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Zhonghe Miao' and John J. Gaynor *

Department of Biology, Montclair State College, Mallory Hall, Rm. 252, Upper Montclair, NJ 07043,
USA (*author for correspondence); ' Present address: Waksman Institute, Rutgers University, P.O. Box
759, Piscataway, NJ 08854-0759, USA

Received 17 August 1992; accepted in revised form 15 June 1993

Key words: cDNA clone, genomic clone, MnSOD, nucleotide sequence, PCR

Abstract

A genomic clone encoding manganese-containing superoxide dismutase (SOD; EC 1.15.1.1) was iso-
lated from a Hevea brasiliensis genomic library made in A phage EMBL3 by using a heterologous cDNA
probe of MnSOD from Nicotiana plumbaginifolia. The nucleotide sequence of 4968 bp from the genomic
clone was determined. Based on the putative translation initiation codon and stop codon, PCR prim-
ers were designed and utilized for cloning the full-length cDNA from total mRNA. Of the two distinct
c¢DNAs of MnSOD isolated, MnSOD-A has a perfect match with exons of the nuclear gene, while
MnSOD-B has a 90.29, homology and is 6 nucleotides longer than MnSOD-A in the putative transit
peptide region. The nuclear gene comprises 6 exons and 5 introns, giving a total length of 3211 bp. The
sequences of 1400 bp upstream of the initiation codon and 320 bp downstream of the stop codon were
also determined. Southern analysis of genomic DNA from Hevea probed with a genomic fragment in-
dicated there are at least two genes of MnSOD in Hevea. Northern blot analysis showed that MnSOD
transcripts were present in all tissues examined (leaf, petiole, root, latex, callus) with young leaves
showing the highest levels in intact plants. The transcript level in embryogenic callus was nearly 50-fold
higher than in mature leaves. In addition, transcripts of MnSOD could be induced 3- to 5-fold in re-
sponse to sucrose, ethephon and Murashige-Skoog salts.

Introduction peroxide (H,0,) [14]. SODs are categorized into

two major families on the basis of metal cofactors

Superoxide dismutase (SOD; superoxide: super-
oxide oxidoreductase, EC 1.15.1.1) functions as
a defense mechanism against highly reactive oxy-
gen species by catalyzing the conversion of su-
peroxide anion (O, ) to oxygen and hydrogen

at the active site and their evolutionary homology:
copper and zinc-containing SOD (Cu/ZnSOD),
and manganese or iron-containing SOD (Mn or
FeSOD) [3]. In higher plants two forms of Cu/
ZnSOD have been found, one in the cytosol and

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under

the accession number L11707.
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another in chloroplasts [1, 13]. FeSOD has also
been found in the chloroplasts of some plant
families [3, 40]. In plants, MnSOD is found pri-
marily in mitochondria and peroxisomes [4, 6,
12].

The MnSOD gene has been clones and char-
acterized from FEscherichia coli [39], Bacillus
stearothermophilus [ 7], Mycobacterium leprae [ 38],
Halobacterium [27] and yeast [26]. In addition,
cDNAs of MnSOD have been isolated from man
[5], rat [19], maize [41], and Nicotiana plum-
baginifolia [ 6]. The striking homology of MnSOD
at the amino acid level from phylogenetically dis-
tant organisms suggests that it is a highly con-
served enzyme in the biological kingdom [16]. In
addition, MnSOD was found highly inducible by
oxidative stress in E. coli [17, 30], and by a num-
ber of environmental stresses in plants [6].

Low levels of SOD have been found to be as-
sociated with dry bark syndrome of the commer-
cial rubber tree, Hevea brasiliensis. This is a physi-
ological disorder characterized by a severe
reduction or cessation of latex flow resulting from
premature senescence of latex-producing cells
(laticifers) located just beneath the bark [ 10]. In-
terestingly, affected trees also contain high levels
of superoxide and hydrogen peroxide suggesting
that the accumulation of oxyradicals, and the in-
adequate protection provided by lower levels of
SOD and catalase in Hevea latex, might be re-
sponsible for development of this syndrome.

We report here on the isolation and character-
ization of genomic and cDNA clones encoding
MnSOD in rubber. This is the first report of a
genomic sequence of MnSOD isolated from a
higher eukaryote. We also present data on tissue-
specific expression and accumulation of MnSOD
mRNA in response to sucrose, ethephon and MS
salts.

Materials and methods

Plant materials, culture and treatments

Heveqa brasiliensis (Muell. Arg.) cv. RRIM C600
plants (3 years old) were grown from freshly har-
vested seeds, a generous gift of the Rubber Re-

search Station of IRCA (Institut de Récherches
sur le Caoutchouc Agronomique), Abidijan, Ivory
Coast, and maintained in a greenhouse with a
mean day-time temperature of 32 °C and a mean
night-time temperature of 22 °C. During the
months of September to April, daylight was
supplemented with an additional 4 h of artificial
illumination (high-pressure sodium, 400 W, GE
Lucalux). Fully expanded mature leaves (one to
two months old) were subjected to immediate
RNA extraction or cut into several sections to fit
the dimensions of a 90 mm Petri plate for in vitro
treatments. Each Petri plate contained 30 ml of
sterile liquid containing various treatments as in-
dicated. Ethephon (2-chloroethyl phosphonic
acid; Sigma) was made fresh in sterile water just
prior to use. Murashige-Skoog (MS) salts were
prepared based on the conventional formula [29].
All the treated plant materials were incubated in
a growth chamber at 25 °C with a light/dark cycle
of 14/10 for 48 h. For the in vivo treatment with
ethephon, leaves (attached to 3-year-old trees)
were sprayed with an atomizer, then sealed in a
plastic bag. Control leaves (on the same tree but
opposite to treated leaves) were also sealed in a
plastic bag. Embryogenic callus cultures of rub-
ber (RRIM C600) was maintained on solid MS
medium supplemented with 2 ug/ml of 2,4-D and
1 pg/ml of kinetin at 25 °C with a photoperiod of
12 h/12 h (light/dark in a growth chamber.

