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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 2 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 
cDNAs of Mn'SOD isolated, MnSOD-A has a perfect match with exons of the nuclear gene, while 
MnSOD-B has a 90.2~o 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 

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 ( 0 2 )  to oxygen and hydrogen 

peroxide (H202) [ 14]. SODs are categorized into 
two major families on the basis of metal cofactors 
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 Escherichia 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 Mn SOD 
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 
MnS OD 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 
m R N A  in response to sucrose, ethephon and MS 
salts. 

Materials and methods 

Plant materials, culture and treatments 

Hevea 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 Rrcherches 
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/~g/ml of 2,4-D and 
1/~g/ml ofkinetin 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 12-20 kb 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 6 pfu of independent recombinant 
phage, and plated at a density of 50 000 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 2 h at 60 °C 
in 5x  SSPE, 5x Denhardt's solution, 0.1~; 
(w/v) SDS and 100 ~g/ml denatured salmon tes- 
tes DNA, after which the heterologous MnSOD 
cDNA probe from Nicotiana plumbaginifolia [6], 
which was labeled with random hexamers accord- 
ing to the manufacturer's instructions (Promega), 
was added at 6 x 105 cpm/mL (specific activity 
> 1 × 10 9 cpm/#g). The hybridization proceeded 
at the same temperature for 15 h. The filters were 
washed at 65 °C in 1 x SSC/0.1~o (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 ana@s# 

On the basis of the restriction maps of the ge- 
nomic clones, a 5.0 kb Eco RI-Sal I  fragment 
from phage clone 2HSM3 and a 7.2 kb fragment 
from 2HSM2 were subcloned into the plasmid 
vector pUC13 [28]. A series of nested deletions 
derived from the 5.0 kb Eco RI-Sal I fragment in 
pUC13 and a portion of 7.2 kb Eco RI fragment 
in pUC13 were obtained by the exonuclease III 
method of Henikoff [ 18]. DNA sequencing was 
performed by the Sanger dideoxy-method [32] 
using double-stranded supercoiled plasmid as de- 
scribed by Craft et al. [23]. All the reagents for 
sequencing reactions came from U.S. Biochemi- 
cals (Sequenase Version 2.0 Sequencing Kit). 

cDNA 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 et 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 I (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/~g) isolated from 
young leaves was reverse-transcribed into cDNA 
by M-MLV reverse transcriptase (BRL) and the 
downstream primer. The first-strand cDNA was 
amplified by Taq 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 rain at 94 °C for 
denaturation; 1 rain at 55 °C for annealing; and 
2.5 min at 72 °C for extension) and 5 ~° o of the 
product was analyzed on a 1.2°J o (w/v) agarose 
gel. The remaining product was then fractionated 
on a 1.2°o (w/v) agarose gel and the fragment 
with the expected size was isolated from the gel 
by electroelution as described by Sambrook et al. 
[ 31 ], digested with Eco RI and Xba I, and ligated 
to pUC13. The resulting cDNA clones were se- 
quenced as described above. 

Primer extension 

An antisense 31-nucleotide primer, H SME, 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 
et al. [ 11 ]. The extended product was analyzed 
on a 6 o~, (w/v) denaturing polyacrylamide gel. 

Southern hybridization of Hevea genomic DNA 

Nuclear DNA isolated from rubber leaves was 
digested with Eco RI, Eco RI + Barn HI, Hind III, 
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ATG 

