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Abstract

Antioxidant metabolism protects cells from oxidative damage caused by reactive oxygen species (ROS). In plants,
several enzymes act jointly to maintain redox homeostasis. Moreover, isoform diversity contributes to the fine tuning
necessary for plant responses to both exogenous and endogenous signals influencing antioxidant metabolism. This
study aimed to provide a comprehensive view of the major classes of antioxidant enzymes in the woody species
Eucalyptus grandis. A careful survey of the FORESTs data bank revealed 36 clusters as encoding antioxidant
enzymes: six clusters encoding ascorbate peroxidase (APx) isozymes, three catalase (CAT) proteins, three
dehydroascorbate reductase (DHAR), two glutathione reductase (GR) isozymes, four monodehydroascorbate
reductase (MDHAR), six phospholipid hydroperoxide glutathione peroxidases (PhGPx), and 12 encoding
superoxide dismutases (SOD) isozymes. Phylogenetic analysis demonstrated that all clusters (identified herein)
grouped with previously characterized antioxidant enzymes, corroborating the analysis performed. With respect to
enzymes involved in the ascorbate-glutathione cycle, both cytosolic and chloroplastic isoforms were putatively
identified. These sequences were widely distributed among the different ESTs libraries indicating a broad gene
expression pattern. Overall, the data indicate the importance of antioxidant metabolism in eucalyptus.
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Introduction

The exploitation of oxygen reactivity by aerobic me-

tabolism provided a major advantage to aerobic organisms

in obtaining chemical energy from biological compounds

in a highly efficient manner. However, due to its chemical

nature, molecular oxygen often pursues univalent reduction

pathways. As a consequence, partially reduced oxygen in-

termediates, also known as reactive oxygen species -

(ROS), are produced in many metabolic reactions as by-

products (Scandalios, 2002; Fridovich, 1998). ROS can ox-

idize all major classes of biological molecules by triggering

peroxidative chain reactions, and by leading to oxidative

damage to a variety of cellular components. This oxidative

stress may ultimately cause cell death. However, ROS also

fulfill many important cellular functions. In plants, some of

the processes involved are regulation of gene expression,

cell cycle, programmed cell death, hypersensitive response,

and senescence (Bowler and Fluhr, 2000; Dat et al., 2000;

Jones, 2001; Scandalios, 2002).

Antioxidant metabolism evolved to maintain cell re-

dox homeostasis and to protect cells against the potentially

hazardous effects of ROS (Scandalios, 2002; Fridovich,

1998). Besides scavenging ROS produced during the regu-

lar metabolic processes, antioxidant metabolism also has a

major role in plant protection against stressful environmen-

tal conditions, which cause an increase in ROS production

and accumulation (Dat et al., 2000). Both enzymatic and

non-enzymatic components participate in various reactions

involved in ROS detoxification and damage repair. Many

antioxidant enzymes act jointly to keep a healthy cell redox

status at the different cellular compartments (Figure 1).

Among these, superoxide dismutases (SOD, EC 1.15.1.1)

constitute a frontline defense, by removing the radical

superoxide, O2
–. The resulting hydrogen peroxide, H2O2, is

further detoxified by catalases (CAT, EC 1.11.1.6). H2O2 is

also removed by the action of peroxidases, which require a

reducing substrate as an electron donor (Noctor and Foyer,

1998). In plants, among the reducing substrate dependent

peroxidases, ascorbate peroxidases (APx, EC 1.11.1.11)
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are the major enzymes involved in intracellular H2O2 re-

moval. These enzymes utilize ascorbate (Asc) as an elec-

tron donor. Compared to CAT, APx possess a higher

affinity towards H2O2, but have a lower processing rate

(Noctor and Foyer, 1998). Among damage repair systems,

phospholipid hydroperoxide glutathione peroxidases

(PhGPx, EC 1.11.1.12) have a prominent role in removal of

lipid peroxides produced by oxidation of biological mem-

branes (Eshdat et al., 1997).

APx catalyzes the first step of the ascorbate-gluta-

thione cycle, a major antioxidant route operating in plant

cells. In this cycle, ascorbate and glutathione are employed

as reducing power to detoxify H2O2. Oxidized ascorbate

and glutathione are not expended, but further rescued at the

expense of ATP and NAD(P)H (Figure 1). Besides APx,

monodehydroascorbate reductase (MDHAR, EC 1.6.5.4),

dehydroascorbate reductase (DHAR, EC 1.8.5.1), and

glutathione reductase (GR, EC 1.8.1.7) also catalyze im-

portant steps of this cycle (Alscher et al.., 1997; Noctor and

Foyer, 1998). The main role of the ascorbate-glutathione

cycle is chloroplast protection against oxidative damage,

although it also operates in the cytoplasm. It has also been

suggested that this cycle operates in other organelles such

as peroxisomes and mitochondria (Jiménez et al., 1997).