Construction and screening of a genomic library

A genomic library was constructed in EMBL3
[15] from genomic inserts of 12-20kb in size
generated by partial Sau3A digestion and size
fractionation through sucrose gradient centrifuga-
tion of high-molecular-weight Hevea genomic
DNA isolated as described by Shure et al. [34].
The host strain Escherichia coli LE392 was in-
fected with 10° pfu of independent recombinant
phage, and plated at a density of 50000 pfus per
150 mm (diameter) NZY plates. Plaques were
transferred to Nylon Nytran filters (Schleicher &
Schuell), lysed and baked as described by the
manufacturer’s instructions.



The filters were prehybridized for 2h at 60 °C
in 5x SSPE, 5x Denhardt’s solution, 0.19%
(w/v) SDS and 100 pg/ml denatured salmon tes-
tes DNA, after which the heterologous MnSOD
c¢DNA probe from Nicotiana plumbaginifolia [6],
which was labeled with random hexamers accord-
ing to the manufacturer’s instructions (Promega),
was added at 6 x 10° cpm/mL (specific activity
> 1 x 10° cpm/pug). The hybridization proceeded
at the same temperature for 15 h. The filters were
washed at 65 °C in 1x SSC/0.1% (w/v) SDS
for 20 min. The washed filters were briefly dried
at room temperature and exposed to X-Omat AR
film (Kodak) for 12 h. All positive clones were
plated in duplicate and rescreened by the same
procedure.

Sequence analysis

On the basis of the restriction maps of the ge-
nomic clones, a 5.0kb Eco RI-Sall fragment
from phage clone AHSM3 and a 7.2 kb fragment
from AHSM2 were subcloned into the plasmid
vector pUC13 [28]. A series of nested deletions
derived from the 5.0 kb Eco RI-Sal 1 fragment in
pUC13 and a portion of 7.2 kb Eco RI fragment
in pUC13 were obtained by the exonuclease II1
method of Henikoff [18]. DNA sequencing was
performed by the Sanger dideoxy-method [32]
using double-stranded supercoiled plasmid as de-
scribed by Craft er al. [23]. All the reagents for
sequencing reactions came from U.S. Biochemi-
cals (Sequenase Version 2.0 Sequencing Kit).

c¢DNA cloning by PCR

Total RNA was isolated from leaves, roots, and
petioles of 3-year-old rubber trees (RRIM C600)
growing in the greenhouse, and embryogenic cal-
lus (RRIM C600) by using the phenol extraction
method as described by Ausubel ez al. [2]. Based
on the sequencing data derived from the genomic
clone, two oligonucleotides were synthesized.
HSP5 (5'-GACGAATTCATGGCTCTGCGA-
TCT-3") is an upstream primer which overlaps
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the ATG initiation codon (underlined) and
includes 12 nucleotides of the coding region.
P4657 (5'-CATCTAGAGATGGAAAGCACT-
CTAAG-3"), designed as a downstream primer,
is composed of the last 5 nucleotides of the sixth
exon (stop anti-codon is underlined) and
21 nucleotides of the 3'-untranslated region. Ei-
ther Eco RI (in HSP5) or Xba 1 (in P4657) sites
were engineered into the primers by changing 2 or
3 nucleotides, respectively Eco RI and Xba I sites
are in bold type) near the 5’ end of the primers
for the convenience of subcloning of the amplified
products. Total RNA (6.2 ug) isolated from
young leaves was reverse-transcribed into cDNA
by M-MLYV reverse transcriptase (BRL) and the
downstream primer. The first-strand cDNA was
amplified by Tag DNA polymerase (Perkin-Elmer
Cetus) in a Perkin-Elmer thermal cycler as de-
scribed by Kawasaki [22]. Thirty cycles of am-
plification were performed (1 min at 94 °C for
denaturation; 1 min at 55 °C for annealing; and
2.5min at 72 °C for extension) and 5%, of the
product was analyzed on a 1.29% (w/v) agarose
gel. The remaining product was then fractionated
on a 1.2% (w/v) agarose gel and the fragment
with the expected size was isolated from the gel
by electroelution as described by Sambrook ez a/.
[31], digested with Eco RI and Xba 1, and ligated
to pUC13. The resulting cDNA clones were se-
quenced as described above.

Primer extension

An antisense 31-nucleotide primer, HSME, cor-
responding to nucleotides + 1492 to + 1524 of
the genomic sequence (Fig. 1) was synthesized
and used to direct the synthesis of cDNA from
total RNA of young leaves, as described by Dean
etal. [11]. The extended product was analyzed
on a 6% (w/v) denaturing polyacrylamide gel.

