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Abstract A cDNA, mSOD1, encoding cytosolic copper/
zinc superoxide dismutase (CuZnSOD) was cloned and
characterized from cell cultures of cassava (Manihot
esculenta Crantz) which produce a high yield of SOD.
mSOD1 encodes a 152-amino acid polypeptide with a pI
value of 5.84. Southern analysis using an mSOD1-spe-
ci®c probe indicated that a single copy of the mSOD1
gene is present in the cassava genome. The mSOD1 gene
is highly expressed in cultured cells, as well as in intact
stems and tuberous roots. It is expressed at a low level in
leaves and petioles. Transcripts of mSOD1 were not
detected in nontuberous roots. Transcriptional level of
mSOD1 reaches a high level at stationary phase, and
then sharply decreases during further culture. In excised
cassava leaves, the mSOD1 gene responded to various
stresses in di�erent ways. The stresses tested included
changes in temperature and exposure to stress-inducing
chemicals. Levels of mSOD1 transcript increased dra-
matically a few hours after heat stress at 37°C and
showed a synergistic e�ect with wounding stress. Levels
decreased in response to chilling stress at 4°C and
showed an antagonistic e�ect with wounding stress. The
gene was induced by abscisic acid, ethephon, NaCl, su-
crose, and methyl viologen. These results indicate that
the mSOD1 gene is involved in the response to oxidative
stress induced by environmental change.

Key words Cassava (Manihot esculenta) á Chemical
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Introduction

Oxygen is essential for the existence of aerobic organ-
isms, including plants, but toxic reactive oxygen species
(ROS), such as superoxide radicals (�Oÿ2 ), hydroxyl
radicals (áOH), and hydrogen peroxide (H2O2) are gen-
erated in a number of di�erent ways during normal
metabolic processes. In particular, ROS are overpro-
duced in plant cells under environmental stress. Injury
caused by ROS is known as oxidative stress. Oxidative
stress is the major cause of damage in plants exposed to
environmental stress.

Superoxide dismutase (SOD; superoxide:superoxide
oxidoreductase, EC1.15.1.1) constitutes the ®rst line of
cellular defense against oxidative stress. SOD is a me-
talloprotein that catalyzes the dismutation of superoxide
radicals to hydrogen peroxide and oxygen. The enzyme
is ubiquitous in aerobic organisms, where it plays a
major role in defense against ROS-mediated toxicity.
Most plants contain a number of SOD isozymes that are
located in various cellular compartments. Three classes
of SOD have been identi®ed based on the metals present
at the active site. These are copper/zinc (CuZnSOD),
iron (FeSOD), and manganese (MnSOD) SODs.
CuZnSOD is generally found in the cytosol and the
chloroplasts, MnSOD is located in mitochondria, and
FeSOD is present within the chloroplasts of some plants
(Bannister et al. 1987). Genes for CuZnSODs have been
cloned and characterized from over 20 plants, including
maize (Cannon and Scandalios 1989), rice (Sakamoto
et al. 1992), sweet potato (Lin et al. 1993), and red
pepper (Kim et al. 1997). Comparison of the amino acid
sequences of SODs has shown a great degree of simi-
larity among the enzymes from plant species.

In vitro growth of plant cells takes place under con-
ditions of high oxidative stress. Thus, plant cell cultures
are an excellent system for the production of antioxi-
dants and the study of mechanisms of resistance to
oxidative stress in plant cells. The physiological roles
of antioxidant enzymes, including SOD, have not been
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extensively studied in plant cell cultures, even though
cell cultures are important in the ®eld of plant biotech-
nology. We selected cassava (Manihot esculenta) and
sweet potato (Ipomoea batatas) cell lines for their high
yields of SOD and peroxidase (POD), respectively (Kim
et al. 1994; You et al. 1996). In previous studies we
isolated four POD cDNAs from suspension cultures of
sweet potato and characterized these PODs in terms of
their response to environmental stress. They were
strongly expressed in cultured cells compared to intact
tissues of sweet potato (Huh et al. 1997; Kim et al.
1999). In this study we report the molecular character-
ization of a cDNA encoding a CuZnSOD from cultured
cells of cassava and its expression under temperature
and chemical stress. Cassava is an important food source
in Africa. Molecular cloning of cassava SOD has not
previously been reported despite the importance of the
plant as a food crop.