However, only circumstantial evidence has been presented

so far and further evidence is necessary to confirm this hy-

pothesis.

In plants, multigene families encode the major anti-

oxidant enzymes. This confers a great adaptive advantage

by allowing a differential regulation of each gene family

member in response to different endogenous (tissue and de-

velopmental) and exogenous (e.g., environmental) stimuli.

SOD, CAT, and APx families have been studied in some

detail in maize, arabidopsis, tobacco, and sugarcane (Wille-

kens et al., 1994; Jespersen et al., 1997; McClung, 1997;

Scandalios, 1997; Scandalios et al., 1997; Van Camp et al.,

1997; Netto, 2001; Shigeoka et al., 2002). The present

study aimed to provide a comprehensive analysis of the ma-

jor antioxidant enzymes encoding genes in a single plant

species, using a genome-based analysis of the woody spe-

cies Eucalyptus grandis. This study is part of the Brazilian

FORESTs project, whose goal is to decipher the expressed

genome of this plant. Besides understanding the underlying

mechanisms involved in cell redox homeostasis, the study

of antioxidant metabolism can aid in proposing new strate-

gies for plant and crop improvement to combat stressful

conditions.

Material and Methods

Retrieval of Eucalyptus sequences

Clusters encoding antioxidant enzymes in Eucalyptus

were identified by extensive searches using the TBLASTN

program (Altschul et al., 1990) against the FORESTs clus-

ter data bank (https://forests.esalq.usp.br/). Initially, pro-

tein sequences encoding antioxidant enzymes from

different organisms were recovered from the National Cen-

ter for Biotechnology Information (NCBI) data bank

(http://www.ncbi.nlm.nih.gov/) by keyword searches.

Then these sequences were used as probes in the

TBLASTN analyses. The resulting clusters with an E-value

lower than e-10 were analyzed individually by manual in-

spection of the six-frame translation products generated in

the BCM search launcher (http://searchlauncher.bcm.tmc.

edu/). The ProDom (http://prodes.toulouse.inra.fr/prodom/

current/html/home.php) and PROSITE (http://www.

expasy.org/prosite/) databases were used in the identifica-

tion of the clusters.

FORESTs clusters libraries

All Eucalyptus sequences used in this work were ob-

tained from the FORESTs project and are derived from

ESTs libraries specific to different tissues, organs, or

growth conditions (for detailed information see https://for-

ests.esalq.usp.br/).

Sequence alignments

Multiple sequence alignments were constructed us-

ing the program ClustalW 1.8 (Higgins and Sharp, 1988)

at the European Bioinformatics Institute server

(http://www.ebi. ac.uk/clustalw/). Protein sequence align-

ments were performed with the following parameters:

“Gap Opening penalty” = 10.0, “Gap Extension penalty”

= 0.05 and BLOSUM (Henikoff) protein weight matrices.

The multiple alignments were inspected by eye and edited

using GeneDoc program Version 2.6.002 (Nicholas et al.,

1997).

Phylogenetic constructions

The molecular evolutionary and phylogenetic analy-

ses were conducted using the software Molecular Evolu-

tionary Genetics Analysis (MEGA) Version 2.1 (Kumar et

al., 2001). The molecular distances of the aligned se-

quences were calculated according to the parameter of

p-distance, and the phylogenetic trees were constructed us-

ing the Neighbor-Joining method with pairwise deletion.

The phylogeny test used was the Interior Branch Test with

1000 Replications.
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Figure 1 - Reactive oxygen species (ROS) scavenging pathways in plants.

Not all reactions are depicted stoichiometrically. Abbreviation: APx -

Ascorbate peroxidase; CAT - Catalase; DHA - Dehydroascorbate; DHAR

- Dehydroascorbate reductase; MDHA - Monodehydroascorbate;

MDHAR - Monodehydroascorbate reductase; GR - Glutathione

reductase; GSH - Reduced glutathione; GSSG - Glutathione disulphide;

SOD - Superoxide dismutase.



Protein sequence analyses

The identification of putative transmembrane do-

mains was accomplished by using the SOSUI program Ver-

sion 1.0 (Hirokawa et al., 1998) present in the BCM search

launcher. Protein sorting and subcellular localization pre-

dictions were performed according to ProtComp program

Version 5 (http://www.softberry.com/) and PSORT soft-

ware Version 6.4 (http://psort.nibb.ac.jp/) (Nakai and Hor-

ton, 1999).