I 
D 81 B1 X R 

D H 82 Sp Bs TAG 

, _ _ L  
I I I I I 
H D S P  B D P 5.0kb 

AAATAT TT TAACTCTTGCCAAT TTCACCCTATTA TCAGTAAAAT CATTATT TCACTAACAGAGAAGATAT GTTAACT G TCAC GTTATGCCAATAATAACATATAAT T A T T ~ G T  T ~  120 
AAATATAAAT TT TAATT GATAATTTAAT TAGTATAAGGTATAAT TAGTACGGTT-m~GATAT TAAAAT TAT TG TATATACAAT GAATG ~ T  ~ T ~ T ~ T  TGATTAT ~ T  ~ T  TC~AT 240 
AAGAC T CATAAT C&T CAATAAT CATAC CC GTTATACAAGAATATAC ec  T TTAAT TTAAGTATATAC e T C A C T ~ T A T T  ~ C TAT~TATG ~ATCAT T TACT T A T ~ A ~ A T  TA 360 
GATAAAGAAGAATAATAGTTTCTTTTCTTTTCCCAC TC~CTCTAACTTGAGAGTCT~TTTGTTTTGTAAGTCCTCTTCGCTGAT~AAAATGAGATCCATGTA~TTCTCTTAGCTTAT~ 460 
AAATGACATATATAT TATTAATAAAGTAACAGTTTCAAACC CCATCAC e TATAAATTT CAT CT ~ G T  TT ~ T  ~ T G T  ~ T ~  ~ GTA~AT G ~ C C ~  600 
A~TTTATAACTATTTGGGGACAGTTGCATA~CTCGCAAG~TCCAAGTGA`a~GCAACGCAAGC~ATGTCAAA~CTAGCTGCT~TCGTATGTAT~GT~CCC~T~T~CG~ 720 
TTGTGAAAAGCAAAGGCCAATACTCCACA/~CAAATG~CACAACGGGT~ATATAATGGTAGCCCTTTGCCTGTGCAGGTTGCC~A~CCC~TCTT~C~C~GGGTT~T~CC 840 
CAAGCCTAAAGAGTAAGGAACTAGATAAAGCAAACCTGTTGTTTGAATGAGGATTCCCATTGCAGCCACA~TTGCTTGTGAGAGGCCACACGATAGG~TTA~TGATACcACC~T 960 
AGGCCTAGCCAGGGCCGATT CAATTATTTAATCGGATTAAGATGGGTT CAGGTC~TC T ~ G A T C ~  C T ~ G ~ T A G ~ C ~ T A T T G  ~ G T T ~ T  T G G T C ~ C T ~ C  1080 
AAA.AATGCGA~CCTGCTAAAACT GTGATCAACATAT~TTCGATTCATCT TCTAATCAGACCC TAAACATCGATTTCAATCCAAAACCAGCCCATGGCCATGGCTATT~ 1200 

2.AC TCCAAGCACACTGATAATACACTTAAGAC TGATTGGACTAGTTTAGGCCCACGGTTT TATGCGGCGAAGAGTAAAACGGT C G C C ~ C ~ T A G C C  ~ T A ~ C T A ~ A T ~ C C  1320 

TGGCCTGT~T~GTGACGTCGCAAAGAGAAAAGCAGGAGC~GTGGTTTTATATATACTAGCATTTCTTTCTT~CC~TG~CGCACCA¢AGAATCCT TCGACAAAT CCATGGCTCTGCGATCT 1440 

CAP SITE M A L R S 

CTAGT GAC CCGA~CCTAC CCTCAGCCTTCAAGGCCGCCACAGGGCTAGGGCAACTGCGGGGATTGCAGACCTTCTC TCTCCCCGATCTCC CTTAC GACTATGGTGCC CTGGAGCCC 1560 
L V T R K N L P S A F K A A T G L C O L R G L Q T F S L P D L P Y D Y G A L E P 

