs)
to determine the spatial and temporal expression pat-
terns of pdc2 and pdcl. RPAs using a pdc2-specific
probe showed that an approximately 170-bp fragment
is protected, which is close to the expected size (178 bp)
for the pdc2-specific messages (Fig. 3 a). The results
also showed that this gene is highly induced within
1.5h of anoxia in both shoots and roots of IR54. The
induction is higher in shoots than in roots. The message
levels peaked at around 3 h of anoxia and then gradual-
ly decreased in both shoots and roots. The rice ubil
gene has been found not to be induced under anoxia.
Consequently, the ubil-specific probe was used as an
internal control to show the amount of RNA used in
each sample. The ubil message levels showed that
a little higher amount of RNA was used in the 3-h
shoot sample, and that the 24-h root sample was prob-
ably degraded.

When we used a pdcl-specific probe, an approxim-
ately 280-bp fragment was protected, which is close to
the expected size (286 bp) for the pdcl-specific tran-
scripts (Fig. 3 b). The results showed that pdc/ is also
highly induced under anoxia, and that the induction is
greater in shoots than in roots. The message levels
peaked around 6 h of anoxia and gradually decreased
with the time of anoxia in both shoots and roots. These
results also showed that pdc2 was more intensively
induced during the early period of time (1.5-12 h) than
pdcl which was induced more strongly during the later
period of time (24-72 h) under anoxia in both shoots
and roots.

Evolutionary relationship of the pdcs

The intron lengths and positions were compared
among rice pdcl (Hossain et al. 1996) and pdc2, and
maize pdcl (Kelley et al. 1991) (Fig. 4). Rice pdcs have
five introns, whereas maize pdcl has only three introns.
The length of the first intron in both the rice pdc/ and
pdc2 are more conserved than the other four introns
(Fig. 4 a). The lengths of the three maize introns are not
consistent with the corresponding introns of rice pdcl
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Fig. 3a, b RNase protection assays (RPAs) showing the temporal
and spatial expression patterns of rice pdc2 a and pdcl b. RPAs were
performed on 5 pg of total RNA isolated from IR 54 seedlings treated
under anaerobic conditions for various time periods and were hy-
bridized with gene-specific antisense probes. Lanes 1-8 are RNA
samples from shoots of variety IR54 treated under anaerobic condi-
tions for 0, 1.5, 3, 6, 12, 24, 48, and 72 h. Lanes 9-16 are RNA
samples from roots of variety IR54 treated under anaerobic condi-
tions for 0, 1.5, 3, 6, 12, 24, 48, and 72 h. Lanes 17-18 are full-length
ubil- and pdc2-specific probes in (a) and ubil- and pdcl-specific
probes in (b), respectively, mixed with 5 pug of yeast RNA digested
without RNases. Lane 19 is a full-length pdc2-specific probe in (a)
and a pdcl-specific probe in (b) mixed with 5 pg of yeast RNA
digested with RNases. Lane 20 is an RNA Century marker (Ambion)
transcribed with T7 RNA polymerase in both (a) and (b). The sizes of
the RNA markers in nucleotides are shown on the right side. The
expected sizes of the full-length and protected fragments using the
various gene-specific probes were as follows: 343 and 286 bases,
respectively, for pdcl; 235 and 178 bases, respectively, for pdc2; 300
and 243 bases, respectively, for rice ubil (internal control)

and pdc2 (Fig. 4 a). However, the positions of the cor-
responding introns are highly conserved in the deduced
amino-acid sequences among rice pdcl and pdc2, and
maize pdcl (Fig. 4 b).