Southern hybridization of Hevea genomic DNA

Nuclear DNA isolated from rubber leaves was
digested with Eco RI, Eco R1 + Bam HI, Hind 111,
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AAATATTT TAACTCTTGCCAATTPCACCCTATTATCAGTAAAATCATTATT TCACTARCAGAGAAGATATGTTAACT GTCACGTTATGCCAATAATAAGATATAAT TATTAAAAGTTAAA
AAATATAAATTTTAATTGATAATT TAATTAGTATAAGGTATAAT TAGTACGGTTAAGATAT TARAATTAT TGTATATACAATGAATGCATTCTAATAAT TGATTATGATGGGATTCACAT
AAGACTCATAATGATCAATAATCATAGCCGTTATACAAGAATATACCCTTTAATTTAAGTATATACCTCACTAAGAAATATTCTCTATAATATGTTATCATTTACT TATAAAGAGGATTA
GATAAAGAAGAATAATAGTTTCTTTTCTTTTCCCACTCCCTCTAACTTGAGAGTCTCTTTGTTTTGTAAGTCCTCTTCGC TGATGAAAATGAGATCCATGTAGGTTCTCTTAGCTTATGA
AAATGAGATATATATTATTAATAAAGTAACAGTTTCAAAGCCCATCACCTATAAAT TTCATCTCAAGT TTGAAAGCCAATGGTGTTCCAACTAGTAAACCAATTAGGTAGGATGCACCAA
AGTTTATAACTATTTGGGGACAGTTGCATAGCTCGCAAGCTCCAAGTGAAGGCAAGGCAAGCGATGTCAAACCTAGCTGC TCCT TCGTATGTATCTGTCCCCACCAAATTTTCACCGCAA
TTGTGAAAAGCAAAGGCCAATACTCCACAAACAAATGCCACAACGGGTCATATAATGGTAGCCCTTTGCC TG TGCAGGTTGCCCAGCCCCAAAATCT TGCCCAACACGGGT TGATAAACC
CAAGCCTAAAGAGTAAGGAACTAGATAAAGCAAACCTGT TGTTTGAATGAGGAT TCCCATTGCAGCCACACTTGC TTGTGAGAGGCCACACGATAGGAACATTACTTGATACCACCACCT
AGGCCTAGCCAGGGCCGATTCAATTAT TTAATCGGAT TAAGATCGGTTCAGGTCAAATCTAAGATCGCCTCAGGTCAACAT T TAGCARACCATATTGGCGT TGAAT TGGTCAAACTGAAC
AAAAATGCGACAAAACCTGCTAAAACTGTGATCAACATATCCAAT TTCGATTCATCTTCTAATCAGACCC TAAACAT CGATTTCAATCCAAAACCAGCCCATGGCCATGGCTATTACCAA

IACTCCAAGCACACTGATAATACACTTAAGACTGAT TGGACTAGT TTAGGCCCACGGTTT TATGCGGCGAAGAGTAAAACGET CGCCAACGAGCCAGC TAGCCGCTACTCTAGGATGACC
TGGCCTGTCTCGTGACGTCGCAAAGAGAAAAGCAGGAGCCGTGGT TTIATATATACTAGCATT TCTTTCTTCCCCTGCCGCACCACAGAATCCTTCGACAAATCCATGGCTCTGCGATCT

CAP SITE M_A L R 3§
CTAGTGACCCGAAAGAACCTACCCTCAGCCTTCAAGGCCGCCACAGGGCTAGGGCARCTGCGGGGATTGCAGACCTTCTC TCTCCCCGATCTCCCTTACGACTATGGTGCCCTGGAGCCC
L v T R K N L P S A F K A AT G L G O L R G L QTTF S L P DILUP YD VYGATULTEP