Leader peptlde 
GCGAT TAGCGGCGAGATAATGCAGCTGCATCACCAGAAACAT CACCAGACTTATATTACTAACTACAACAAGGCT CTCGAGCAACTCAACGACGCTATAGAGAAGGGC~TTCT~TGCC 1680 
A I S G E I M Q L H H Q K H H Q T Y I T N Y N K A L E Q L N D A I E K G D S A A 
GTCGT CAAGTTGCAGAGCGCCATCAAGTTcAACGGTGGAGGTTCGTTTCCTCTTTCCATCATCGATTGCTTATTTCTTTTTGTTT GAGCT GTTTTGCTTGATTATTTGATGTGAAATTTG 1600 
V V K L Q S A I K F N G G 
ATCATCGGGAGCAATTTTAGCTTATATAGT TGTTAAAGTGTTTTTGAGGAGTATTATTGGACTGTATTGTGA~TTATATCAGAGCAAGAT TTGCTTGACTTGACGTTTTTAATT 1920 
ATCTTGATTATTATT CGCATTCAATTGATGGTAGCAGAAAT TGATACTTAATGGAAGTGGATTCGATTGTACATTAATTGACTAGAT TCAAGTGAGCAACATGATATCC GATCACAAAGA 2040 
ATAACATGATATTGATACTCAAAGAGCCGGCCACTT TGGTCACGGCTAGCACCTACACATTTCACGGCTAGCATCTCACCACTCTGAGGGCCACCAATCGGCTACACCAATTGATATGAA 2160 
CC TTTGATTAGTCGCCGTCACCACTC TGTGAGCAACCACTTGGT TCTGA TACCAATTGATATGAGCCAT TGACGAGTCGCTGGC TGAATTGAACCATGTGAACCT T CTAGGTAGAACT~ 2280 
TATCTGGCTT GCATACAAGGACTT GAAAACTGGCTTGCGTATAAGGGCTTATTAA•CTTTCACcAAGGTTGTTTcCGAGCCATGTGGGATCGTAACAC-CTGTCTTCTATTTTAGAATGGG 2400 
AAAGATTTACTGTTCTTGGATTTCTTTCACAATA~CAATGCAAATGGAACTTCTGATAT TGTGTTGAGGTAGTCTTGAGTGCAGATTGCTAGCTPJ%AATAAT TCAGTTTTGTATATCT 2520 
TGCCTTTTGTCTTCCTGCTGCTGT GT•TTTATTTAGGCAAAACTGATTGTGATGGTCAAAGTTTTAAAAGAAGTACACAATTCCTCAACTTTGTTTATTGACATTCTTTTTAATGTTGCT 2640 
TCACTGGTGTCC TTCACTTTGTTTAACTTATGACAAATAGTTTAAC TTTCAGGTCATGTCAACCACTCCATTTTCTGGAAGAATCTTGCCCCCGTCCGTGTAAGTCTATTATCTATTGAT 2760 

G H V N H S I F W K N L A P V R 
ATTTAT TAATTTAGCTCCATTTTTTTAATTCCCTGCCTAACA•TTCATGCATGACAGGAAGGAGGTGGTGAACTCCCGCATGGTTCCCT TGGTTGGGCTATTGACGCAGATTTTGGCTCA 2880 

E G G G E L P H G S L G W A I D A D F G S 
T TGGA~GTTGATACAATTAATGAATGCAGAAG GTGCTGCGCTGCAAGGATC TGGAT GGGTG GTAAGTTATTCAGT T TGT TGAATAT TAATCAATGGTT TT CTGT TTCTGTTTATATCC 3000 
L E K L I Q L M N A E G A A L Q G S G W V 
GATAGACT GGTTTTATCAGTTTATTCATT TTTGCCTTTTCCTTTGGCAATATTTGAAGCTTGATAGTGGCTTGCC TTGGACAAAGAATT GAAGAAGC TTGTGGTTGAGACCACT GCAAAC 5120 

