Bull. Minamikyushu Univ. 41A: 53-67 (2011)

53
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CuZn-superoxide dismutase (SOD) in plants consists of chloroplastic and cytosolic isoforms. To
elucidate the adaptation of plants to the changing oxidative stress during the course of evolution, we
investigated the molecular evolution of CuZn-SOD by cloning and characterizing their isoform genes
from the fern Equisetum arvense and the moss Pogonatum inflexum.
Two chloroplastic and one cytosolic CuZn-SOD cDNAs were obtained from both E. arvense and P.
inflexum by RT-PCR and RACE. This was the first demonstration of two types of chloroplastic isoform
gene for the lower plants. The two chloroplastic genes were phylogenetically shown to be paralogs
produced by gene duplication after divergence of the species. The chloroplastic and cytosolic CuZnSOD cDNAs in the fern and moss encoded respective CuZn-SODs similar to those of higher plants.
Of the chloroplastic and cytosolic CuZn-SOD genomic genes, 18, 343 bp and 16, 593 bp were
sequenced for E. arvense and 7,146 bp and 5,583 bp for P. inflexum, respectively. The chloroplastic
CuZn-SOD gene of P. inflexum contained nine exons, while that of E. arvense contained eight. The first
intron of the P. inflexum gene, which is also present in that of the green alga Spirogyra sp., was absent
from that of E. arvense as well as those of higher plants, indicating that the corresponding intron was
deleted prior to the divergence of pteridophytes in the plant lineage during the course of evolution. The
cytosolic genes from the fern and moss exhibited the same exon-intron structures consisting of seven
exons. From the present results we propose the molecular evolution of CuZn-SOD genes during the
early phase of land plant evolution.
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INTRODUCTION
The landing of ancestral land plants on a terrestrial
surface from water at Silurian, 450 million years ago,
was a great challenge for organisms during the course of
evolution (Bhattacharya and Medlin 1998, Becker and
Marin 2009). For the first land plants, adaptation to a
terrestrial environment was crucial for survival. For this
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The abbreviations used are: Esod, E. arvense CuZn-SOD gene; ESOD,
gene product of Esod; Psod, P. inflexum CuZn-SOD gene; PSOD, gene
product of Psod; ROS, reactive oxygen species; SOD, superoxide dismutase.
Accession numbers of cDNAs and genomic genes are as follows: Esod-1
cDNA, AB79540; Esod-2 cDNA, AB79541; Esod-3 cDNA, AB605764;
Esod-1, AB193093; Esod-2, AB193094; Psod-2 cDNA, AB079114;
Psod-1 cDNA, AB079115; Psod-3 cDNA, AB079116; Psod-2,
AB205008; Psod-3, AB205009. Part of the present results have been
presented elsewhere (Kanematsu et al. 2003, Okayasu el al. 2004, Ueno
and Kanematsu 2004, Kanematsu 2005).

adaptation, reinforcement of the protective system against
reactive oxygen species (ROS) that have deleterious
effects on all cells (Fridovich 1995) must have been one
of the most important responses, because the new environment resulted in the production of much ROS including superoxide, H2 O2, hydroxyl radical, and singlet
oxygen due to dehydration, ultraviolet irradiation and
high intensity of light (Asada 1999, 2006). Thus, the enzyme system of ROS-scavenging might have been
primarily responsible for the adaptation of ancestral
plants to severe ROS-producing environments.
Superoxide dismutase (SOD), which catalyzes the dismutation of superoxide to H2O2 and molecular oxygen at
a diffusion-controlled rate and protects cells from oxidative damage caused by ROS (Fridovich 1995), is a key
enzyme in the ROS-scavenging system since the
superoxide is located furthest upstream in the cascade
reactions of ROS production. SOD is a metalloenzyme
and is classified into four isozymes in terms of prosthetic
metals: CuZn-SOD, Mn-SOD, Fe-SOD and Ni-SOD. NiSOD, the latest found SOD (Youn et al. 1996), had been
thought to be restricted to only some bacteria, but recently it was found in eukaryotic photoplankton, suggesting
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the involvement of horizontal gene transfer (Dupont et al.
2008, Cuvelier et al. 2010). CuZn-SOD, Mn-SOD and
Fe-SOD are distributed widely among organisms along
with their phylogenetic relationships (Kanematsu and
Asada 1994). In plants, CuZn-SOD consists of chloroplastic and cytosolic isoforms that are encoded by respective genes. Mn-SOD and Fe-SOD, which are products of
paralogous genes, are localized in mitochondria and
chloroplasts, respectively. Although the Fe-SOD gene is
found in plant genomes, it is not necessarily expressed in
many plants (Kanematsu and Asada 1994).
In the evolution of the monophyletic lineage of
Viridiplantae (green algae and land plants), land plants
(embryophytes) including bryophytes, pteridophytes and
spermatophytes are thought to have evolved from
charophycean green algae (charophytes) (Becker and
Marin 2009). The first land plant is believed to have been
an ancestor of bryophytes. Previously, we characterized
the algal CuZn-SOD gene for the first time from the
green alga Spirogyra sp. and suggested that the divergence of chloroplastic and cytosolic isoforms occurred
prior to the divergence of chlorophyte algae (e. g.,
Chlamydomonas) and streptophyte algae (charophyte
algae, e. g., Spirogyra and Nitella) (Kanematsu et al.
2010). Here, to clarify the adaptation of land plants to the
changing oxidative stress in the course of evolution, we
cloned and characterized cDNAs and genomic genes of
chloroplastic and cytosolic CuZn-SODs from the fern
Equisetum arvense and the moss Pogonatum inflexum.
In this work, we found two types of chloroplastic CuZnSOD genes in both organisms, although only one type of
chloroplastic CuZn-SOD has been found in higher plants
so far. Furthermore, we determined for the first time the
structures of CuZn-SOD genomic genes of lower plants.
The exon-intron structures show that the E. arvense chloroplastic CuZn-SOD gene resembles those of higher plants
whereas the P. inflexum chloroplastic SOD gene resembles that of the green alga Spirogyra, reflecting the order
of appearance in the plant lineage.