Leader peptide
GCGATTAGCGGCGAGATAATGCAGC TGCATCACCAGAAACATCACCAGACT TATAT TACTAACTACAACAAGGCT CTCGAGCAACTCAACGACGCTATAGAGAAGGGCGATTCTGCTGCC
A I S G E I MQLHHQI KM HHOQT YTITNTZYNIE KA ALEGOQTLUSNT DA ATITETZKTGTDSAA
GTCGTCAAGTTGCAGAGCGCCATCAAGTTCAACGGTGGAGGTTCGTTTCCTCT TTCCATCATCGATTGCT TAT TTCTTTTTGTTTGAGCTGTTTTGCTTGATTATTTGATGTGAAATTTG
VVEKLOQSAIK KT FNGG
ATCATCGGGAGCAATTTTAGCT TATATAGT TGTTAAAGTGT TTTTGAGGAGTATTATTGGACTGTATTGTGAAAAAAAAT TATATCAGAGCAAGAT TTGCTTGACTTGACGTTTTTAATT
ATCTTGATTATTATTCGCATTCAATTGATGGTAGCAGAAAT TGATACTTAATGGAAGTGGATTCGATTGTACATTAAT TGACTAGAT TCAAGTGAGCAACATGATATCCGATCACAAAGA
ATAACATGATATTGATACTCAAAGAGCCGGCCACTT TGGTCACGGCTAGCACCTACACAT TTCACGGCTAGCATCTCACCACTCTGAGGGCCACCAATCGGCTACACCAATTGATATGAA
CCTTTGAT TAGTCGCCGTCACCACTCTGTGAGCAACCACTTGGTTCTGATACCAAT TGATATGAGCCAT TGACGAGTCGCTGGC TGAAT TGAACCATGTGAACCTTCTAGGTAGAACTCA
TATCTGGCTTGCATACAAGGACTTGAAAACTGGCTTGCGTATAAGGGCTTATTAACCTTTCACCAAGGTTGT T TCCGAGCCATGTGGGATCGTAACAGCTGTCTTCTAT TTTAGAATGGG
AAAGATTTACTGTTCTTGGATTTCT TTCACAATAAAACAATGCAAATGGAACT TCTGATAT TGTGTTGAGGTAGTCT TGAGTGCAGATTGCTAGCTAAAATAAT TCAGTTTTGTATATCT
TGCCTTTTGTCTTCCTGCTGCTGTGTCTT TAT TTAGGCAAAACTGATTGTGATGGTCAAAGTTTTAAAAGAAGTACACAATTCCTCAACT TTGTTTATTGACATTCTT TTTAATGTTGCT
TCACTGGTGTCCTTCACTTTGTTTAACTTATGACAAATAGT TTAACTTTCAGGTCATGTCAACCACTCCATTTTCTGGAAGAATCTTGCCCCCGTCCGTGTAAGTCTATTATCTAT TGAT
HV NH S IVF WK KNULA AP VR
ATTTATTAATTTAGCTCCATTTTTTTAAT TCCCTGCCTAACACTTCATGCATGACAGGAAGGAGGTGGTGAACTCCCGCATGET TCCCT TGGTTGGGCTAT TGACGCAGATTTTGGCTCA
G 6 6 E L P HG S L GWATIDADTFG S8
TTGGAAAAGT TGATACAATTAATGAATGCAGAAGGTGCTCCGCTGCAAGGATC PCGATGGGTGGTAAGT TAT TCAGT T TG T TGAATATTAATCAATGGT TTTCTGT TTCTGTTTATATCS
L E K LTI QLMNA AETGA AALUG OGS G W
GATAGACTGGTTTTATCAGTTTATTCATT TTTGCCTTTTCCTTTGGCAATATT TGAAGCT TGATAGTGGCTTGCCTTGGACAAAGAATTGAAGAAGC TTGTGGTTGAGACCACTGCAAAC
L A LDIKEULIZ KI KTULVVYVETTA AN
CAGGTAACTTCATAATATTGTTGTAAACTCAACT TGTGGTGATTAATGGGTTTTCTTTGCACT TCTCATGTCCTGCTACT TTAAACT TTTAGCCATGGATTAATACACCGTTAACTGTTT
Q

GGATTCCATATAAGAACTGAGGATGCTGTATCACTGTGAAACCTCTTGATTTCATAAGGATTCATTATACAATAATGAGGTGTATGAGCTCCACAAATCCCTTGTGTAATT TTTAGAGTT
GGCCATTATCATGATACCTGTGAGCATGAATCTTATCTAGGACTAATTTCAATATCTTTGGTCCTCAAGT TATCTGCAGATC TGGTGAACTTCTGCATCCGATGATGT CAAATCTTTTTA
GCCTTTCTGCTGCTGGAAATTTAT TAT TGTGCTGTAATGTTGACCTAGTTTGC T TGTGGTTCTTGTCACAGGATCCAT TGGTAACTAAAGGACCAACTT TAGTTCCTT TGCTTGGTATTG
L VT KGP TULVP L L G I
ATGTTTGGGAGCATGCATACTACT TACAGGTGAACTTCTGTCTTTAAATTGTTCAGTATGGTTTCTTTGTGATGT T TAGATTCT TTTTTGT TTTTGATGAATAAAATGATGTGTTATTAG
DV W E H A Y Y L
ATGGTTTAATTATATTATTGATGATCCTTTACTTTTTGGTGACCTTCAATTGTCAGCACCTTCAAAAT TTATCAGTATTGCTTTGGTTGCTACTTGCTT TAGAATGTCTTATAATT TTAG
TTTAATGAAGCTAACGCTTTTCATTAGCATTTATCAAGCATTTAGATAATTAAAATCTATGAGGGACATAGTGTTACAAAGTAAAATTGTCATCCATTT TATGTGACGGGTGAAAATTTC
TAATATGCCTTGGACTACATTAATGCCAAGGTTTAATAATT TATTTTGGCTGGTAAAATGAGC TGTTGCTTATTT TGGAGCCTTGGAAT TGAAATTAAT CTTAGCTTGTCTGGAATAGCA
ATGCAGCACTTGATTGCAGGCCAAACTAAAGAGCACAACTTAATTTCATAGTTCAGAGCCATGCTGAACATT TACATGGCATGT TAAGGTTACTTGTCAATGGCGGCCACTTCTTATGCE
ATGACGTTGAAATATTCATGACAAGTGATCAAAGGTCCAGATTATTCTCATGTGCTGCCT T TGTCT TAACATGCCTAACT TCGAGAATGTGTTTGCGTACTAATGATTCTAGTTGGGTTA
GGTTAAGCTCTCTCTCTCTCTCICTCTCTCTC T TC TCTCC TETGTTGATAT TCAT TTGTATGET TTGCATGCAACAC T TATAGAAGCAAAAGATT TTGCACTT TGAG TCAGAAACTCAT
TGCTATTTGCTCTCTTTCTCCAAATATAAATTTGTGATCTTTAATCTGCTTTTGAATT TGTCAGTGACTTGGATT TTTTGTTATTCCTCATGCTGCAGTACAAAAATGTCAGACCAGACT
Y K N VR P D
ATCTAAAGAACATATGGAAAGTAATGAAT TGGAAGTATGCAAGTGAAGTGTATGCCAAAGAATGCCCTTCTTCTTAGAGTGCTTTCCATCCCATGATGGAAGTGGCTT TTTAGGCCCGGT
YL KN I WKV MNUW®WIEKYASEVYA AT KTETGCUZPS s *
TCAAAGATGGAAIAAAATGAAATGATCTGTAATGTGTTGATGTATTGACT TTCGAT TTTCCCCTGTTACCCGTTGT TCTAATGGGCTATTTACTGGCATATCCAGTGGACGAGAACTGGA