Results and Discussion

Identification of FORESTs antioxidant enzyme
clusters

In order to control the cellular level of ROS, plants

have evolved the antioxidant system that scavenge oxygen

free radicals and protect cells against oxidative damage

(Scandalios, 2002). Antioxidant enzymes and their corre-

sponding genes have been studied in many plants, although

no systematic study has been made to identify these en-

zymes in a single plant species. This work aimed to investi-

gate this issue by taking advantage of the FORESTs

database, which contains about 33,000 ESTs clusters dis-

tributed in several libraries. In order to identify Eucalyptus

antioxidant enzymes encoding genes, TBLASTN searches

in FORESTs clusters database were conducted using

aminoacid sequences of antioxidant enzymes from differ-

ent organisms, recovered from the NCBI data bank, as a

probe. The overall analysis, with a cut-off value of e-10, al-

lowed the identification of 116 different clusters, which

were analyzed individually. 36 Eucalyptus EST-clusters

highly similar to different classes of antioxidant enzyme

encoding genes were identified: six clusters encoding APx

isozymes, three CAT proteins, three DHAR, two GR

isozymes, four MDHAR, six PhGPx, and 12 encoding SOD

isozymes. Some of these clusters are incomplete and en-

code partial proteins. The clusters identified were used as

probes in the TBLASTN program against the NCBI protein

database and were analyzed by protein sorting prediction

and subcellular localization programs. Clusters accession

numbers in FORESTs database, BLAST results, and puta-

tive localization of protein products based on subcellular

localization prediction programs are summarized in Ta-

ble 1.

Eucalyptus superoxide dismutase gene family

Superoxide dismutases are ubiquitous enzymes that

catalyze the conversion of O2
– to H2O2 and are found in al-

most all oxygen-consuming organisms. They are classified

according to their metal cofactor: copper-zinc (Cu,Zn),

manganese (Mn) or iron (Fe). Mn-SODs are generally

found in mitochondria and Fe-SODs in chloroplasts. On the

other hand, cytosolic and chloroplastic Cu,Zn-SODs iso-

forms are broadly described (Scandalios, 1997). Extra-

cellular Cu,Zn-SODs are common in animals. In plants,

extracellular Cu,Zn-SOD with high isoelectric points were

described in pine (Karpinska et al., 2001) and in the hybrid

aspen (Schinkel et al., 2001).

Twelve Eucalyptus SOD encoding clusters were

identified. The phylogenetic and subcellular prediction

analyses revealed that two clusters correspond to putative

mitochondrial Mn-SOD and five encoding putative

chloroplastic Fe-SOD isoforms. Among the five clusters

encoding putative Cu,Zn-SOD, two are putative cytosolic

isoforms, two encode putative chloroplastic proteins, and

one cluster corresponds to a putative extracellular isoform

(Table 1 and Figure 2).

Surprisingly, we have identified a larger number of

Eucalyptus Fe-SOD genes in comparison to other plants.

Only one Fe-SOD isoform was described in tobacco (Van

Camp et al., 1997) and three were found in Arabidopsis

(Kliebenstein et al., 1998). Moreover, a cluster correspond-

ing to a putative extracellular Cu,Zn-SOD similar to the

high isoelectric point isoforms from pine and hybrid aspen

(Karpinska et al., 2001; Schinkel et al., 2001) was found in

the Eucalyptus FORESTs data bank (Figure 2). Thus, all

SOD isoforms described in plants were identified in Euca-

lyptus. To our knowledge, this is the largest SOD gene fam-

ily described so far.

A preliminary investigation was conducted into the

expression pattern of the SOD genes in Eucalyptus. Euca-

lyptus SOD isoforms are distributed in almost all FORESTs

libraries (Table 2). Three Fe-SOD chloroplastic encoding

clusters (EGCBSL4285B02.g, EGMCFB1066 G03.g, and

EGJFLV2207E09.g) and one corresponding to a

Cu,Zn-SOD cytosolic isoform (EGCCST6227F01.g) are

present in a single library. Moreover, two Fe-SOD isoforms

(EGEZRT3005F09.g and EGEQRT3100G07.b) were the

most frequent clusters found within the libraries. Taken to-

gether, the number of Eucalyptus clusters encoding SOD

and their large distribution in FORESTs ESTs libraries re-

veal the crucial role of these enzymes in ROS scavenging in

different tissues and growth conditions.

Catalase genes

Catalase plays a central role in the antioxidant de-

fense mechanisms and is found in a wide range of organ-

isms from aerobic bacteria to higher plants and animals.