MATERIALS AND METHODS
Materials. Isogen, DNeasy Plant Mini Kit and Quantum Prep Plasmid Miniprep Kit were purchased from
Nippon Gene (Toyama, Japan), Qiagen (Valencia, CA,
USA) and Bio-Rad (Hercules, CA, USA), respectively.
SuperScript First-Strand Synthesis System for RT-PCR
was from Life Technologies (Rockville, MD, USA).
SMART RACE cDNA Amplification Kit and Universal
GenomeWalker Kit are products of Clontech (Palo Alto,
CA, USA). pGEM-T Easy Vector System I, KiloSequence Deletion Kit and Epicurian Coli XL1-Blue
MRF' Supercompetent Cells were purchased from
Promega (Madison, WI, USA), Takara (Kyoto, Japan)
and Stratagene (La Jolla, CA, USA), respectively.
Sterile and fertile shoots of the fern Equisetum arvense
(horsetail) and leafy gametophytes of the moss Pogonatum
inflexum were collected in the Takanabe campus of
Minami-Kyushu University, Miyazaki, Japan. The materials were used on the same day of collection.
Isolation of poly(A)+ RNA and genomic DNA. Total
RNAs of E. arvense and P. inflexum were extracted from
intact tissues using Isogen by a similar method to that
described previously (Kanematsu and Fujita 2009). In the
case of horsetail, both sterile and fertile shoots were used