W L A L D K K L K K L V V E T T A N 
CAGGTAAC TTCATAATATTGTTGTAAACT CAACT TGT GGTGATTAATGGGTTTTCTTT GCACTTC TCATGTCCTGCTACTTTAAACTTT TAGCCATGGATTAATACACCGT TAACTGTTT 5240 
o 
GGATTCCATATAAGAACTGAGGAT GCTGTATCACTGT C, AAACCT CTTGATTTCATAAGGATTCATTATACAATAATGAGGTGTAT GAGCTCCACAAATCCCTTGTGTAATTTT TAGAGTT 3360 
GGCCATTATCATGATACCTGTGAGCATGAATCTTATCTAGGACTAATTTCAATATCTTTGGTCCTCAAGTTATCTGCAGATCTGG TGAACTTCTGCATCCGATGATGT CAAATCTTTTTA 3480 
G CC TTTCTGCTGCTGC~TTTATTATTGTGCTGTAATGTTGAC CTAGTTTGCTTGTGGT TCTTGTCACAGGATCCATTGGT/%ACTAJ%AGGACCAACTT TAGTTCCTT TGCTTGGTATTG 3600 

D F L V T K G P T L W P L L G I 
ATGTT TGGGAGCATGCATAC TACTTACAGGTGAACTTCTGTCTTTAAATTGTTCAGTATGGTTTCTTTGT GATGTTTAGATTCTT TTTTGTTTTTGATGAATAAAATGATGTGTTATTAG 3720 
D V W E H A Y Y L O 
ATGGTTTAATTATATTATTGATGAT CCTTTACTTTTTGGTGACC TTCAATTGTCAGCACC TTCA~TTTATCAGTATTGCTTTGGTTGCTACTTGCTT TAGAATGTC TTATAATT TTAG 3840 
TTTAATGAAGCTAACGCTTTTCATTAGCATTTATCAAGCATTTAGATAATTAA~TCTAT GAGGGACATAGTGTTACAAAGTAAAATTGTCATCCATTT TATGTGACGGGTGA~TTTC 3960 
TAATATC-CCTTGGACTACATTAATGCCAAGGTTTAATAATTTAT TTTGGCTGGTAAAATGAGC TGTTGCTTATTTTGGAGCCTT GGAATTGAAATTAAT CTTAGCTTGTGTGGAATAGCA 4080 
ATGCAGCACTTGATTGCAGGCCAAACTAAAGAGCACAACTTAATTTCATAGTTCAGAGCCATGCTGAACATTTACAT GGCATGTTAAGGTTACTTGTCAATGGC GGCCACTTCTTATGCC 4200 
ATGACGTTGAAATATTCATGACAAGTGATCAAAGGT CCAGATTATTCTCATGTGCTGCCTTTGTCTTAACATGCCTAACTTCGAGAATGTGTTTGCGTACTAATGATT CTAGTTGGGTTA 4320 
GGT TAAGCTCTCT CTC TCTCTCTCTCTCTC TCTC TC TCT CCTGT GTTGATAT TGATTTGTATG GTTTGCATGGAACACT TATAGAAGCAAAAGATTTTGCACT TTGAGTCAGAAACTCAT 4440 
TGCTATTTGC TCTCTTTCTCCAAATATAAATTTGTGATCTTTAATCTGCTTTTGAATTTGTCAGTGACTTGGATTTTTTGTTATT CCTCATGCTGCAGTACA~e.KAATGTCAGACCAGACT 4560 

Y K N V R P D 
ATCTAAAGAACATATGGAAAGTAATGAATT GGAAGTATGCAAGT GAAGTGTATGCCAAAGAATGCC CTTCTTCTTAGAGT GCTTTCCATCCCATGATGGAAGTGGCTT TTTAGGCC CGGT 4680 
Y L K N I W K V M N W K Y A S E V Y A K E C P S S • 
TCAAAGATGG~TGAAATGATGTGTAATGTGTTGATGTATTGACTTTCGATTTTCCCCTGTTACCCGTTGTTCTAATGGGCTATTTACTGGCATATCCAGTGGACGAGAACTGGA 4800 

ACATTATTGCGTT TTTGTTCATTTGTT CTATGTTGG TTC CATCATTAGACATTCTATACTACCTTTAATGGTGTTTTTTT TTTTT TTAATTTTTATTTTTGGGATCTT TTGAC TACAATT 4920 
TGGTT GCTAATTGAAGGGAGTTTCAGATCGC CCTGATTC CTGTACACA 4968 