Materials and methods

Plant material

The cassava (M. esculenta Crantz) cell line was selected for its high
yield of SOD. Calli were cultured on MS (Murashige and Skoog
1962) basal medium supplemented with 2,4-dichlorophenoxyacetic
acid (1 mg/l) and sucrose (30 g/l) (MS1D). Two grams (fresh
weight) of callus, subcultured at 4-week intervals, was inoculated
onto MS1D solid medium and maintained at 25°C in the dark.
Calli were collected at 5, 10, 25, 30, and 40 days after subculture for
preparation of crude SOD and total RNA.

Construction and screening of a cDNA library

A cDNA library was constructed with poly(A)� RNA from cul-
tured cassava cells using a Uni-ZAP XR cloning kit (Stratagene)
following the protocol supplied. Callus that had been subcultured
for 25 days was used for cDNA synthesis. Four degenerate oligo-
nucleotides were prepared based on the highly conserved region
(two for the sense primer at the N-terminal end and two for the
antisense primer at the C-terminal end) reported for SOD se-
quences from other plant species. These oligonucleotides were used
as primers for PCR ampli®cation of SOD cDNA. The PCR
product was labeled with 32P and was then used to screen the
cDNA library. Hybridization was performed with a 32P-labeled
probe by random priming (Pharmacia) according to the manufac-
turer's instructions. After hybridization the membranes were rinsed
once in 2 ´ SSC, 0.5% SDS at room temperature, then washed
twice in 2 ´ SSC, 0.1% SDS

Sequencing and sequence analysis

The dideoxy method of DNA sequencing was performed according
to the protocol supplied with T7 Sequenase v2.0 (Amersham). The
sequence was analyzed with a DNA autosequencer (Applied Bio-
systems Model 476A).

Protein assay and enzyme activity

Cultured cells were homogenized on ice in 200 mM TRIS-HCl
bu�er (pH 7.8) using a Polytron homogenizer. SOD activity was
assayed using xanthine/xanthine oxidase (XOD)/cytochrome c ac-
cording to McCord and Fridovich (1969). One unit of SOD activity
was de®ned as the amount of enzyme that caused 50% inhibition of

XOD after 2 min at 25°C. Proteins were determined according to
the method of Bradford (1976) using Bio-Rad protein assay re-
agents.

Southern and Northern blot analysis

Cassava genomic DNA was extracted from leaves according to
Asemota (1995), digested with EcoRI, HindII and HindIII, elec-
trophoresed on 0.8% agarose gel, blotted onto Zeta-Probe GT
membranes (Bio-Rad), and hybridized to the 260-bp mSOD1-spe-
ci®c probe from the 3¢ untranslated region (positions 509±768).
Hybridization was carried out in 0.5 M sodium phosphate (pH
7.2), 7% SDS and 1 mM EDTA at 60°C. After hybridization the
blot was washed once with 40 mM sodium phosphate (pH 7.2), 1%
SDS, and 1 mM EDTA at room temperature for 10 min, then
twice with the same solution at 60°C. For Northern analysis, total
RNA was extracted by the LiCl method (Naqvi et al. 1998), frac-
tionated on a 1% agarose gel containing 0.67 M formaldehyde, and
blotted onto a Zeta membrane (Bio-Rad). Hybridization was per-
formed as above.

Stress treatments

Cassava plants were grown in a greenhouse. The third leaf from the
top was removed from each plant for the purpose of investigating
stress reactions and induction of mSOD1. For temperature stress
the excised leaves were incubated under continuous light for 24 h in
Falcon tubes containing 45 ml of sterile water and subjected to (1)
heat stress at 37°C, (2) chilling stress at 4°C, or (3) kept at 25°C as
a control. Chemical stresses included exposure to 100 lM ABA,
100 lM ethephon, 100 mM NaCl, 200 mM sucrose, or water as a
control. Leaves were incubated in Falcon tubes containing 45 ml of
sterile liquid at 25°C under continuous light for 24 h as a control.
Plants sprayed with 10 mM methyl viologen were maintained in a
greenhouse and leaf samples were taken at 1, 6, 30, 54, and 78 h
after treatment. All treated plant materials were immediately frozen
in liquid nitrogen and stored at )70°C until further use.