for RNA extraction. Poly (A)+ mRNAs were purified
from the total RNA as described previously (Kanematsu
and Fujita 2009). Genomic DNA of E. arvense and P.
inflexum were isolated from intact tissues using a DNeasy
Plant Mini Kit according to the manufacturer's instructions. The genomic DNA of horsetail was obtained from
green sterile shoots.
Amplification of partial cDNA fragments by RTPCR. cDNA cloning for CuZn-SODs of E. arvense and
P. inflexum was performed by a 5'- and 3'-RACE method
using gene-specific primers after obtaining sequence
information by RT-PCR using degenerated primer sets.
The reverse transcription of poly (A)+ mRNA and amplification of the core region of the genes by PCR were
done as before (Kanematsu et al. 2010). The following
degenerate primers were used: sense primer, 5'-CARGARGAYGAYGGNCCNAC-3' (SPGY-SENSE); and antisense primers, 5'-CCNCCYTTNCCAARRTCRTC-3'
(SPGY-AS-A), 5'-CCNCCYTTNCCGARRTCRTC-3'
(SPGY-AS-G), 5'-CCNCCYTTNCCTARRTCRTC-3'
(SPGY-AS-T), and 5'-CCNCCYTTNCCCARRTCRTC-3' (SPGY-AS-C).
5'- and 3'-RACE for full-length cDNA cloning. The
preparation of first-strand cDNA for 5'- and 3'-RACE,
and amplification by 5'- and 3'-RACE using a SMART
RACE cDNA Amplification Kit were conducted according to Kanematsu and Fujita (2009). The following genespecific primers were used for 5'- and 3'-RACE of E.
arvense SOD cDNAs: for Esod-1 cDNA, EQ 5GSP#10
(5'-upstream antisense) 5'-AACACCATCAGGTCCCGCAACAAC-3' and EQ 3GSP#3 (3'-downstream sense)
5'-CTGGCAAGCACGGATTCCACCTC-3'; for Esod-2
cDNA, EQ 5GSP#13 (5'-upstream antisense) 5'-GCCTTCCCATCATCTCCGACAGTG-3' and EQ 3GSP#2 (3'downstream sense) 5'-TGTGGTTGGTTCTCTTAGCGGGCTTTC-3'.
The gene-specific primers used for RACE of P. inflexum SOD cDNAs were as follows: for Psod-2 cDNA, PO
5GSP#11 (5'-upstream antisense) 5'-GGACCAGACAAAGGGATCTGATCGTCAG-3' and PO 3GPS#9 (3'downstream sense) 5'-TTTGGGCAATGTTGTGGCTGGAC-3'; for Psod-3 cDNA, PO 5GPS#29 (5'-upstream
antisense) 5'-GACCAATGATGGAATCACACCCAGTGAG-3' and PO 3GPS#16 (3'-downstream sense)
5'-CCTAAGAATTTGGAGCATGGAGCCCC-3'; for
Psod-1 cDNA, PO 5GSP#14 (5'-upstream antisense) 5'GTTCGTGGATGACAAATGCTCTACCGAC-3' and
PO 3GSP#3 (3'-downstream sense) 5'-ATATCGACCGCCACGCAGGGGAC-3'. For amplified DNA fragments
in 5'-RACE, the clones having the largest insert were
selected by insert check with PCR after cloning into
vectors and used for further analysis.
Amplification of the central portion of the genomic
genes. The E. arvense and P. inflexum CuZn-SOD
genomic genes were obtained by each combination of
three sequences, i.e. central portion and two adjacent 5'upstream and 3'-downstream portions of the gene as
previously described (Kanematsu and Fujita 2009). A
central portion of the gene was PCR-amplified with genespecific primers based on the cDNA sequence, and 5'upstream and 3'-downstream regions of the gene were
obtained using the Universal GenomeWalker Kit
(Clontech) with gene-specific primers designed from the
sequence of the central portion of the gene.
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The following primers were used for the amplification
of the central portion of the E. arvense genes: sense and
antisense primers for Esod-1, EQGL-F255 (sense) 5'-CGAGAAGAAGGCTGTCGCTGTCCTCAAAG-3',
EQGL-F504 (sense) 5'-AGGGAATGTTGTTGCGGGACCTGATGG-3', EQGL-B483 (antisense) 5'-TTCATCTTCAGGGGCACCATGTGTAAGTCC-3' and
EQGL-B774 (antisense) 5'-CTCTGCTTTACTGATGAAGCCAACCCACCCAAC-3'; sense and antisense primers
for Esod-2, EQGY-F1 (sense) 5'-ACAGTTCGCCTGCGCTGTCTTGACCTAGGG-3', EQGY-F175 (sense) 5'-CCCTACGACTGTGGTTGGTTCTCTTAGCG-3', EQGYF495 (sense) 5'-GCAAAACTACTGGAAATGCTGGAGGAAGACTTGC-3', EQGY-B309 (antisense) 5'-CCATGCACTTTGTTGGCAGGATTGTAG-3', EQGYB529 (antisense) 5'-CGCAAGTCTTCCTCCAGCATTTCCAGTAGTTTTGC-3' and EQGY-B655 (antisense)
5'-TGACAGGTTCTCTATTTCACTGCCCTCGG-3'.
The following primers were used for the central region
amplification of the P. inflexum genes: sense and antisense primers for Psod-2, POGLJ-F14 (sense) 5'-TTCATTCCCTGTGCGAAGAAGTTTACCATTGCC-3' and
POGLJ-B853 (antisense) 5'-CATGCCAGTTGTACCTGGTCCCTAACCTCCAATC-3'; sense and antisense
primers for Psod-3, POGY-F23 (sense) 5'-GCTCCTGCTCTTCTTCTCGGTGTCCAAACCC-3', POGY-F1709
(sense) 5'-TGGTGGGACACTGTTTATGGTTATTTGGTGCCG-3', POGY-B1742 (antisense) 5'-TGCGGCACCAAATACCATAAACAGTGTCCCAC-3' and
POGY-B638 (antisense) 5'-GTCATTTCCACAGACTCTCCAGGCATCGCTG-3'.
The PCR conditions were the same as before
(Kanematsu et al. 2010). The amplified DNA fragments
were cloned and sequenced by a directional gene walking
method along with the long sequences using gene-specific primers as described before (Kanematsu and Fujita
2009). At least three clones for each portion of the gene
were used for sequencing. The highly repeated region of
Esod-1 was sequenced by using deleted clones in 3'-side
with universal primers of a vector.
Generation of deleted clones from the central
genomic DNA fragment of E. arvense. To avoid
mispriming of a gene-specific sequence primer in a highly repeated sequence region of the central fragment of
Esod-1, we conducted sequencing using deleted DNA
fragments in pGEM-T EZ vector with vector-specific
sequencing primers (-21M13 and M13RV). A series of
clones differing in length was generated using KiloSequence Deletion Kit (Takara) from Esod-1 fragment
(E2-E5) ligated in pGEM-T Easy vector after linearization by Sac I and Sal I.
Amplification of the upstream and downstream
portions of the genomic genes. Construction of pools
of adaptor-ligated genomic DNA fragments
(GenomeWalker libraries) from which DNA fragments
adjacent to the central sequence of the gene were
amplified, and PCR of each library using the genespecific primers were performed as before (Kanematsu et
al. 2010). The following primers were used for 5'upstream and 3'-downstream GenomeWalker amplification of the E. arvense genes. For 5'-upstream amplification: for Esod-1, EQL5GW1 (outer antisense) 5'-AAGTCCGTCTCTATTACCGCCGTCTTC-3' and EQL5GW2
(inner antisense) 5'-AAGGCTTGCGAGTCTTGTCGAGTGTACG-3'; for Esod-2, EQY5GW1 (outer sense) 5'-
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AGAAATGGACGACACCAGCGACTCCTG-3' and
EQY5GW2 (inner sense) 5'-GAAAGCACTGCCACTGCCTTCAACCCC-3'. For 3'-downstream amplification:
for Esod-1, EQL3GW1 (outer sense) 5'-TTGGGTGGGTTGGCTTCATCAGTAAAG-3' and EQL3GW2 (inner
sense) 5'-AGTTGTAGATTTTTGAAGGCGGAGCCG-3'; for Esod-2, EQY3GW1 (outer sense) 5'-AGCTTGAAGGTGTACCCCCTATATGCC-3' and EQY3GW2
(inner sense) 5'-TCCGAGGGCAGTGAAATAGAGAACCTG-3'.
The following primers were used for 5'-upstream and
3'-downstream amplification of the P. inflexum genes.
For 5'-upstream amplification: first walk for Psod-2,
POCJ5GW1 (outer antisense) 5'- TTCAGGGTTTGGATTTGTCACAAGCAC-3' and POCJ5GW2 (inner antisense) 5'-TTGCTGCTATTCAAATTGCAGGATGCG3'; second walk for Psod-2, POGWCJ5-2 (outer antisense) 5'-TCTTCGCACAGGGAATGAAAGGGCAAAG-3' and POGWCJ5-2N (inner antisense) 5'-ACGCACCTTTTCCCAGTCGCTGGTATGC-3'; for Psod-3,
POCY5GW1 (outer antisense) 5'-TCGAATCTTTCATGCCTTCCCAACAAG-3' and POCY5GW2 (inner antisense primer) 5'-TCAGATTGACAGCGTTCCGAGTGTGAG-3'. For 3'-downstream amplification: for Psod-2,
POCJ3GW1 (outer sense) 5'-TAAATGTGGGTTACACTGGCAGGAGAG-3' and POCJ3GW2 (inner sense)
5'-ACACCAAATTAAGAGCGGAAGGGATGC-3'; for
Psod-3, POCY3GW1 (outer sense) 5'-AATGCCTGTGAGAGTTCTGGTTGATCC-3' and POCY3GW2 (inner
sense) 5'-CCTAAATGCAATATGATGACGAGCAGC-3'.
Other methods. Cycle sequencing reaction and DNA
sequencing, and other DNA and RNA manipulations
were conducted as described previously (Kanematsu and
Sato 2008, Kanematsu and Fujita 2009, Kanematsu et al.
2010). SOD activity assay, protein determination, NativePAGE, SDS-PAGE, SOD activity staining, protein staining and immunoblotting were performed as before
(Kanematsu and Asada 1990, Ueno and Kanematsu
2007).