820

a

Intron No 1 I m v Vv

Rice pdc2 102 318 90 91 109
Rice pdec1 103 93 99 83 124
Maize pdc 90 112 94
b
Rice pdc2 603
174 229 445 484 547
Rice pdc1 602
173 228 444 483 546
Maize pdc 610
180 491 554
Rice pdc2 CTQAWV APF&SN GCGYEF SFQVTA TSKVKC
Rice pdc1 CYQAVI  SPRLSN GCGYEF SFQMTA TKKVRT
Maize pdc ~ CYQAIl  SPRLSN GCGYEF SFQVTA TMKVRT

Fig.4a, b Intron lengths (in nucleotides) a and intron positions in
the amino-acid sequences b of rice pdc2, pdcl, and maize pdcl genes.
The amino-acid sequences on either side of the introns are shown
inb

Mapping of the pdcs

The rice pdcl probe (1A) detected a multiple-copy gene
family with polymorphic fragments observed in
EcoRV-, Hindlll-, Dral-, Xbal- and Sca-1 digested par-
ental DNA. The probe was then hybridized to Scal-
digested DNA from the mapping population. Three
scorable polymorphic fragments were seen that were
estimated to be 25kb, 7kb, and 3 kb, respectively
(Fig. 5). To determine which of these fragments hybrid-
ized specifically to pdcl, the pdcli-specific probe, 1B,
was hybridized to DNA digested with the five enzymes
mentioned above. In the Scal-digested DNA, only the
7-kb polymorphic fragment gave a hybridization signal
(data not shown). This band was mapped to rice chro-
mosome 5 between BCD454A and RZ67 (Fig. 6 a). On
mapping filters probed with clone 1A, the 7-kb frag-
ment co-segregated with the 3-kb fragment in Scal-
digested DNA. Both mapped to the same location on
rice chromosome 5.

When pdc2 clone 2A was used as a probe on the same
parental survey filters, a previously undetected 7.8-kb
polymorphic fragment was observed using Dral-diges-
ted DNA. To confirm that this fragment was specific to
pdc2, clone 2B was used as a probe on the same par-
ental survey filters. An identical hybridization pattern
was evident. The 7.8-kb fragment was mapped to rice
chromosome 3 between RZ329 and RZ313 using Dral-
digested DNA from the BC population (Fig. 6 b).

When pdc3 clone 3 was used to probe Scal-digested
DNA, a 25-kb polymorphic fragment was observed.
This band was identical in molecular weight to that
seen when the pdcl 2.2-kb cDNA (clone 1 A) was used
as a probe. This band mapped to the bottom of rice
chromosome 7 distal to RG351 (Fig. 6 c), suggesting

Fig.5 Autoradiogram of Scal-
digested BC; individuals from
the rice mapping population
probed with a 2.2-kb pdcl probe
in the pSPORT vector. The 7-kb
and 3-kb bands (seen in lanes I,
3 and 5) represent the pdcl locus
and the 25-kb band (lanes 1, 3,
4 and 5) represents the pdc3 locus

that the pdc probes 1A and 3 detected the same 25-kb
Scal genomic fragment. Because the pdcl-specific
probe 1B did not detect this 25-kb band on Scal-diges-
ted DNA, it may be concluded that this band is pdc3-
specific.

Discussion

We have previously reported the isolation and charac-
terization of two pdcs and two pdc cDNAs from rice
(Hossain et al. 1994 a, b, 1996; Huq et al. 1995). The
present investigation details the isolation and charac-
terization of another gene, called pdc2, from rice. The
pdc2 gene has an open-reading-frame of 1812 nucleo-
tides that presumably encodes a 603 amino-acid-resi-
due polypeptide. The molecular weight of the deduced
polypeptide is 64 kDa. A 64-kDa polypeptide was
previously purified from rice along with a 62-kDa
polypeptide, and it was concluded that the PDC
holoenzyme consisted of a tetramer of two different
molecular-weight polypeptides in rice (Rivoal et al.
1990, 1997). This provides evidence that the 64-kDa
deduced polypeptide encoded by pdc2 might be a PDC
polypeptide. Moreover, both the deduced amino-acid
and nucleotide sequences of this gene are highly homo-
logous to those of the rice and maize pdcl. Rice PDC2
is 88% similar and 78% identical to rice PDCI1, and
88% similar and 79% identical to the maize PDCl1
enzyme. pdc2 also has five introns as found in rice pdcl.
The exon-intron splice junctions conform to the con-
sensus sequences found in plants (Hanley and Schuler
1988). While, the translation initiation site of this gene
does not conform to the consensus sequences for plant
translational initiation sites (Joshi 1987) or the Kozak
consensus sequences (Kozak 1981), this is not unex-
pected because several different variations have been
found in these sequences in plants (Joshi 1987).