Results

Isolation and analysis of a cDNA clone
encoding a cytosolic CuZnSOD

To isolate cDNAs encoding CuZnSOD, a PCR product
that had been ampli®ed using oligonucleotides corre-
sponding to a conserved region of CuZnSOD sequences
was used to screen a cDNA library constructed with
mRNA from cultured cells of cassava. The clone that
contained the largest insert was designated as mSOD1
and subjected to further characterization. The mSOD1
cDNA was 801 bp in length with an ORF of 152 amino
acids and encodes a protein with a predicted molecular
mass of 15,346 Da and a pI value of 5.84 (GenBank
Accession No. AF170297). It contained the putative
polyadenylation signal AATAAA, which was present
170 bp upstream from the poly(A) tail (Fig. 1).

Amino acid sequence comparisons indicated that
mSOD1 showed a high degree of identity with the
CuZnSOD sequences of several other plant species
(Fig. 2). The overall comparison among the mature
forms of the 17 sequenced SOD isoforms showed that
mSOD1 shares the highest level of sequence identity
with the enzymes from Nicotiana plumbaginifolia
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(86.8%) and sweet potato (86.1%). Putative copper and
zinc binding sites, which are highly conserved in plant
CuZnSOD isoforms, were found at His-45, His-47,His-
62, His-70, His-79, Asp-82, and His-119 of the deduced
amino acid sequence of mSOD1.

Genomic organization of mSOD1

In order to elucidate the genomic organization of the
mSOD1 gene, the genomic DNA was digested with
EcoRI, HindII, and HindIII. Southern hybridization
was performed using the 32P-labeled 3¢-untranslated re-
gion of mSOD1 as a probe. Digestion with EcoRI,
HindII, and HindIII generated single bands of 1.7 kb,
4.4 kb, and 1.6 kb, respectively (Fig. 3). This restriction
pattern strongly suggests that cassava contains a single
mSOD1 gene.

Di�erential expression of mSOD1 in cultured cells
and intact cassava tissues

Total RNA isolated from callus, leaf, petiole, stem,
nontuberous roots (nR), and tuberous roots (tR) was
analyzed by Northern hybridization with an mSOD1-
speci®c probe to examine the expression of the mSOD1
gene in cultured cells and various tissues of whole plants
(Fig. 4). The results demonstrated that there is consid-
erable variation in the levels of mSOD1 expression in

di�erent tissues of cassava. mSOD1 transcripts were
detected predominantly in callus, strongly in stem and
tuberous root, and weakly in leaf and petiole. Tran-
scripts were not detected in nontuberous roots. Tuber-
ous roots contained a smaller transcript species (0.8 kb)
than that found in other tissues (1.0 kb).

SOD activity and expression of the mSOD1 gene
during cell growth

Cell growth in callus cultures of cassava follows a typical
sigmoidal growth curve (Fig. 5A). After an initial lag
period of up to 10 days after subculture (DAS) cell mass
increased exponentially, reaching a maximum at
30 DAS. SOD activity (units/g dry cell weight) remained
low until the end of the exponential growth phase
(25 DAS), then increased linearly up to 40 DAS during
the stationary phase.

The expression pro®le of the mSOD1 gene during cell
culture was examined with an mSOD1-speci®c probe
(Fig. 5B). The 1-kb mSOD1 RNA was expressed as
early as 5 DAS; however, expression decreased slightly
on entering the early exponential growth stage
(10 DAS). Expression levels of mSOD1 were highest
during the stationary phase (25±30 DAS), followed by a
weak decrease during further culture (40 DAS).