RESULTS
cDNAs and genomic genes of the fern E. arvense
CuZn-SOD isoforms
cDNAs. The cDNA cloning for CuZn-SOD isoforms
of E. arvense was conducted by 5'- and 3'-RACE after
elucidating the sequence in a core region of each cDNA
with RT-PCR amplification. In RT-PCR, we employed
the degenerate primers that were used for simultaneous
amplification of both chloroplastic and cytosolic CuZnSOD cDNAs from maize (Kanematsu and Fujita 2009)
and for amplification of chloroplastic CuZn-SOD cDNA
from Spirogyra (Kanematsu et al. 2010). By sequencing
seven clones, RT-PCR product from poly(A)+ mRNA of
horsetail's green sterile stems contained only one type of
283-bp fragment (without primers) having a homology
with those of chloroplastic CuZn-SOD. No fragment for
cytosolic CuZn-SOD cDNA was found from the green
tissue.
To obtain cytosolic CuZn-SOD cDNA fragments, RTPCR was conducted using poly(A)+ mRNA from the non-
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Fig. 1. Nucleotide and deduced amino acid sequences of Esod-1, Esod-2 and Esod-3 cDNAs of E. arvense. The nucleotide
sequences of 920 bp and 884 bp for Esod-1 and Esod-2 cDNAs, respectively, are presented with those of partial Esod-3 cDNA. The
deduced amino acid sequences are indicated in blue letters. In ESOD-1, a transit peptide is shown in green letters. The N-terminal
amino acid sequence (50 residues) in red letters of horsetail chloroplastic CuZn-SOD (Kanematsu and Asada 1990) is aligned with
the deduced sequence. One mismatched residue is indicated in light-blue letters.

Exon-intron structure of fern and moss CuZn-SOD genes

57

Fig. 2. Occurrence of repeated sequences in introns of Esod-1 and Esod-2 genomic genes from E. arvense. The repeated
sequences in the genomic genes were analyzed by using the Pustell DNA matrix analysis program from the MacVector software
with a DNA database matrix as a scoring matrix. The following conditions were used: window size = 30, minimum % score = 60,
hash value = 6 and jump = 1. Dense areas of dots indicate where highly repeated sequences occur. The exon-intron structures of
the genes are based on the results from Figure 8. The exon 2 and exon 3 in Esod-1 are merged in exon 2 in Esod-2, which are shown
in green color.

green fertile stems. Out of 10 clones analyzed, six clones
were shown to be the same as those from the sterile stems
(referred to as chloroplastic major type). In the remaining
clones, three were classified as chloroplastic type
(chloroplastic minor type) and one was cytosolic type.
Thus, it is evident that E. arvense contains at least three
genes for CuZn-SOD isoforms.
Complete cDNA sequences for the chloroplastic major
type and cytosolic CuZn-SODs were obtained by 5'- and
3'-RACE using the adaptor primer (Clontech) and genespecific primers designed to make an overlapping
sequence. 0. 6-kb (5'-RACE) and 0. 7-kb (3'-RACE)
fragments with overlapping regions of 164 bases were
obtained for chloroplastic cDNA, and 0.5-kb (5'-RACE)
and 0.7-kb (3'-RACE) fragments with overlapping 195 bp
were obtained for cytosolic cDNA. By assembling the
sequences, finally we obtained 920-bp chloroplastic
major (Esod-1) and 884-bp cytosolic (Esod-2) CuZnSOD cDNAs. Amplification in RACE for the chloroplastic minor (Esod-3) isoform cDNA was not successful.
The cDNA nucleotide sequences of Esod-1, Esod-2 and
Esod-3 genes, and their deduced amino acid sequences,
are shown in Fig. 1.
Both Esod-1 and Esod-2 cDNAs contained the start
and stop codons indicating their complete sequences in
coding regions. Esod-1 cDNA showed the sequences for
a chloroplast transit peptide region and for the N-terminal region of mature chloroplastic CuZn-SOD protein
(Kanematsu and Asada 1990). Thus, Esod-1 cDNA was
identified to be the cDNA for the previously purified
chloroplastic CuZn-SOD. Esod-2 cDNA, obviously
devoid of the transit sequences region, was for the
cytosolic SOD. The deduced amino acid sequences for
ESOD-1 and ESOD-2 consisted of 211 and 156 amino
acid residues, respectively. The mature ESOD-1 contained 153 residues, revealed by comparison with N-