Plant catalases are encoded by a small gene family, usually

three isozyme encoding genes in a single species, as previ-

ously described in maize (Scandalios, 1965), tobacco

(Havir and McHale, 1987; Willekens et al., 1994), cotton-

seed (Ni et al., 1990), Arabidopsis (Frugoli et al., 1996),

and rice (Iwamoto et al., 1998). These enzymes catalyze the

conversion of H2O2 to H2O and O2 and are preferentially

present in peroxisomes (Noctor and Foyer, 1998).

Similarly to those observed in other plants, we have

identified three Eucalyptus clusters encoding putative cata-

lases (Table 1). The subcellular localization prediction in-

dicates that these clusters encode putative peroxisomal
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Table 1 - Antioxidant enzyme encoding clusters in the FORESTs databank (1Incomplete clusters).

FOREST cluster Best Hit e-value Putative subcellular

localization

APx

EGEZLV2207C08.g T09125 - L-ascorbate peroxidase (EC 1.11.1.11) - spinach e-100 Cytosolic

EGEZRT4203A05.g AAD41404 - cytosolic ascorbate peroxidase [Fragaria x ananassa] e-116 Cytosolic

EGRFST6257D01.g CAA56340 - ascorbate peroxidase [Arabidopsis thaliana] e-105 Cytosolic

EGEZLV2203G08.g T09845 - L-ascorbate peroxidase (EC 1.11.1.11), glyoxysomal - upland cotton e-122 Peroxisome

EGEQFB1200E08.g BAA22196 - stromal ascorbate peroxidase [Cucurbita cv. Kurokawa Amakuri] e-154 Chloroplast

EGRFRT3023B08.g1 BAA78552 - thylakoid-bound ascorbate peroxidase [Nicotiana tabacum] 7e-89 Chloroplast

CAT

EGEQLV1201F10.g CAD42908 - catalase [Prunus persica] 0.0 Peroxisome

EGEQFB1001H11.g AAL83720 - catalase [Vitis vinifera] 0.0 Peroxisome/mb

EGEZLV1203E04.g O24339 - Catalase [Soldanella alpina] 0.0 Peroxisome

DHAR

EGEPFB1249A11.g AAL71857 - dehydroascorbate reductase [Nicotiana tabacum] 5e-84 Cytosolic

EGQHST6232H12.g1 NP_177662 - dehydroascorbate reductase, putative [Arabidopsis thaliana] 1e-28 Cytosolic

EGEZSL7225G03.g1 AAN04048 - dehydroascorbate reductase [Brassica juncea] 8e-61 Chloroplast

GR

EGEQRT3201H09.g Q43621 - Glutathione reductase, cytosolic (GR) 0.0 Cytosolic

EGEQRT6002D01.g1 P80461 - Glutathione reductase, chloroplast precursor (GR) e-126 Chloroplast

MDHAR

EGEZST2206C02.g CAC82727 - monodehydroascorbate reductase [Mesembryanthemum crystallinum] 0.0 Cytosolic

EGEQRT3201G06.g1 JU0182 - monodehydroascorbate reductase (NADH2) (EC 1.6.5.4) - cucumber 6e-98 Cytosolic

EGEZLV1202F11.g NP_189420 - monodehydroascorbate reductase, putative [Arabidopsis thaliana] 0.0 Membrane bound

EGSBRT3312H11.g1 NP_849839 - monodehydroascorbate reductase, putative [Arabidopsis thaliana] 0.0 Chloroplast

PHGPx

EGABSL1068A12.g NP_566128 - glutathione peroxidase, putative [Arabidopsis thaliana] 5e-70 Cytosolic

EGACRT3318G10.g S33618 - glutathione peroxidase (EC 1.11.1.9) - sweet orange 7e-76 Cytosolic

EGBFST7278B12.g NP_564813 - glutathione peroxidase, putative [Arabidopsis thaliana] 9e-69 Cytosolic

EGCCFB1223B07.g AAC78466 - glutathione peroxidase [Zantedeschia aethiopica] 2e-82 Chloroplast

EGEPFB1249H12.g NP_192897 - glutathione peroxidase, putative [Arabidopsis thaliana] 3e-78 Chloroplast

EGQHSL1102C02.g AAL40914 - phospholipid hydroperoxide glutathione peroxidase [Momordica charantia] 2e-79 Chloroplast

SOD

Iron

EGCBSL4285B02.g1 NP_197722 - superoxide dismutase [Fe] / iron superoxide dismutase 3 (FSD3) [Arabidopsis thaliana] 4e-70 Chloroplast

EGEZRT3005F09.g CAE22480 - superoxide dismutase [Fe] [Lycopersicon esculentum] 5e-83 Chloroplast

EGEQRT3100G07.b A39267 - superoxide dismutase (EC 1.15.1.1) (Fe) - curled-leaved tobacco 5e-73 Chloroplast