Di�erential expression of the mSOD1 gene
under various stress conditions

Excised cassava leaves were subjected to high and low
temperatures in order to examine the e�ect of temper-
ature stress on the levels of mSOD1 mRNA. The
mSOD1 gene in excised leaves responded di�erently to
heat and chilling stress (Fig. 6). In excised (wounded)
leaves treated at 25°C the mSOD1 gene was induced at
2 h after treatment (HAT). Induction then gradually
decreased to the basal level by 24 HAT. The mSOD1
gene was strongly expressed at 2 and 5 HAT at 37°C,
showing a synergistic e�ect with wounding stress.
However, the mSOD1 transcript level decreased dra-
matically at 10 HAT and was barely detectable at
24 HAT under heat stress. Under chilling stress at 4°C
the mSOD1 gene was not expressed at 2, 5, and 10 HAT,
while at 25°C mSOD1 transcripts were moderately ex-
pressed at the corresponding timepoints (Fig. 6B). Ex-
pression of the mSOD1 gene was enhanced by chilling
stress for 24 h, relative to the levels in leaves kept at
25°C.

mSOD1 was also highly induced by various chemical
stresses. Leaves excised from plants were incubated in
the presence of NaCl (100 mM), ABA (100 lM),
ethephon (100 lM), sucrose (200 mM), or water for
24 h (Fig. 7). All chemicals resulted in expression of
much higher levels of mSOD1 transcripts than did
treatment with water. Sucrose had the most drastic e�ect
on mSOD1 transcripts. Methyl viologen (MV), a su-

Fig. 1 Nucleotide and deduced amino acid sequences of a CuZnSOD
cDNA, mSOD1, isolated from cultured cells of cassava (Manihot
esculenta). The deduced amino acid sequence is shown in single-letter
code below the nucleotide sequence. Numbers on the right refer to
nucleotides. Bold italics represent putative poly(A) signal site. The
asterisk denotes the stop signal
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peroxide-generating herbicide, was applied at 10 mM to
whole plants kept in the light. Leaf samples were taken
at various times. mSOD1 transcript levels were induced
at 6 HAT and had increased markedly in response to
MV at 30 HAT. Levels then decreased by 54 HAT and
remained at these low levels thereafter (Fig. 8).

Discussion

A cDNA clone encoding CuZnSOD (mSOD1) was iso-
lated from a cDNA library constructed with RNA from
cultured cassava cells which produced a high yield of
SOD. Sequencing showed that mSOD1 was a full-length
clone with a complete ORF coding for 152 amino acid
residues and a polyA stretch at its C-terminal end
(Fig. 1). No signal peptide was found in the mSOD1
sequence, suggesting that it encodes a cytosolic
CuZnSOD. The translation start site (AACAATGG)

matched the consensus sequence (AACAATGG) re-
ported for plants (Lutcke et al. 1987).

Comparison of reported amino acid sequences for
plant cytosolic and chloroplast CuZnSODs showed that
mSOD1 shares a high degree of amino acid sequence
identity (78±87%) with cytosolic forms and a lower level
of identity (56±66%) with chloroplast forms (Fig. 2).
The N-terminal regions of the SODs are generally
divergent, showing no signi®cant regions of homology.
The highly conserved regions exist in the C-terminal end.
It has been suggested that the functional roles of SOD in
protecting cells against oxidative stress involve several
residues in the C-terminal part of the protein. The data
shown in Fig. 2 also clearly indicate that the metal-
binding sites (His and Asp) are highly conserved.

Genomic Southern analysis indicated that there is a
single mSOD1 gene in the cassava genome. Cytosolic
CuZnSOD genes exist in single copies within the genome
of maize (Cannon and Scandalios 1989), N. plumb-

Fig. 2 Alignment of the amino
acid sequence deduced from the
CuZnSOD cDNA (mSOD1)
with sequences of homologous
SODs. Amino acid sequences of
the cytosolic (Cyt) CuZnSODs
from sweet potato (Lin et al.
1993), Nicotiana plumbaginifolia
(Tsang et al. 1991), spinach I
(Sakamoto et al. 1990),
maize (Cannon and Scandalios
1989), pea (White and Zilinskas
1991), red pepper (Kim et al.
1997), rice (Sakamoto et al.
1992), tomato (Perl-Treves
et al. 1988), Arabidopsis
(Hindges and Slusarenko 1992),
and the chloroplast (Chl)
CuZnSODs of pea (Scioli and
Zilinskas 1988), pine (Karpinski
et al. 1992), rice (Kaminaka
et al. 1997), tomato (Perl-
Treves et al. 1988), petunia
(Tepperman and Dunsmuir
1988), spinach II (Sakamoto
et al. 1993), and maize I
(Scandalios 1997) were deduced
from cDNA sequences. Aster-
isks indicate 100% conserva-
tion. The seven metal binding
sites in the protein are shaded
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aginifolia SOD is also encoded by a single gene (Hero-
uart et al. 1993), whereas multiple genes encoding SOD
isoforms exist in most plants.