terminal sequences of the purified protein (Kanematsu
and Asada 1990).
Chloroplastic major CuZn-SOD genomic gene
(Esod-1). The genomic genes of chloroplastic major
(Esod-1) and cytosolic (Esod-2) CuZn-SODs from E.
arvense were obtained by the combination of three portions of the sequences amplified by PCR, i.e. central, upstream and downstream of the gene. PCR amplification
for the central region of Esod-1 using gene-specific
primers based on the cDNA sequences gave a 15-kb
fragment (primer set, EGGL-F255 vs. EGGL-B774). In
the cloning processes, recovery of the 15-kb fragment
(F255-B774) was unsuccessful due to its long size, but
we obtained truncated fragments of 10 (clone #4-18) and
8 kb, whose 3'-ends were located in the intron between
exon 5 and 6, and exon 3 and 4, respectively, while 5'ends held complete sequences.
To characterize the sequence of the F255-B774
fragment, we divided it into two portions by PCR amplification from genomic DNA using two primer sets
(EGGL-F255 vs. EGGL-B483 and EGGL-F504 vs.
EGGL-B774). Thus, we obtained a 8.5-kb fragment (E2E5) corresponding to the 5'-side portion of the 15-kb
fragment, and a 7.5-kb fragment (E5-E9) corresponding
to the 3'-side portion. Since the binding sites of primers of
B483 and F504 were separated by 20 nucleotides in
cDNA sequence, the fragments F255-B483 and F504B774 amplified with those primers did not have an overlapping region. However, we confirmed that there was no
intron in the 20-bp gap by using the truncated fragment
(clone #4-18) from the F255-B774 fragment as a bridging
clone.
The entire region of the F504-B774 fragment and one
third of the F225-B483 fragment were sequenced by
directional gene walking along the sequences of the
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Fig. 3. Nucleotide sequence of E. arvense chloroplastic genomic gene ( Esod-1) . The nucleotide sequence of 18, 343 bp of
the gene is presented. Exons and UTRs are shown in red and orange letters, respectively. Start and stop codons are underlined. The
deduced amino acid sequence is indicated in blue letters, in which the chloroplast transit peptide is in green.
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Fig. 4. Nucleotide sequence of E. arvense cytosolic genomic gene (Esod-2). The nucleotide sequence of 16, 593 bp is
presented. The notation used is the same as in Figure 3.
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Fig. 5. Nucleotide and deduced amino acid sequences of Psod-1, Psod-2 and Psod-3 cDNAs of P. inflexum. The nucleotide
sequences of 1,090 bp, 1,093 bp and 865 bp for Psod-1, Psod-2 and Psod-3 cDNAs, respectively, are presented. The deduced
amino acid sequences are indicated in blue letters.
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Fig. 5. Continued.

clones using gene-specific sequence primers. However,
the central portion of F225-B483 contained highly repeated sequences (Fig. 2) and the walking method was not
applicable. Thus, this region was analyzed using a series
of 3'-end deleted clones of F225-B483 and vectorspecific sequence primers. Finally, we characterized the
whole sequence of the 15-kb fragment.
Upstream and downstream fragments adjacent to the
central region of Esod-1 were amplified from uncloned,
adaptor-ligated genomic DNA fragment pools treated by
restriction enzyme (referred to as GenomeWalker library)
and gene-specific primers based on both end sequences of
the central fragment. For the chloroplastic SOD gene, we
finally selected a fragment of 2.3 kb amplified from the
Dra I GenomeWalker library for the 5' upstream region,
and a fragment of 0.5 kb from the Stu I library for the 3'
downstream region. Thus, we obtained 18,343 bp of a
genomic gene (Esod-1) encoding chloroplastic CuZnSOD by combination of 5'-side, central and 3'-side DNA
fragments (Fig. 3).
Cytosolic CuZn-SOD genomic gene (Esod-2). A 10kb DNA fragment for the central region of Esod-2 was
amplified using gene-specific primers (EQGY-F1 vs.
EQGY-B529) based on the Esod-2 cDNA sequence. To
analyze the whole region of the 10-kb fragment, two
shorter fragments were generated by PCR from the
genomic DNA. We obtained fragments of 7 kb and 8 kb
using the primer sets, EQGY-F1 vs. EQGY-B309 and
EQGY-F175 vs. EQGY-B529, respectively, with an
overlapping region of 5 kb. Since the 10-kb fragment
lacked the region of the last exon, a 4-kb fragment corresponding to the region between the last exon and its
neighboring one was obtained using EQGY-F495 and
EQGY-B655. The 5'-upstream (0. 8 kb) and 3'-downstream (0.9 kb) fragments of Esod-2 were amplified from
the Stu I and Dra I GenomeWalker libraries, respectively.
Thus, by assembling 5'-upstream, central and 3'-down-

stream sequences, we obtained a cytosolic CuZn-SOD
genomic gene (Esod-2) of 16,593 bp (Fig. 4).