The open-reading-frame of pdc2 exactly matched
with a previously isolated cDNA including the 5'- and
3’-untranslated regions (Huq et al. 1995). We have
sequenced approximately 2.38 kb upstream of the
translational start site (Fig. 2). A TATA-box-like se-
quence has been found from nucleotides 2180 to 2186
which is 65 nucleotides upstream of the start site of the
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Fig. 6 a—c Maps of rice chromosome 5, rice chromosome 3, and rice
chromosome 7 with the mapping positions of pdcl, pdc2 and pdc3 CDO38 6.4
indicated by arrows. Stippled regions represent the locations of the
centromeres (Singh et al. 1996). *Note: rice chromosomes 3 and RG351 8.2
7 have been inverted in relation to Causse et al. (1994) to reflect the

position of the centromere (Singh et al. 1996)

pRcpdc2 cDNA. This suggests that the cDNA was near
full-length and the sequence from 2180 to 2186 might
be the actual TATA box. Moreover, when this 2.38-kb
region was fused to uidA the resulting construct showed
GUS activity after being shot into rice suspension cells
(data not shown). The 2.38-kb region has multiple
copies of the GT- and GC-motif-like sequences and
one G-box-like sequence (Fig. 2). The GT and GC
motifs whose core sequences are 5'-GGTTT-3' and
5-GC(G/C)CC-3, respectively, are found in many

U —-a— pdc3

anaerobically inducible genes (Olive et al. 1990, 1991),
including rice pdc! (Hossain et al. 1996), and the G-
box-like sequence has been found to be involved in
altering expression in response to many different envir-
onmental stresses (Ferl and Laughner 1989; Dolferus
et al. 1994; de Vetten and Ferl 1994). These observa-
tions require further experimental evidence to confirm
the exact role of these boxes in the pdc2 promoter.
The spatial and temporal expression patterns of pdc2
and pdcl were investigated by RNase protection assays
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(Fig. 3 a,b). The expression patterns showed that both
genes were highly induced in both shoots and roots.
Moreover, pdc2 was induced more intensively in shoots
and roots during the early phase of anoxia (1.5-12 h)
than pdcl, which was induced slightly more during the
later period of anoxia (24-72 h). This was in contrast to
our previous results where we showed that the pdci
gene was more inducible than pdc2 using antisense
RNA probes from 5'- or 3’-untranslated regions of pdc/
or pdc2, respectively, on Northern blots (Hossain et al.
1996). Recently, Rivoal et al. (1997) reported isolation
of another partial rice cDNA, called pdc4, which is 96
and 95% identical to our pRcpdcl (Hossain et al.
1994 a) in nucleic-acid and amino-acid sequences in the
coding region, respectively. Since pdc! and pdc4 are
highly homologous, the hybridizing signals detected by
the 5'-untranslated region probe in our previous report
(Hossain et al. 1996) might represent the combined
signal of pdcl and pdc4, which could not be distin-
guished on Northern blots. This observation was sup-
ported by the work of Rivoal et al. (1997) as these
authors also could not distinguish hybridization be-
tween these two genes. Since RPAs are very sensitive
and more specific than Northern blots, this cross-hy-
bridization between pdc/ and 4 was eliminated and the
results in Fig. 3 b represent only the induction of pdcl.
Additional evidence was found in support of this con-
clusion when we compared the number of GC- and
GT-boxes present in the promoter regions of pdcl and
pdc2. The pdcl gene has five copies of each of these
boxes in the 1.3-kb promoter region (Hossain et al.
1996), while pdc2 has ten copies of each of these boxes
within the 1-kb promoter region (Fig. 2). These boxes
have been shown to be involved in the anaerobic induc-
tion of reporter gene expression (Olive et al. 1990, 1991)
and, hence, the presence of these boxes in higher copies
in the pdc2 promoter than in the pdcl promoter also
supports the higher induction of pdc2. Therefore, we
believe that pdc2 is more inducible than pdc/ in both
shoots and roots under anaerobic conditions. The fain-
ter and smaller bands observed in both Figs. 3 a and
b might arise from hybridization between radiolabelled
probes and partially degraded RNAs, as well as
from degraded cross-hybridization products among
other genes.