The mSOD1 gene was expressed in callus, leaves,
petioles, stems, and tuberous roots of cassava. However,
the amount of mSOD1 mRNA varied considerably
between tissue types, with the highest levels in callus and
moderate levels in stems and tuberous roots. The

mSOD1 gene was weakly expressed in petioles and
leaves, and was not detected in nontuberous roots.
Remarkably high levels of SOD transcripts have also
been reported in cultured cells of N. plumbaginifolia
(Tsang et al. 1991) and rubber (Miao and Gaynor 1993).
Interestingly, we found that the transcript of the mSOD1
transcript from tuberous root was smaller than that
found in other tissues (Fig. 4). This smaller transcript
may be produced by alternative splicing. It has been
reported that synthesis of ascorbate peroxidases is
controlled by alternative splicing in pumpkin and spin-
ach (Mano et al. 1997; Yoshimura et al. 1999). A similar
observation was also reported for CuZnSOD synthesis
in Caenorhabditis elegans (Fujii et al. 1998).

Cells cultured in vitro are grown under high oxidative
stress, allowing comparison of the antioxidative defense
mechanisms expressed by cultured cells with the re-
sponse in whole plant cells. As shown in Fig. 5, changes
in total SOD activity and levels of the mSOD1 transcript
occur during cell growth. mSOD1 transcription levels
were not coordinated with total SOD activity during cell

Fig. 5A, B Changes in SOD
activity (A) and mSOD1 tran-
script accumulation (B) during
growth of cassava callus cul-
tures. SOD activity was deter-
mined by the method of
McCord and Fridovich (1969).
RNA was extracted at 5, 10, 25,
30, and 40 days after subcul-
ture. Equal amounts (40 lg) of
each sample were loaded in
each lane. An mSOD1-speci®c
DNA fragment was used as a
probe. Ethidium bromide-
stained RNA served as a
loading control

Fig. 3 Southern analysis of genomic DNA prepared from cassava
leaves. Equal amounts (10 lg) of genomic DNA were digested with
the enzymes indicated, electrophoresed in a 0.8% (w/v) agarose gel,
and blotted onto a nylon membrane. The blot was hybridized with the
0.23-kb fragment speci®c to mSOD1 as a probe. The positions of
molecular weight markers are shown on the left

Fig. 4 Expression levels of mSOD1 in cultured cells and various
tissues of cassava. RNA was prepared from callus (C), leaf (L), petiole
(P), stem (S), nontuberous root (nR), and tuberous root (tR). Equal
amounts (40 lg) of each sample were loaded in each lane. An
mSOD1-speci®c DNA fragment was used as a probe. Ethidium
bromide-stained RNA served as a loading control
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growth. The high levels of mSOD1 expression found
during both the early initial lag phase and the stationary
period seemed to be associated with oxidative stresses
associated with subculture and nutrient depletion (car-
bon sources). At least seven SOD isozymes have been
identi®ed in cell cultures of cassava (You 1998). In
suspension cultures of sweet potato, four POD genes
exhibit di�erent expression patterns during cell culture
(Huh et al. 1997; Kim et al. 1999). These results indicate
that each isozyme plays a di�erent role in the antioxi-
dative mechanism during cell culture. The key factor

that induces MnSOD in cultured cells of N. plumb-
aginifolia and rubber is sugar (Bowler et al. 1989; Miao
and Gaynor 1993). In cassava, sucrose also caused a
dramatic induction of mSOD1 mRNA. It is however,
not clear whether induction by sucrose is due to meta-
bolic activities of cells related to the carbon source or to
osmotic e�ects (Fig. 7), although Sod3 (MnSOD) tran-
scripts in maize were induced by a high concentration of
sucrose, but not by high osmolarity as such (Zhu and
Scandalios 1994).