Fig. 1. Top: restriction map of the 5 kb fragment derived from 2HSM3. 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; B1, 
BglI; B2, BgllI; Bs, Bst Eli;  D, Dra I; H, Hind III; P, Pst I; R, Eco RV; S, Sac I; Sp, Sph I; S1, Stu I. 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 EII + Stu I, and electrophoresed 
on 0.8?o (w/v) agarose gels, blotted and hybrid- 
ized to riP-labeled Bst EII-Stu I fragment corre- 
sponding to the first 5 exons and introns of the 

rubber MnSOD genomic clone. The conditions 
were identical to those used for the library screen- 
ing with the exception that Southern hybridiza- 
tions were performed at 65 °C. After hybridiza- 



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

Northern blot analys& 

Total RNA was isolated from fresh tissues as 
described [2] and quantified spectrophotometri- 
cally. Twenty/~g of total RNA was electrophore- 
sed in 1.2}o (w/v) agarose gels, blotted and hy- 
bridized to 32p-labeled probe of the rubber 
MnSOD cDNA 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 fulMength 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 nucteotides 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 

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 electropboresis on a 6 % 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. 



272 

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 ~/o ; 
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. 

T T 
H-A LQTFS LP DLPYDYGALEPAI SGE IMQLHHQKHHQTYITNYNKALEQLNDAI EKGDSAAVVKLQSAIKFNGGGHVNHS IFWKNLAPV~E GGGELP HGSLGWA IDADFGS ~KL I Q ~  G 

H-B I..Y .............. V ................. V..F.T ........ M .... P .................................... P..N ....... T .......... KI .... 

Tob ...................... D ....... N ..... V .......... H...S...APT.A..H .......... I .................. P.K ........ TN ..... A.L.K ..... 

Mai VT.VT .... S..F ............ R ....... A..VA ......... ET.VS...AS...Q..A ................... K.IS ..... P...K ...... E .... F.A.VKK ..... 

Hum KH .............. H.NAQ ...... S...AA.~. L.VTE.KYQE.LA...VT.QIA..P ......... I ...... T.. S. NGG.EPKGELLE---..KR ..... D.FKEKLT.AS 

Rat KH .............. H.NAQ ...... S...A..VN. L.VTE.KYHE. LA...VTTQ,A..P ......... I ...... T.. S. KGG.EPKGELLE---..KR .... F..FKEKLT.VS 

Yst --KVT .... KW.F ..... Y...Q.NE..YT ...... VNGF. T .VD. FQELSDL---RKMIAI. QN... H... FT.. CL, .E .... ESQ .... P.T.A.AK...EQ... DE..K.T.TKL 

Eco --SYT..S...A.D .... HFDKQT. EI..T ...... VD.A.A... S.PEFANLPYEELIT..DQ(II) .A...AHN.L... G. KKGTTLQED. K ..... A..ER .... VDNFKAEFEKAA 

Myc VAEYT .... DW..A .... H ..... NEI..T...AA.VKG..D..AK.DE.RA.D.HS. IFLNEENLA.HL ........ W .... S.N---..DK.T.G.ATD..ET...FDKFRAQFS.AA 

Hal MSEYE..P ..... D .... H..EGVLTW..DT...G.VNGW.D.E.T.AENR.T..H.STAGALGDVTH..S..IL.TLF.QSMS.AGGDEPSGALADRI---A ..... Y.NWRAEFE.AA 

........ i0 ........ 20 ........ 30 ........ 40 ........ 50 ........ 60 ........ 70 ........ 80 ........ 90 ....... i00 ....... ii0 ....... 120 

, T 
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H-B .................................... S.I ................ 