EGMCFB1066G03.g AAQ18699 - iron superoxide dismutase [Lycopersicon esculentum] 1e-62 Chloroplast

EGJFLV2207E09.g1 NP_199923 - superoxide dismutase [Fe], putative / iron superoxide dismutase [Arabidopsis thaliana] 3e-88 Chloroplast

Manganese

EGQHST2018D10.g P11796 - Superoxide dismutase [Mn], mitochondrial precursor 2e-99 Mitochondria

EGBFFB1039E04.b Q9SM64 - Superoxide dismutase [Mn], mitochondrial precursor e-106 Mitochondria

Copper/Zinc

EGCCST6227F01.g AAD01604 - cytoplasmic superoxide dismutase 1 [Populus tremuloides] 6e-60 Cytosolic

EGEQLV2200A04.g CAE54085 - superoxide dismutase [Fagus sylvatica] 3e-56 Cytosolic

EGBGRT3205E07.g CAC33847 - putative CuZn-superoxide dismutase [Populus tremula x Populus tremuloides] 2e-61 Extracellular - high pI

EGUTSL1027E08.g CAC33844 - putative CuZn-superoxide dismutase [Populus tremula x Populus tremuloides] 2e-64 Chloroplast

EGEQLV2003C09.g O65199 - Superoxide dismutase [Cu-Zn], chloroplast precursor 2e-54 Chloroplast

mb: membrane bound.
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Table 2 - Frequency of antioxidant enzymes encoding clusters in FORESTs libraries.