ACATTATTGCGTTTTTGTTCATTTGTTCTATCTTGGT TCCATCATTAGACATTC TATACTACCTT TAATGGTGT T TT TTTTTTTTTTAATTT TTAT TTT TGGGATCTT TTGACTACAATT
TGGTTGCTAATTGAAGGGAGTTTCAGATCGCCCTGATTCCTGTACACA
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Fig. 1. Top: restriction map of the 5 kb fragment derived from AHSM3. Bars represent exons; ATG indicates the site of the ini-
tiator codon (in exon I) and TAG represents the stop codon (in exon VI). Symbols used for restriction enzymes: B, Bam HI; B,

Bgl 1, B2, Bgl1I; Bs, Bst EII; D, Dra1; H, Hind III; P, PstI; R, Eco RV; S, SacI; Sp, Sph1; S1, Stu 1. Bottom: nucleotide

Se-

quence of the Hevea MnSOD gene and flanking 5’ and 3’ regions. The deduced amino acid sequence encoded by the six exons
of the MnSOD gene is shown below the DNA sequence. The CAAT box, the TATA box, the mRNA transcription start site (CAP
site), polyadenylation signal (AATAAA) and putative transit peptide are underlined. Numbers on the right represent the nucle-

otide position relative to the Dra I site in the upstream region.

Bst EII, and Bst EIl + Stu 1, and electrophoresed rubber MnSOD genomic clone. The conditions
on 0.8%, (w/v) agarose gels, blotted and hybrid- were identical to those used for the library screen-
ized to 3*P-labeled Bst E1I-Stu I fragment corre- ing with the exception that Southern hybridiza-
sponding to the first 5 exons and introns of the tions were performed at 65 °C. After hybridiza-



tion the blots were washed at 65 °C for 1 h in
0.1x SSCand 0.1% SDS as described by Sam-
brook et al. [31].

Northern blot analysis

Total RNA was isolated from fresh tissues as
described [2] and quantified spectrophotometri-
cally. Twenty pg of total RNA was electrophore-
sed in 1.29% (w/v) agarose gels, blotted and hy-
bridized to *?P-labeled probe of the rubber
MnSOD ¢DNA as described [31]. The bands of
northern blot analyses were quantified by one-
dimensional scanning using an LKB Enhanced
Laser Densitometer (LKB Ultrascan XL).

Results

Isolation of the MnSOD gene and nucleotide se-
quence

Using Nicotiana plumbaginifolia MnSOD cDNA
as a probe [6], four genomic clones were isolated
from the rubber genomic library, three of which
were characterized and found to be overlapping
fragments containing the same nuclear gene.
Nucleotide sequence of the genomic clones was
determined and compared with the MnSOD
cDNA sequences from N. plumbaginifolia [6]
such that approximate positions of the putative
exons were determined. On the basis of the ge-
nomic sequence, PCR primers were designed and
utilized for cloning the full-length cDNA corre-
sponding to the isolated genomic clone. The
cDNA clone isolated by PCR was sequenced and
was found to contain a single open reading frame
of 702 nucleotides which encodes a polypeptide
of 233 amino acids. By homologous alignment
between the cDNA and the genomic clone, posi-
tions of introns and exons were determined
(Fig. 1). The biological activity of the isolated ge-
nomic clone was confirmed by the identical match
between the exons and the cDNA. The nucleotide
sequence of the genomic clone comprises 6 exons
and 5 introns which make a total length of 3217
nucleotides (Fig. 1). The first, and largest, exon
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contains 297 nucleotides and the second, small-
est exon, has only 47 nucleotides. The first intron
and the last intron are similar in size with 972 and
986 nucleotides, respectively. Exon-intron junc-
tions essentially observe the consensus sequence
of 5'-AG-GT-3" with some exceptions. Two
transcription initiation sites, as determined by
primer extension, were located at positions —24
and -26 upstream of the ATG initiation codon
(Fig. 2). The sequence context of the —24 site is
in agreement with the consensus sequence com-
monly found in other higher plant genes [21].
Thirty nucleotides upstream of the transcription
start site is a putative TATA box (ATATAT) [8].
There are two ‘CAAT box-like sequences:
CCAATAC at position -204 and CCAATTT at
—-297 upstream of the transcription start site. In-
terestingly, there are two tandem “TGACG’-like
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Fig. 2. Determination of transcription start site by primer ex-
tension. An antisense nucleotide primer, HSME (correspond-
ing to nucleotides + 1492 to + 1524 of the genomic sequence
in Fig. 1) was annealed to total RNA from ethephon-treated
young leaves at 50 °C. The primer-extended products were
subjected to electrophoresis on a 69, acrylamide-urea gel. The
major products of the primer extension are indicated by ar-
rows on the right; the sequence of the region in the marker
lanes corresponding to these two bands are shown on the left.
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boxes, TGACCTGGCCTGTCTCGTGACG,
from position —87 to —66 upstream of the tran-
scription start site. This motif was found to be
responsible for the binding of transcription factor
ASF-1, which has been demonstrated to confer
gene expression in roots [25]. At the 3’ end, a
hexanucleotide consensus sequence of AATAAA
(polyadenylation signal) was found 53 nucle-
otides downstream of the stop codon.