cDNA and genomic genes of the moss P. inflexum
CuZn-SOD isoforms
cDNAs. cDNA cloning for chloroplastic and cytosolic
CuZn-SOD isoforms in P. inflexum was conducted by
methods similar to those used for E. arvense SOD genes
as described above. RT-PCR using the degenerate
primers gave 283-bp DNA fragments (without primers)
encoding chloroplastic or cytosolic CuZn-SOD. After
being cloned, the analyzed nine clones were classified
into three types: chloroplastic (Psod-2, termed chloroplastic major, five clones), another chloroplastic (Psod-1,
termed chloroplastic minor, one clone) and cytosolic
(Psod-3, three clones) type of CuZn-SOD gene. Thus, it
is clear that P. inflexum contains two types of chloroplastic CuZn-SOD gene in accordance with the case of E.
arvense.
Complete cDNA sequences for each type of SOD
isoform were obtained by 5'- and 3'-RACE. For Psod-2
cDNA, 0.62-bp and 0.52-bp fragments were amplified in
5'- and 3'-RACE, respectively. Similarly, for Psod-1 and
Psod-3, a set of 0.62-bp and 0.52-bp fragments and of
0.46 -bp and 0. 45-bp fragments were obtained, respectively. Finally, we assembled 1, 093-bp, 1, 090-bp and
865-bp fragments for Psod-2, Psod-1 and Psod-3 cDNAs,
respectively. Figure 5 shows the nucleotide and deduced
amino acid sequences of P. inflexum CuZn-SOD cDNAs.
The deduced amino acid sequences for PSOD-2, PSOD-1
and PSOD-3 consisted of 204, 211 and 156 amino acid
residues, respectively. The mature PSOD-2 and PSOD-1
were estimated to have 154 residues by amino acid sequence alignments with other chloroplastic SODs.
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Fig. 6. Nucleotide sequence of P. inflexum chloroplastic genomic gene (Psod-2). The nucleotide sequence of 7,146 bp is
presented. The notation used is the same as in Figure 3.

Chloroplastic major CuZn-SOD genomic gene
(Psod-2). Amplification of the central region of Psod-2
was performed using gene-specific primers (POGLJ-F14
vs. POGLJ-B853). A fragment of 4.5 kb was obtained
and the whole region was sequenced by directional gene
walking after cloning into vector. At least three clones
were used for sequencing.
The sequences adjacent to the central region of the
gene were analyzed by the GenomeWalker DNA walking
method (Clontech) as described above. In the first walk to
find the adjacent sequence to 5'-end of the central
sequence of Psod-2 using the gene-specific primers
POCJ5GW1 and POCJ5GW2, we obtained only a 0.6-kb
fragment from the Stu I GenomeWalker library. To obtain a longer sequence, we conducted a second walk
using gene-specific primers derived from the first walk
sequence, POGWCJ5-2 and POGWCJ5-2N. Fragments

containing the upstream sequence of Psod-2, 3 kb and 1.8
kb, were obtained from the Dra I and Eco RV libraries,
respectively. Thus, the 1. 8-kb fragment was fully sequenced. The 3'-downstream sequences were found in a
0.7-kb fragment from the Pvu II library, 4 kb from the
Eco RV library, and 5 kb from the Stu I library. The
downstream sequence of 580 bp was analyzed with the 4kb fragment. Finally, we sequenced 7,146 bp for Psod-2
(Fig. 6).
Cytosolic CuZn-SOD genomic gene (Psod-3).
Amplification for the central sequence of Psod-3 with the
primer set POGY-F23 vs. POGY-B638 gave a DNA fragment of 3.6 kb. In spite of the effort to obtain more clones
for sequencing, only one clone was obtained by cloning.
Therefore, the base on the sequence of this clone, two
shorter fragments, 4.7 kb on the 5'-side and 1.9 kb on the
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Fig. 7. Nucleotide sequence of P. inflexum cytosolic genomic gene (Psod-3). The nucleotide sequence of 5, 583 bp is
presented. The notation used is the same as in Figure 3.

3'-side, that cover the whole 3.6-kb fragment were amplified from the genome using the primer sets POGY-F23
vs. POGY-B1742, and POGY-F1709 vs. POGY-B638,
respectively. Thus, the 3.6-kb sequence for the central
region of Psod-3 was analyzed using more than three
clones.
We found a 2.7-kb fragment containing the upstream
sequence adjacent to the central sequence from the Eco
RV GenomeWalker library using primers POCY5GW1
and POCY5GW2. A downstream DNA fragment of 3 kb
was obtained from the Eco RV library with primers
POCY3GW1 and POCY3GW2. We sequenced 1.7 kb in
the 3'-side region of the 2.7-kb upstream fragment and
0.5 kb in the 5'-side region of the 4-kb downstream
fragment. Finally, a 5,583-bp sequence in total for Psod-3
was characterized (Fig. 7).