FORESTs cluster Library Total

BK1 CL1 CL2 FB1 LV1 LV2 LV3 RT3 RT6 SL1 SL4 SL5 SL6 SL7 SL8 ST2 ST6 ST7 WD2

APx

EGEZLV2207C08.g 1 2 2 2 1 8 - 1 1 5 2 1 - - 8 - 2 1 - 37

EGEZRT4203A05.g - 2 - - - 3 1 2 3 3 5 2 - 1 - 5 8 - 2 37

EGRFST6257D01.g - - - - - - - 1 - - - - 1 2 - 1 1 - - 6

EGEZLV2203G08.g - 2 - 3 - 3 3 - 1 3 2 - - - - 2 - - - 19

EGEQFB1200E08.g - 1 - 4 - 1 - - 3 - 4 1 - - - 1 - - - 15

EGRFRT3023B08.g - 2 1 1 - - - 3 - - 1 - - - - 3 1 - - 12

CAT

EGEQLV1201F10.g - 2 2 2 6 7 16 1 - 9 15 9 1 1 3 1 - - - 75

EGEQFB1001H11.g 5 90 9 17 - 4 9 41 31 16 61 23 8 15 20 34 50 14 11 458

EGEZLV1203E04.g - 2 2 4 1 1 1 3 2 3 - 5 - 3 2 1 3 1 3 37

DHAR

EGEPFB1249A11.g - - - 1 - 4 - - 3 - - - - - - - - - 1 9

EGQHST6232H12.g - - - - - - - - - - - - - - - - - 1 - 1

EGEZSL7225G03.g - - - - - - - - - - 1 - - 1 - - - - - 2

GR

EGEQRT3201H09.g - - - - - - - 2 4 2 2 - - 1 - 2 2 - 3 18

EGEQRT6002D01.g - - - - - - - - 1 - - - - - - 1 - - - 2

MDHAR

EGEZST2206C02.g 2 6 - 1 - 2 2 3 4 1 10 4 1 3 - 8 12 - 3 62

EGEQRT3201G06.g - - - - - - 2 1 1 2 - - 1 - - - 1 - 2 10

EGEZLV1202F11.g - 1 - 1 1 2 1 2 - 4 2 1 - 1 - - - - - 16

EGSBRT3312H11.g - - - - - - - 6 1 - 2 1 - - - - 1 - - 11

PHGPx

EGABSL1068A12.g - - - - - - - 1 1 2 - - - - - - - - - 4

EGACRT3318G10.g - - 1 1 - 4 - 1 - - - 1 - - - - - - - 8

EGBFST7278B12.g - - - - - - - - - - - - - - - - - 1 - 1

EGCCFB1223B07.g - 1 - 4 - - - 1 - - - 1 1 - - - - - - 8

EGEPFB1249H12.g - 4 3 2 - 3 - - 1 2 1 - - - - 3 1 - - 20

EGQHSL1102C02.g - - - - - - - - - 2 - 3 - - - - 2 - - 7

SOD

Iron

EGCBSL4285B02.g - - - - - - - - - - 1 - - - - - - - - 1

EGEZRT3005F09.g - 4 1 - - 1 4 6 2 2 - - - 1 - - - 3 - 24

EGEQRT3100G07.b - 19 1 - - - 3 5 2 1 1 - - - - - 1 3 - 36

EGMCFB1066G03.g - - - 1 - - - - - - - - - - - - - - - 1

EGJFLV2207E09.g - - - - - 1 - - - - - - - - - - - - - 1

Manganese

EGQHST2018D10.g - 5 - - - - - - - - - 2 - - - 4 - - 1 12

EGBFFB1039E04.b - - - 7 - - - - 3 1 - - - - 1 1 1 - 1 15

Copper/Zinc

EGCCST6227F01.g - - - - - - - - - - - - - - - - 1 - - 1

EGEQLV2200A04.g - - - 3 - 4 - - - - 2 - - 2 - - - - 1 12

EGBGRT3205E07.g - - - 1 - - - 1 - 1 - - - - - - - - - 3

EGUTSL1027E08.g - - - - - 3 - - - 3 2 - - - - - - - - 8

EGEQLV2003C09.g - - - - - 4 - - - 1 - - - - 1 2 - - - 8

Total number of reads

of each library

1052 9998 2535 12275 678 7352 4341 13252 6877 6182 6718 7165 1217 4120 2035 11032 12558 2728 10224 122339



proteins. Additionally, the cluster EGEQFB1001H11.g

harbors a putative hydrophobic transmembrane domain

suggesting that this protein is attached to the peroxisome

membrane. The phylogenetic analysis shows Eucalyptus

CAT encoding clusters grouping with other catalase pro-

teins (Figure 3), corroborating the initial prediction. The

yeast cytochrome-c peroxidase (accession number NP

012992) was included in the phylogenetic analysis as out-

group.

CAT Eucalyptus transcripts are represented in almost

all FORESTs libraries (Table 2). When compared to other

antioxidant enzymes, CAT encoding clusters present a

larger difference of frequency and are the most represented

class of antioxidant enzyme encoding clusters in different

FORESTs libraries. Besides being the most expressed clus-

ter among the antioxidant enzymes encoding clusters iden-

tified herein, the cluster EGEQFB1001H11.g was also the

second most expressed cluster among all clusters present in

FORESTs database. Altogether, these results demonstrate

the major importance of catalases in Eucalyptus antioxi-

dant metabolism.

Eucalyptus ascorbate-glutathione cycle

Tight control of cellular H2O2 levels is important to

avoid oxidative damage of cellular components and to

maintain the regulation of various cell responses. The

ascorbate-glutathione cycle comprises several reactions

that result in the scavenging of H2O2, using the reducing

power of ascorbate and glutathione (Figure 1). APx,

MDHAR, DHAR, and GR catalyze key steps of this cycle

(Noctor and Foyer, 1998). We identified 15 Eucalyptus

clusters encoding enzymes of the ascorbate-glutathione cy-

cle (Table 1).

Eucalyptus clusters encoding APx were analyzed by

subcellular localization prediction programs. Among the

six isoforms, three were putatively identified as cytosolic

clusters, one as a putative peroxisomal protein, and two pu-

tatively associated with chloroplasts (Table 1). The phylo-

genetic analysis presented in Figure 4 corroborates the

initial prediction of the subcellular localization of the APx

in Eucalyptus. The closely related yeast cytochrome-c

peroxidase (accession number NP012992) was included in

the phylogenetic analysis as an out-group (Patterson and

Poulos, 1995).

The putative peroxisomal Eucalyptus APx (EGEZLV

2203G08.g) harbors a hydrophobic transmembrane do-

main, adjacent to a conserved positively charged 5-residue

domain at the C-terminal, previously described in cotton-

534 Teixeira et al.

Figure 2 - Phylogenetic tree of SOD proteins. Phylogenetic analyses were

conducted using the software MEGA Version 2.1. Molecular distances

were calculated using the parameter of p-distance, and the trees were con-

structed using the Neighbor-Joining method with pairwise deletion. The

test of phylogeny used was the Interior Branch Test with 1000 replica-

tions. Confidence test values 90% are shown. Protein sequences are identi-

fied by their accession number at NCBI.

Figure 3 - Phylogenetic tree of CAT proteins. Phylogenetic analyses were

conducted as described in Figure 2.



seed peroxisomal APx isoform (Mullen and Trelease,

2000). Similarly, the eucalyptus putative chloroplastic

isoforms encoded by clusters EGEQFB1200E08.g and

EGRFRT3023B08.g are preceded by an N-terminal exten-

sion region characteristic of chloroplastic sorting peptide

sequences, which is processed in mature chloroplastic pro-

teins (Madhusudhan et al., 2003). Although cluster

EGEQFB1200E08.g encodes a putative stromal isoform,

no final conclusion can be made about cluster

EGRFRT3023B08.g subcellular localization, since this is a

3’-incomplete cluster.