Deduced amino acid sequence of Hevea MnSOD
has a striking homology with other MnSODs

Comparison of amino acid sequences of MnSOD
from Hevea and other eukaryotic species reveals

\

a striking homology, with the strongest homology
between Hevea and other higher plants (80-90% ;
Fig. 3). In addition, comparison between Hevea
and phylogenetically distant prokaryotes shows
strong conservation in several regions. As ex-
pected, the putative metal (Mn) binding ligands
as determined in prokaryotes [35] are well con-
served at His-28, His-76, Asp-165 and His-169 of
the deduced amino acid sequence in Hevea
(Fig. 5). In addition, amino acids adjacent to
these sites have been changed much more slowly
than more distant amino acids. The most highly
conserved region is the one surrounding the last
two ligands, as these two sites are separated by
only 4 amino acids.

Y

H-A LOTFSLPDLPYDYGALEPAISGE IMOQLHHOKHHQTY ITNYNKALEQLNDAIEKGDSAAVVKLQSAIKFNGGGHVNHS IFWKNLAPVREGGGELPHGSLGWAIDADFGS LEKLIQLMNAEG
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.T..S.KGG.EPKGELLE---, .KR....F. . FKEKLT.VS

T. CL. .E....ESQ.

.P.T.A.AK...EQ..., DE..K.T.TKL

S PEFANLPYEELIT. DQ(ll) A...AHN.L...G. KKGTTIDED.K ----- A..ER....VDNFKAEFEKAA

AK DE.RA.D.HS.IFLNEKNLA .HL........ W.. «+8.N-=-, ,DK.T.G.ATD..ET...FDKFRAQFS.AA

E T.AENR.T..H.STAGALGDVTH. .S..IL.TLF.QSMS.AGGDEPSGALADRI=-==A..... Y .NWRAEFE.AA
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H=B  ticrrivunseneerncnnossssnsssnnesssoons Seliiiietanreaannns
TOD seieveeenaen GV..... R. [ S..AN
Mai ..F....e00euueAL. VS.iveeroavonnnas
Hum VGV..... G.LGFN. QRGH QIAACP..... QGTTG=eT . v errnvansncersosannns A..N.I..ENVT.R.MACKK
Rat VvGv..... G..GFN..QGR.QIAACS.H...QGTTG-.I.cccrvoren A..N.I..E
¥Yst .GV..... AFIVKNISNGGKLWVQTYNQ-*D .VTGPL...VA.... A..N.V.
Eco .SRF....A..V.KGDKLAV.STANODSPIMGEAI{(5)F.I...... D .N.V.
Myc NG...... AV.GY.TLGN..LTFQLYD.QAN.SL.II--...QV. M. .N.V,
Hal S.AS.WALLVYDSHSNTLRN.AVDNHDEGA.WGSH. I---- Ao, S..YD.GPD. GSFVDAFFE VD DEPT RFEQAABRFE
....... 130.......140.......150.......160.......170.......180.......190.......200.......210.......220

Hev-B | Tob Mai Hum Rat Yst Eco Myc Hal
Hev-A 90.7 91.2 78.9 45.6 48.0 38.7 31.4 33.8 20.6
Tob 77.9 49.5 52.0 42.6 28.4 33.8 23.0
Mai 48.5 48.0 42.6 28.9 34.3 24.0
Hum 92.4 37.9 34.8 42.0 28.8
Rat 39.4 34.8 40.0 29.3
Yst 27.5 34.8 24.2
Eco 27.8 24.9
Myc 28.0

Fig. 3. Top: pairwise comparison of the primary amino acid sequence of mature MnSOD-A (H-A) and MnSOD-B (H-B) from
H. brasiliensis with those of N. plumbaginifolia (Tob [6]), maize (Mai [41]), man (Hum [5]), rat [19], yeast (Yst [26]), E. coli (Eco
[36]), Mycobacterium leprae (Myc [38]), and Halobacterium cutirubrum (Hal [27]). The gaps introduced for optimal alignment are
shown by dashed bars; a perfect match is indicated by a dot. Junctions of exons are shown by double underlining. The putative
Mn(II1) ligand-binding sites (His-28, His-76, Asp-165 and His-169 relative to MnSOD cDNA of Hevea) are shown by arrows.
Bottom: amino acid homology comparison of MnSOD from the organisms listed in upper panel. Homology comparisons were
made by optimal pairwise alignment of amino acid sequences of the various species.