DISCUSSION
cDNAs of higher plant CuZn-SODs have been
obtained from many sources, and data on the whole

genome of seed plants including Arabidopsis thaliana
and rice are also available in public databases. Furthermore, the number of whole genomes of higher plants that
have been completely sequenced is rapidly growing.
However, there is not as much sequence data available
for CuZn-SOD genes in lower plants; when we started
this analysis of CuZn-SOD genomic genes from ferns and
mosses, cDNA sequences had been reported only for
several mosses (Tanaka et al. 1998). In this work, we
characterized the cDNAs and genomic genes of CuZnSOD isoforms from the fern E. arvense and the moss P.
inflexum to clarify the response of SOD isoform genes to
environmental changes in the early phase of land plant
evolution. To the best of our knowledge, elucidation of
the structure of E. arvense genomic genes may be the first
instance for fern CuZn-SOD genes. Data on the whole
genome of the moss Physcomitrella patens (Rensing et
al. 2008) is available in a database.
Assignment of gene products of CuZn-SOD isoform
genes from E. arvense and P. inflexum. We found
three CuZn-SOD isoform genes in E. arvense by RT-
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Fig. 8. Phylogenetic tree of two chloroplastic CuZn-SOD genes of E. arvense, P. inflexum and P. patens with their
cytosolic genes. The 283-bp nucleotide sequences from the CuZn-SOD cDNAs of the fern and moss were aligned by the ClustalW
method. Since Esod-3 was a 283 bp DNA fragment, the other cDNAs were truncated to the same sizes for ClustalW comparison.
The phylogenic tree was constructed with the neighbor-joining method using a distance matrix of Kimura and bootstrapping of 1,000
replications. An unrooted tree is represented. The bootstrap values are indicated at each node.
chl, chloroplastic; cyt, cytosolic. Esod-1 (chl major) and Esod-3 (chl minor), E. arvense chloroplastic SOD genes; Psod-1 (chl
minor) and Psod-2 (chl major), P. inflexum chloroplastic SOD genes; P. patens (chl 85183) and P. patens (chl 63006), P. patens
chloroplastic SOD genes with protein IDs (http://genome.jgi-psf.org/Phypa1_1/Phypa1_1.home.html). Esod-2 (cyt) and Psod-3
(cyt), E. arvense and P. inflexum cytosolic SOD genes, respectively; P. patens (cyt 162557) and P. patens (cyt 176592); P. patens
cytosolic SOD genes with protein IDs.

PCR in accordance with the previous results of nativePAGE, in which three cyanide-sensitive activity bands
were identified to be CuZn-SOD (Kanematsu and Asada
1989). In the native-PAGE (see Fig. 1 and 7 in Kanematsu
and Asada 1989), the fast-moving band was ascribed to
chloroplastic CuZn-SOD by its purification. In the present work, it was confirmed that the purified chloroplastic
SOD is a gene product of Esod-1 (Fig. 1). The gene for
the cytosolic SOD corresponding to the middle band,
which was immunologically estimated, might be Esod-2.
The top band of CuZn-SOD activity may be derived from
Esod-3, the chloroplastic minor SOD gene, although the
band exhibited weak cross-reactivity with anti-spinach
cytosolic CuZn-SOD serum rather than with anti-spinach
chloroplastic SOD serum. However, we could not exclude the possibility that the translation of Esod-3 is
repressed and the activity of Esod-3 product is below the
limit of detection.
P. inflexum chloroplastic CuZn-SOD showed a major
activity band in native-PAGE and was immunologically
identified (Ueno and Kanematsu 2007). Therefore, this
SOD might be a product of Psod-2, a chloroplastic major
SOD gene. However, the separation of other SOD
isoforms was poor due to unknown reasons. Thus, assignment of the gene products of Psod-1 and Psod-3 was unsuccessful.
Occurrence of two chloroplastic CuZn-SOD genes

in ferns and mosses. Chloroplastic CuZn-SOD plays
an important role in the water-water cycle of chloroplasts,
where excess photon energy is dissipated through the
generation of superoxide, then disproportionation of
superoxide to hydrogen peroxide, and reduction of hydrogen peroxide to water by several enzymes including SOD
(Asada 2006). To facilitate the conversion of superoxide
to hydrogen peroxide, CuZn-SOD is weakly associated
with thylakoid membranes at the site of superoxide generation (Ogawa et al. 1995). Since the amino acid substitution rate in chloroplastic CuZn-SODs is slower than that
of cytosolic CuZn-SODs (Kanematsu and Asada 1990),
the chloroplastic CuZn-SOD seems to have remained
under pressure from the requirements for membrane
attachment, which is in accordance with the case of cytochrome c in mitochondria (Dickerson 1971).
As to chloroplastic CuZn-SOD, E. arvense and P.
inflexum contain two types of chloroplastic CuZn-SOD
gene, while higher plants contain one type of the gene.
Recent genome analysis of the moss Physcomitrella
patens (Rensing et al. 2008) also confirmed the presence
of two chloroplastic CuZn-SOD genes in addition to two
cytosolic SOD genes. Thus, it seems likely that ferns and
mosses possess two chloroplastic CuZn-SOD genes.
Phylogenetic analysis clearly showed that the two
chloroplastic SOD genes in each organism were
generated by gene duplication after separation of each
species in pteridophytes and bryophytes (Fig. 8). Since
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Fig. 9. Comparison of exon-intron structure of chloroplastic and cytosolic CuZn-SOD genes of E. arvense, P. inflexum
and Spirogyra. E. arvense Esod-1, chloroplastic major gene; E. arvense Esod-2, cytosolic gene; P. inflexum Psod-2, chloroplastic
major gene; P. inflexum Psod-3, cytosolic gene; Spirogyra sod-1, chloroplastic gene (AB098508, Kanematsu et al. 2010). The
exon number is indicated on each schematic drawing of the E. arvense chloroplastic and cytosolic CuZn-SOD genes. The solid line
shows the corresponding exon and the red line indicates merged exons. The stars in red indicate the introns that are absent in fern
and higher plant chloroplastic CuZn-SOD genes.