In the second step of the ascorbate-glutathione cycle,

MDHAR catalyzes the reduction of monodehydro-

ascorbate radicals to ascorbate using NAD(P)H as the elec-

tron donor (Hossain et al., 1998) (Figure 1). MDHAR

cDNAs were cloned from cucumber (Sano and Asada,

1994), garden pea (Murthy and Zilinskas, 1994),

Arabidopsis (Obara et al., 2002), and tomato (Grantz et al.,

1995). Four Eucalyptus clusters were identified as encod-

ing MDHAR isoforms. Phylogenetic and subcellular pre-

diction analyses showed that two clusters correspond to

putative cytosolic isoforms, one to a membrane-bound

isoform, and one encodes a putative chloroplastic isoform

(Table 1 and Figure 5). An N-terminal chloroplastic sorting

peptide sequence present in a MDHAR chloroplastic

isoform was previously described in Arabidopsis thaliana

(Obara et al., 2002). Unfortunately, cluster

EGSBRT3312H11.g, which encodes a putative

chloroplastic isoform, is 5’-incomplete and the N-terminus

of its protein is absent. The analysis of the phylogenetic tree

(Figure 5) clearly shows the clustering of five proteins con-

taining one or more putative transmembrane domains. This

group is more closely related to the cytosolic isoforms

when compared to the chloroplastic isoforms. In fact, the

membrane bound branch grouped with the cytosolic

branch. Unfortunately, no component of the mem-

brane-bound group was previously characterized in relation

to its subcellular localization. However, the phylogenetic

tree shows high interior branch test values (Figure 5).

DHAR catalyzes the reduction of dehydroascorbate

to ascorbate, using glutathione as reducing substrate (Fig-

ure 1). Cytosolic DHAR encoding cDNAs from wheat,

rice, tomato, and arabidopsis, and chloroplastic cDNAs

from spinach were previously described (Chen et al.,

2003; Shimaoka et al., 2000). We have identified three

Eucalyptus clusters encoding DHAR isoforms, but two of

them do not represent full-length transcripts. Subcellular

prediction and phylogenetic analyses show that two clus-

ters encode putative cytosolic isoforms and the third one

encodes a putative chloroplastic isoform (Table 1 and Fig-

ure 6). The A. thaliana glutathione S-transferase protein

(accession number NP198937) was included in the phylo-

genetic analysis as an out-group. The two Eucalyptus

cytosolic DHAR encoding clusters (EGEPFB1249A11.g

and EGQHST6232 H12.g) grouped with previously de-

scribed DHAR cytosolic isoforms (Figure 6). Similarly,

the chloroplastic encoding cluster (EGEZSL7225G03.g)

also grouped with previously described chloroplastic

isoforms. Moreover, the putative chloroplastic protein de-
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Figure 4 - Phylogenetic tree of APx proteins. Phylogenetic analyses were

conducted as described in Figure 2.

Figure 5 - Phylogenetic tree of MDHAR proteins. Phylogenetic analyses

were conducted as described in Figure 2.



duced from this cluster harbors an N-terminal extension

region characteristic of chloroplastic sorting peptide se-

quences, which is 65% similar to the spinach chloroplastic

isoform sequence previously described (Shimaoka et al.,

2000).

In the final step of the ascorbate-glutathione cycle,

GR catalyzes the regeneration of glutathione disulphide to

glutathione, using NADPH as the electron donor (Fig-

ure 1). The cDNAs corresponding to cytosolic GRs from

pea (Stevens et al., 1997) and Brassica rapa (Lee et al.,

1998), and chloroplastic GR cDNAs from pea (Creissen et

al., 1995) and Arabidopsis (Kubo et al., 1993) were previ-

ously reported. May and Soll (2000) proposed that the

N-terminal sorting peptide present in the chloroplastic GR

isoforms may interact with 14-3-3 proteins, leading them

to chloroplast translocation. Two clusters encoding GR

were identified in FORESTs database (Table 1). Both

phylogenetic (Figure 7) and subcellular prediction analy-

ses indicate that the complete cluster EGEQRT3201

H09.g encodes a putative cytosolic isoform. On the other

hand, the 3’-incomplete cluster EGEQRT6002D01.g cor-

responds to a potential chloroplastic isoform and is pre-

ceded by a putative N-terminal chloroplastic sorting

peptide similar to that found in pea chloroplastic GR (ac-

cession number P27456). The A. thaliana thioredoxin

reductase protein (accession number NP195271) was in-

cluded in the phylogenetic analysis as an out-group (Fig-

ure 7).