SOD activity in plants is increased by a number of
environmental stresses (Bowler et al. 1989).
Temperature stress and wounding raise ROS levels, re-
sulting in oxidative stress. In maize seedlings the levels of
catalase transcripts and POD activity were elevated
during cold-induced oxidative stress, whereas SOD ac-
tivity was not a�ected (Prasad et al. 1994). During heat
shock stress at 37°C the gene that encodes the cytosolic
CuZnSOD of N. plumbaginifolia appeared to be the
most highly expressed SOD gene (Tsang et al. 1991). In
excised leaves of cassava at 25°C, the mSOD1 gene was
induced at 2, 5, and 10 HAT by wounding stress
(Fig. 6). The level of mSOD1 transcripts was increased
by heat stress at 37°C, showing a synergistic e�ect with
wounding stress. The level was decreased by chilling
stress at 4°C, showing an antagonistic e�ect with
wounding stress. These results indicate that the mSOD1
gene may be more sensitive to heat stress than to chilling
stress.

Biosynthesis of the phytohormone ethylene increases
in plants under oxidative stress (Scandalios 1997).
Ethephon is metabolized by plants to ethylene and
phosphoric acid. Uptake of ethephon by cassava leaves
induced mSOD1 expression (Fig. 7). Sod4 in maize
(Scandalios 1992), SodCp in tomato (Perl-Treves and
Galun 1991), and MnSOD in rubber tree (Miao and
Gaynor 1993) were induced by ethephon in a similar

Fig. 8 Northern analysis of total RNAs isolated from methyl
viologen-treated cassava leaves. Samples were taken at the indicated
times (in hours) after treatment (HAT). Equal amounts (40 lg) of
each sample were loaded in each lane. An mSOD1-speci®c DNA
fragment was used as a probe. Ethidium bromide-stained RNA served
as a loading control

Fig. 6A, B Changes in mSOD1 transcript levels in response to heat
stress (A) and chilling stress (B) in excised leaves. Total RNA was
extracted from leaves at 0, 2, 5, 10, and 24 h after stress treatment
(+). Control samples were incubated at 25°C (-). Equal amounts
(40 lg) of each sample were loaded in each lane. An mSOD1-speci®c
DNA fragment was used as a probe. Ethidium bromide-stained RNA
served as a loading control

Fig. 7 Changes in levels of mSOD1 transcripts in response to various
chemical stresses. The third leaf from the top was excised and treated
for 24 h with 100 mM NaCl, 100 lM ABA, 100 lM ethephon, or
200 mM sucrose. Equal amounts (40 lg) of each sample were loaded
in each lane. An mSOD1-speci®c DNA fragment was used as a probe.
Ethidium bromide-stained RNA served as a loading control
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manner. We found that the cassava mSOD1 gene was
induced by exogenous ABA. A similar observation was
also reported for maize SOD: the two closely related
maize CuZnSOD genes Sod4 and Sod4A are induced by
ABA (Guan and Scandalios 1998). As expected, NaCl
also highly induced the mSOD1 gene since high salt
concentrations induce oxidative stress in plant cells
(Bueno et al. 1998). After treatment with MV, mSOD1
mRNA was highly induced at 30 HAT (Fig. 8). In
N. plumbaginifolia, exposure to MV drastically increases
levels of mRNAs for FeSOD, CuZnSOD, and MnSOD
under light conditions (Tsang et al. 1991). Sod4 and
Sod4A responded di�erently to MV in the dark and the
response to MV was tissue speci®c (Kernodle and
Scandalios 1996).

The mSOD1 gene isolated from cultured cells of
cassava responds to environmental stresses, including
wounding, high temperature, and stress-inducing
chemicals. Using the mSOD1 cDNA we are currently
trying to develop transgenic plants that overexpress or
downregulate SOD in order to understand the physio-
logical role of the gene in whole plants subjected to en-
vironmental stress.
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