the seed plants contain only one type of chloroplastic
CuZn-SOD gene, duplication of the gene might not have
occurred during the divergence of spermatophytes. The
difference in physiological function of these isoforms in
chloroplasts is not known. However, it is interesting to
note that the rates of evolution of Psod-1 and Esod-3
were faster than those of Psod-2 and Esod-1 (Fig. 8),
indicating that the latter is associated with thylakoid
membrane.
Repeated sequences in exons of chloroplastic and
cytosolic CuZn-SOD genes of E. arvense. It is well
known that the chromosome numbers of ferns are
significantly larger than those of angiosperms (e. g.,
horsetail 2n = 216), although the number is not necessarily proportional to the size of genome. The length of
chloroplastic Esod-1 and cytosolic Esod-2 is three to four
times longer than those of Psod-2 and Psod-3, indicating
the presence of longer introns in the E. arvense genes. We
found the presence of highly repeated sequences in
several introns, and this causes the longer sequence of the
genes (Fig. 2). The repetitious region was composed of
mainly short tandem repeats. Neither LINE nor SINE was
observed in these areas. On the other hand, the repeated
sequences found in the introns of Esod-1 and Esod-2
were not detected in those of Psod-2 and Psod-3.
Comparison of exon-intron structure of chloroplastic and cytosolic CuZn-SOD genes from E. arvense

and P. inflexum. Chloroplastic Esod-1 and Psod-2 are
composed of eight and nine exons, respectively (Fig. 9).
The intron corresponding to the first one in Psod-2 is
absent in Esod-1, whereas the other exons of both the
genes are the same in respect of their length and splicing
sites. The exon-intron structure of Esod-1 is the same as
those of higher plants including maize chloroplastic
CuZn-SOD gene (Kanematsu and Fujita 2009). On the
contrary, the structure of Psod-2 resembles that of Spirogyra chloroplastic CuZn-SOD gene (Kanematsu et al.
2010) in terms of the splicing sites except the position of
the first intron (Fig. 9): the first intron is located in 5'UTR of Psod-2 whereas it is located in the coding region
for the transit peptide of the Spirogyra gene. Thus, the
deletion and insertion of an intron in the 5'-UTR and CDS
region might have been involved in the migration of the
insertion site of the first intron of algal and fern SOD
genes during their evolution. The two chloroplastic
CuZn-SOD genes of P. patens also contain an intron in
5'-UTR which corresponds to the first intron of Psod-2
(Rensing et al. 2008). However, in both the P. patens
genes the intron between exon 6 and 7 (termed P.
inflexum) is absent. Since the chloroplast genes of ferns
and higher plants contain the corresponding intron, this
intron might have been lost prior to duplication of the
chloroplastic gene in P. patens. On the other hand, the
exon-intron structures of cytosolic Esod-2 and Psod-3,
consisting of seven exons, are the same among mosses
and ferns (Fig. 9).
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Concluding remarks. To study the molecular
evolution of genes, it is important not only to align the
nucleic acid or amino acid sequences of target genes to
construct a phylogenetic tree but also to compare their
exon-intron structures, because in some cases, evolution
leaves its footprint in an exon-intron structure. In this
work, we characterized the cDNAs and genomic genes of
CuZn-SOD isoforms from ferns and mosses, and estimated their molecular evolution by analyzing their exonintron structures.
Chloroplastic and cytosolic CuZn-SOD genes are
paralogs: thus, when did they separate and how did they
evolve? Previously, we estimated that both genes had
diverged from a common ancestor, probably in an ancestor of prasinophyte algae, at a very early phase in the
divergence of streptophyte and chlorophyte algae
(Kanematsu et al. 2010). The exon-intron structure of the
prasinophyte algal chloroplastic CuZn-SOD gene (Ostreococcus lucimarinus) greatly differs from that of the
green algal SOD gene (Spirogyra). The former has two
introns in the CDS region while the latter has nine and
exhibits a similar structure to that of Psod-2, as revealed
by the present work. These results suggest that intron
acquisition by CuZn-SOD genes occurred mostly during
the evolution of prasinophytes and prior to separation to
the chloroplastic and cytosolic isoform genes.
From the present data, we propose the molecular
evolution of CuZn-SOD genes during the early phase of
land plant evolution as follows: after separation into
chloroplastic and cytosolic genes, which had a similar
exon-intron structure, both genes might have evolved
independently. In case of the chloroplastic gene, when
mosses appeared, the deletion and insertion of the first
intron occurred. Then, when ferns diverged, the first
intron was lost. Thereafter, the structure of ferns' genes
has been basically conserved in the higher plants. In the
case of the cytosolic gene, one intron in the CDS region
was removed, resulting in the merging of two exons when
mosses emerged (Fig. 9) and this structure has remained
up to those of seed plants.
We obtained sequence information for the promoter
regions of CuZn-SOD genes from ferns and mosses. The
regulation of the SOD genes upon environmental
stresses, with which organisms in the early phase of land
plant evolution adapted to the high ROS-producing
environment, remains to be elucidated.
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