The evolutionary relationship of the pdcs was
studied by comparing their intron positions and intron
lengths (Fig. 4 a and b). Although intron lengths were
found to be variable among rice pdc/ and pdc2, and
maize pdcl, the intron positions were found to be
highly conserved among these three genes. This might
indicate an evolutionary conservation of the functional
domains, or even the whole protein in rice and maize.

The map locations of three pdcs have been deter-
mined in the rice genome. The mapping of these genes
confirmed the presence of three independent pdc loci in
rice supporting our previous results that pdc is encoded
by three or more genes in rice (Hossain et al. 1996). The

use of gene-specific probes was essential for resolving
the locations of each pdc. pdcl has an internal Scal site
at the 3’-end (Hossain et al. 1996). Thus, co-segregation
of the pdci-specific 7-kb band and the 3-kb band that
hybridized only to probe 1A on the Scal digested DNA
suggested that this 3-kb band might represent the 3'-
end of pdcl. Mapping of this 3-kb band on the same
position as the pdcl-specific band also supports this
conclusion.

The orthologous counterpart to rice pdcl in maize
would be predicted to lie on either of two internally
duplicated regions of maize chromosome 6 or 8, based
on the alignment of comparative rice-maize maps (Paul
et al. 1997). As the maize pdcl locus has previously been
mapped to a heterologous region in the middle of maize
chromosome 8 between umcl173 and umcl2 (Peschke
and Sachs 1993), these two pdcl genes appear to repres-
ent homologues in the rice and the maize genomes.
Branching out to other members of the Gramineae, an
orthologous locus would be predicted to be located
near the middle of oat linkage group A (VanDeynze et
al. 1995 a; Paul et al. 1997) and near the centromere on
Triticeae chromosome 1 (VanDeynze et al. 1995 b;
Paul et al. 1997; Figs. 1A, B, and C).

Rice pdc2 mapped to rice chromosome 3 and the
predicted orthologous locus in maize would be ex-
pected to lie on one of the duplicated regions of maize
chromosome 1 or 9. However, a locus known as maize
pdc2 has been mapped to maize chromosome 8 (within
40 cM of maize pdcl) (Peschke and Sachs 1993) in
a region that shows no evidence of conserved linkage
with the markers near the pdc2 locus in rice. Therefore,
we have no data to suggest that the maize pdc2 locus is
orthologous to this newly mapped pdc2 locus in rice.
Based on the position of rice pdc2 on chromosome 3 in
this study, we would still predict that if there is an
orthologous counterpart to this gene in maize, it would
lie on either chromosome 1 or 9, and on linkage group
F in oat and chromosome 4 in the Triticeae.

Rice pdc3 mapped to the distal portion of rice chro-
mosome 7. Based on the placement of the closest linked
marker mapped in both maize and rice (CDO38), the
predicted orthologue in maize would be expected to lie
on either maize chromosome 1 or 7. The report by
Peschke and Sachs (1993) indicates that maize pdc3 lies
in the predicted region of maize chromosome 1; there-
fore, we conclude that these pdc3 genes are probably
orthologous.

We have compared the map positions of three pdcs
to that of the subl locus (Xu and MacKill 1996) and
other QTLs for submergence tolerance (Nandi et al.
1997) in rice. Only pdc3 is located on chromosome 7, in
which a QTL has also been mapped (Nandi et al. 1997).
However, pdc3 is located, towards the end of chromo-
some 7 whereas the QTL is located in the middle of the
same chromosome suggesting that they may not be the
same locus. Submergence tolerance has been found
to be a complex trait, and significant additive and



non-additive gene action, as well as the involvement of
a few to several genes, has been reported (Mohanty and
Khush 1985; Haque et al. 1989). Therefore, the appar-
ent lack of correspondence in the map locations of pdcs
to that of the subl locus and other QTLs may not be
sufficient to reach any conclusion about the role of pdcs
in submergence tolerance.

In summary, our study on the pdc family in rice is of
interest for two reasons: it provides a model for study-
ing the evolution of gene families in related genera, in
addition to its important biological role in anaerobic-
specific fermentation. These genes also provide useful
targets for engineering submergence tolerance in rice
and other cereals.
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