Tob ........... GV ..... R..I .......... S..AN ...................................... N. • .E .... -- 

Mai . .F ............. A..VS .............. AS .......................... N ........... G... ENVLA-- 

Hum VGV ..... G.LGFN.QRGH.QIAACp ..... OGTTG-.I ......................... A..N.I..ENVT.R.MACEK 

Rat VGV ..... G.. GFN..QGR.QIAACS. H...QGTTG-. I ......................... A..N.I.. ENV.QR. IVCKK 

Yst .GV ..... AFIVKNLSNGGKLDVVQTYNQ--D.VTGPI...VA ............ Q. KKA..F.A..N.V...E.. RRFDAGKI 

Eco .SRF .... A..V.KGDKLAV.STANQDSPLMGEAI (5) F. I ............ KFQ.R ...... DF. N.V..DD.AARF.AKK 

Myc NG ...... AV.GY.TLGN..LTFQLYD.QAN.SL.II--...QV.M .... F ....... KA..V.AF.N.V..ADVQSR.MAATSKTQGLIFD 

Hal S. AS. WALL~D/D SHSNTLRN. AVDNHDEGA. WGSH. I .... .A ...... S.. YD. GPD, GSFVDAFFE. VD. DEPT. RFEG~dkERFE 

....... 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 46.5 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 ofN. 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(IlI) 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 
family 

The strong hybridization bands generated by the 
double digestions of Eco RI-Bam HI and Stu I- 
Bst EII, respectively, on a filter of Hevea genomic 
DNA probed with the Stu I-Bst EII fragment 
(Fig. 4) correspond in size to the bands in simi- 
lar restriction digestions of the phage 2HSM3 
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- 

273 

nomic sequence, as well as restriction maps of 
2HSM3 and 2HSM2, 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 I-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 cDNA (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. plumbagin(folia. 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. 

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 Stu I-Bst EII genomic fragment corresponding to 
the first 5 exons and introns of the rubber MnSOD nuclear 
gene from 2HSM3. The restriction endonucleases used are 
Eco RI (R), Bam H1 (B), Hind III (H), Bst Eli  (Bs), and Stu I 
(S). The size (in kb) of the hybridizing fragments, based on the 
migration of Hind Ill-digested 2DNA, is indicated in the 
right-hand lane. 

Organ-spec~c 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. 5A). The results 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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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 7~  (w/v) su- 
crose, 0.02~o (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. 

Fig. 5. A. Northern blot analysis of MnSOD mRNA in vari- 
ous tissues of rubber. Total RNA (20/~g) from root, petiole, 
mature leaf, young leaf, callus and poly(A) + mRNA from 
latex (1/~g) 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#g) 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 Mn SOD was expressed 
in all the tissues examined. 

Discussion 

A genomic clone of MnSOD has been isolated 
from a genomic library of Hevea brasiliensis pro- 
duced in 2EMBL3 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- 
suits 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 ~o 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 GQL~Q--LQTFSLPDLPYDYGALEP 
H-B MALRSLVARKTISSAFKAATGL RLGQL~G--IQTYSLPDLPYDYGALEP 
TOB MALRTLVSRRTLATGLGF RQQL~G--LQTFSLPDLPYDYGALEP 
ZEA MALRTLASKKVLSFPFGGAGRPLAAAASA~G--VTTVTLPDLSYDFGALEP 
HUM MLSRAVCGTSRQLAPAL GVLGS~Q-- KHSLPDLPYDYGALEP 
RAT MLLRAACSAGRRLGP AASTAGS]~H-- KHSLPDLPYDYGALEP 
YST MFAKTAAANLTKKGGLS LLSTTAR~T-- 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 (Nicotianaplumbaginifolia; [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 
[371. 

Bowler et al. [6] found that the key factor caus- 
ing the induction of MnSOD in suspension cells 
of N. plumbaginiJolia 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 et 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 
IV. 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 [u- 
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 Mn SOD coding sequence 
responsible for this unique spatial and temporal 
pattern of expression. 
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