MnSOD in Hevea is encoded by a small multigene
Sfamily

The strong hybridization bands generated by the
double digestions of Eco RI-Bam HI and Stu I-
Bst EI, respectively, on a filter of Hevea genomic
DNA probed with the St I-Bst EIl fragment
(Fig. 4) correspond in size to the bands in simi-
lar restriction digestions of the phage AHSM3
identified by hybridization to the MnSOD ¢cDNA
probe from N. plumbaginifolia. The size of these
bands is in accordance with the predicted size
from the genomic sequence. Based on the ge-
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Fig. 4. Southern hybridization analysis of rubber genomic
DNA. Genomic DNA was digested to completion with the
enzymes as indicated, eletrophoresed in a 0.8 (w/v) agarose
gel and blotted to a nylon membrane. The blot was hybridized
to the 2.8 kb St I-Bst EII genomic fragment corresponding to
the first 5 exons and introns of the rubber MnSOD nuclear
gene from AHSM3. The restriction endonucleases used are
Eco RI (R), Bam H1 (B), Hind 111 (H), Bst ElI (Bs), and Stu |
(S). The size (in kb) of the hybridizing fragments, based on the
migration of Hind IlIl-digested ADNA, is indicated in the
right-hand lane.

)
3
I

nomic sequence, as well as restriction maps of
AHSM3 and AHSM2, the occurrence of hybrid-
izable bands other than a 3.8 kb fragment in
Eco RI-Bam HI double digestion and a 2.8 kb in
Stu 1-Bst EII double digestion would indicate that
there is more than one gene of MnSOD in Hevea.
The detection of additional bands by both double
digestions, as well as by other single digestions,
clearly indicates that there are at least two cop-
ies of MnSOD in Hevea. In support of this is the
isolation of the second MnSOD ¢DNA (Mn-
SOD-B) from Hevea (Fig.3). Of the 11 PCR-
generated cDNA clones we sequenced, 8 identi-
cal clones are grouped as MnSOD-A, whose
sequence corresponds exactly to that of exons in
the isolated genomic clone; the other three iden-
tical clones show significant nucleotide sequence
difference from that of MnSOD-A, and therefore
is designated as MnSOD-B. This indicates that
the difference between the two types of cDNA
clones are not caused by PCR errors but of real-
ity. Comparison of nucleotide sequences between
MnSOD-A and MnSOD-B shows that they are
two distinct forms of MnSOD, with a 90.2%,
homology at the nucleotide level in the coding
region. The sequence divergence between these
two genes is greater than that between MnSOD-A
from Hevea and the reported MnSOD from
N. plumbaginifolia. In addition, MnSOD-B en-
codes two more amino acids (arginine and
leucine) than MnSOD-A in the putative transit
peptide, making this region of MnSOD-B more
basic.

Organ-specific expression of MnSOD mRNA

To examine the expression of MnSOD genes in
various tissues in Hevea, total RNA isolated from
young leaves, mature leaves, young petiole, roots
and embryogenic callus as well as latex poly(A)*
RNA, were analyzed by northern hybridization
(Fig. SA). The resuits demonstrated that there
was considerable variation in the levels of expres-
sion of MnSOD in different tissues of Hevea. The
highest level of MnSOD transcript was found in
embryogenic callus, which was 30- to 50-fold
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Fig. 5. A. Northern blot analysis of MnSOD mRNA in vari-
ous tissues of rubber. Total RNA (20 ug) from root, petiole,
mature leaf, young leaf, callus and poly(A)* mRNA from
latex (1 ug) were electrophoresed in a 1.2%, (w/v) denaturing
agarose gel and blotted to a nylon membrane. The blot was
hybridized to a radiolabeled full-length ¢cDNA of rubber
MnSOD (pSM25). B. Northern blot analysis of MnSOD
mRNA in response to various stresses. Mature leaves of Hevea
were excised and treated for 48 h as described in Materials
and methods. Total RNA (20 ug) from each treatment
was separated electrophoretically, transferred to nylon mem-
brane, and probed as described above. Controls for both in
vivo (attached to tree) and in vitro (excised leaf) treatments
were included. Molecular size was estimated from the comi-
gration of RNA samples of known molecular weights (data
not shown).

higher than that of mature leaves. In intact plants,
young leaves (7 days old) revealed the highest
level (4-6-fold higher than mature leaves), fol-
lowed by roots, petiole and mature leaves which
had the lowest level. A strong signal was also
detected for latex RNA, but this level was not
comparable with other tissues due to the use of
poly(A)" mRNA. However, these experiments
clearly demonstrated that MnSOD was expressed
in all the tissues examined.

Accumulation of MnSOD mRNA in response to
ethephon, sucrose and MS salts

To investigate the extent to which MnSOD
mRNA is induced by various environmental
stresses, leaves were excised from trees, sliced
into sections and incubated with 79, (w/v) su-
crose, 0.02% (w/v) ethephon (an ethylene-
generating compound) or 1 x MS salts for 48 h.
Total RNA was isolated and analyzed by north-
ern hybridization. The results (Fig. 5B) showed
that all three in vitro treatments resulted in a 3- to
5-fold induction of MnSOD mRNA over control
levels. A similar magnitude of induction by ethe-
phon under in vivo conditions was also observed.

Discussion

A genomic clone of MnSOD has been isolated
from a genomic library of Hevea brasiliensis pro-
duced in AEMBL3 using a heterologous cDNA
probe of MnSOD from N. plumbaginifolia. The
cDNA corresponding to the genomic clone and a
second distinct form of cDNA have been isolated
from total RNA of rubber leaves using the poly-
merase chain reaction. Both cDNA cloning re-
sults and genomic Southern analysis indicate that
there is a small multigene family of MnSOD in
Hevea.