The ascorbate-glutathione cycle is particularly im-

portant for the maintenance of chloroplast redox homeosta-

sis. Likewise, this cycle also operates in the cytoplasm

(Alscher et al., 1997; Noctor and Foyer, 1998). We identi-

fied Eucalyptus clusters encoding cytosolic and chloroplast

isoforms for all enzymes that catalyze key steps of the cycle

(Table 1). Additionally, the structure of all phylogenetic

trees reveals a clear divergence between chloroplastic and

non-chloroplastic isoforms (Figure 4 to 7). Two main

groups are distinguished and show high Interior Branch

Test values. One group includes all proteins localized or

predicted to be in the chloroplast. Proteins that are not

sorted to the chloroplast are grouped in a second branch,

formed by proteins localized or predicted as soluble in the

cell cytosol or anchored to membranes. These results con-

firm the presence of a complete ascorbate-glutathione cycle

in both Eucalyptus cytosol and chloroplasts.

As a preliminary investigation of the expression pat-

tern of the genes described here, the different ESTs libraries

that were constructed for the FORESTs project were ana-

lyzed for the presence of those clusters. The distribution

and frequency of each cluster is presented in Table 2. No

clear distribution pattern of the clusters encoding

ascorbate-glutathione cycle enzymes was observed. A clus-

ter encoding a putative cytosolic DHAR isoform

(EGQHST6232H12.g) is the only one present in a single li-

brary (Table 2). In general, the cytosolic isoforms of the

different enzymes that participate in this cycle were more

frequently represented in the libraries than the chloroplastic

isoforms. Furthermore, a higher number of clusters encod-

ing putative cytosolic isoforms was observed in compari-

son to the chloroplastic ones. Taken together, the results

may indicate an important role of the cytosolic cycle in the

control of ROS levels in Eucalyptus.
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Figure 6 - Phylogenetic tree of DHAR proteins. Phylogenetic analyses

were conducted as described in Figure 2.

Figure 7 - Phylogenetic tree of GR proteins. Phylogenetic analyses were

conducted as described in Figure 2.

Figure 8 - Phylogenetic tree of PhGPx proteins. Phylogenetic analyses

were conducted as described in Figure 2.



Phospholipid glutathione peroxidase clusters

Phospholipid hydroperoxide glutathione peroxidases

catalyze the reduction of lipid hydroperoxides to alcohol

using glutathione as the electron donor. A cytosolic PhGPx

encoding cDNA from tomato (Depège et al., 1998) and

chloroplastic PhGPx encoding cDNAs from pea and

Arabidopsis (Mullineaux et al., 1998) were previously re-

ported. Furthermore, citrus PhGPx has been purified and

the enzyme activity has been determined (Beeor-Tzahar et

al., 1995). We have identified six Eucalyptus clusters en-

coding PhGPx. The subcellular prediction analysis indi-

cates that three of them encode putative cytosolic isoforms

and three correspond to putative chloroplastic isoforms

(Table 1). Therefore, the Eucalyptus PhGPx is the largest

phospholipid hydroperoxide glutathione peroxidase gene

family reported for plants. The N-terminal section of the

putative chloroplastic isoforms encodes a recognizable

chloroplast transit peptide, similar to those found in pea and

Arabidopsis chloroplastic PhGPx (Mullineaux et al.,

1998). The PhGPx phylogenetic tree confirms the predic-

tion that these clusters encode putative PhGPx, since the

Eucalyptus isoforms grouped with other previously de-

scribed PhGPx proteins (Figure 8). Rice ascorbate

peroxidase (accession number BAA08264) and glutathione

S-transferase (accession number T02765) were included in

the phylogenetic analysis as out-groups.

The PhGPx clusters distribution among the FOR-

ESTs libraries are described in Table 2. The most frequent

PhPGx cluster among the libraries corresponds to a puta-

tive chloroplastic isoform (EGEPFB1249H12.g). In fact,

the putative chloroplastic PhGPx-encoding clusters are

more represented than the cytosolic ones.

Conclusions

The data discussed here may contribute to the under-

standing of the role of different genes of the antioxidant

metabolism in plants. Our results reveal the presence of a

complete ascorbate-glutathione cycle in the two Eucalyptus

cell compartments, cytosol and chloroplasts.Also, some

particularities specific to this plant were observed: the large

gene family encoding PhGPx and the broad expression of

SOD isoforms, suggesting the crucial role of these enzymes

in ROS scavenging. Our results also indicate a major im-

portance of catalases in Eucalyptus antioxidant metabo-

lism.

The in silico preliminary expression analyses indicate

that a comprehensive study of antioxidant gene expression

should provide new insights into the role of the biological

diversity of antioxidant enzymes in Eucalyptus, as revealed

in this study.
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