A comparison of deduced transit peptide se-
quences of the two cDNAs from Hevea revealed
a 90%, homology with an introduced gap (Fig. 6).
This putative transit peptide is characterized by
being rich in both uncharged and positively
charged amino acids, but devoid of acidic resi-
dues, characteristic of transit peptides for mito-
chondria-targeted proteins [20, 33]. In addition,
the presence of an invariable arginine at the pen-
ultimate position of the transit peptide has been
detected in both MnSOD from Hevea and all
other eukaryotic MnSODs examined (Fig. 6). We
believe that the unique feature of the transit pep-
tide present in both MnSOD-A and -B might be
related to their subcellular location.

MnSOD transcripts have been demonstrated
to be present in young leaves, mature leaves, peti-
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H-A MALRSLVTRKNLPSAFKAATGL

+
GQLRQ-~-LOTFSLRPRLPYDYGALEP

H-B MALRSLVARKTISSAFKAATGL RLGQLRG--IQTYSLRDLPYDYGALEP

TOB MALRTLVSRRTLATGLGF

RQQLRG--LQTFSLPDLPYDYGALEP

ZEA MALRTLASKKVLSFPFGGAGRPLAAAASARG--VTTVILPDLSYDFGALEP

HUM MLSRAVCGTSRQLAPAL
RAT MLLRAACSAGRRLGP
YST MFAKTAAANLTKKGGLS

GVLGSRQ-~ KHSLPDLPYDYGALEP
AASTAGSRH-- KHSLPDLPYDYGALEP
LLSTTARRT-- KVTLPDLKWDFGALEP

Fig. 6. Comparisons of transit peptide sequences of MnSOD. The sources of the MnSODs marked on the left are H-A (Hevea
MnSOD-A), H-B (Hevea MnSOD-B), TOB (Nicotiana plumbaginifolia; [6]), ZEA (Zea mays [41]), HUM (man [5]), RAT [19].
and YST (yeast [26]). Gaps are introduced to facilitate optimal alignment of sequences. A dash (- ) indicates the putative junc-
tion between transit peptide and mature protein; a ‘ +’ denotes the positions of positively charged amino acids.

ole, latex, roots and callus of Hevea by use of a
probe derived from MnSOD cDNA of Hevea
(Fig. 5A). The amount of MnSOD mRNA varies
considerably between tissues, with the highest
level detected in callus, and in the young leaves
of intact plants. A remarkably high level of
MnSOD transcript was also reported in cell sus-
pensions in N. plumbaginifolia [6]. Cultured cells
are believed to be under heavy oxidative stress
and, therefore, defense mechanisms which pro-
tect the cells from oxyradicals have been induced
[37].

Bowler er al. [6] found that the key factor caus-
ing the induction of MnSOD in suspension cells
of N. plumbaginifolia was sugar. In rubber, su-
crose was also found to cause a dramatic induc-
tion of MnSOD mRNA, whereas the same con-
centration of mannitol, a non-metabolizable
osmoticum used in plant tissue culture, did not
(data not shown). These results support the con-
clusion obtained by Bowler ef al. [6] that the in-
duction by sucrose was due to metabolic activi-
ties of cells related to the carbon source and not
to its osmotic effects. However, the induction of
MnSOD mRNA in Hevea by MS salts is in dra-
matic contrast with the observation in N. plum-
baginifolia [ 6], where MS salts were found to have
no inductive effect. This might be attributed to
different experimental conditions or to an intrin-
sic difference in the regulation of MnSOD in these
two plants. If the latter is true, it would be in-
triguing to investigate the regulation of the Hevea
MnSOD genomic clone after it is introduced into
N. plumbaginifolia.

Ethephon was also found to increase expres-
sion of MnSOD (Fig. 5B). Ethephon was re-

ported to induce the expression of hevein, an
abundant soluble protein [9}, chitinase, an anti-
fungal enzyme (J.J. Gaynor and V. Pujade-
Renaud, unpublished data), as well as a number
of other defense-related products found in rubber
latex [24]. This is particularly interesting in rub-
ber as ethephon is routinely applied to the bark
of rubber trees to increase latex yield. Latex is
produced by highly specialized cells called latici-
fers which are derived from the cambium layer
and are found as a continuous syncytium of cells
just beneath the bark. When the bark is cut, latex,
containing rubber particles (cis-1, 4-polyisoprene)
and a variety of organelles, flows freely. Latex
flow generally ceases after a few hours when suf-
ficient rubber has coagulated at the wound site.
Rupture of specialized organelles known as lu-
toids (derived from the vacuole) has been reported
to accelerate this coagulation. Ethephon treat-
ment increases latex flow presumably by prevent-
ing or delaying the rupture of lutoid membranes
and, thus, preventing premature coagulation of
latex.

It is interesting to note that a physiological dis-
order common to low-yielding varieties of Hevea
known as dry bark syndrome is correlated with
low levels of both SOD and catalase activities.
These very low levels of SOD and virtual disap-
pearance of catalase exhibited in these trees is
believed to result in the accumulation of super-
oxide radicals and hydrogen peroxide which can
damage lutoid membranes [10]. As MnSOD
functions as a superoxide scavenger, high levels
of MnSOD induced by ethephon might aid in
preventing lutoid disruption by superoxide radi-
cals. With the availability of the cloned MnSOD
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gene, we are currently examining both the quan-
titative and qualitative regulation of MnSOD in
healthy and diseased trees as influenced by stress
and other environmental factors. In addition, we
are presently dissecting the putative cis-acting el-
ements upstream of the MnSOD coding sequence
responsible for this unique spatial and temporal
pattern of expression.
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