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Abstract

Antioxidant enzymes protect cells against oxidative stress and are associated

with stress tolerance and longevity. In animals, variation in their activities has

been shown to relate to species ecology, but in plants, comparative studies with

wild species are rare. We investigated activities of five antioxidant enzymes –
ascorbate peroxidase (APX), catalase (CAT), glutathione reductase (GR), perox-

idase (POX), and superoxide dismutase (SOD) – in roots of four perennial

graminoid wetland species over a growing season to find out whether differ-

ences in root turnover or habitat preferences would be associated with variation

in seasonal patterns of antioxidant enzyme activities. The investigated species

differ in their root turnover strategies (fine roots senesce in the fall or fine roots

survive the winter) and habitat preferences (nutrient-poor vs. productive wet-

lands). Roots were collected both in the field and from garden-grown plants.

Antioxidant enzyme activities were higher and lipid peroxidation rates lower in

species with annual root systems, and for species of the nutrient-poor wetland,

compared with perennial roots and species of productive wetlands, respectively.

There was variation in the activities of individual antioxidant enzymes, but dis-

criminant analyses with all enzymes revealed a clear picture, indicating consis-

tent associations of antioxidant enzyme activities with the type of root turnover

strategy and with the preferred habitat. We conclude that antioxidant enzyme

activities in plant roots are associated with the species’ ecological strategies and

can be used as traits for the characterization of the species’ position along plant

economics spectrum.

Introduction

The ecological significance of antioxidant enzymes is

increasingly being acknowledged in ecological literature

(McGraw et al. 2010). These enzymes are important not

only for efficient scavenging of reactive oxygen species

(ROS) formed as consequence of the diurnal metabolic

activities (Van Breusegem et al. 2008), but also in context

of stress tolerance of an organism. To date, there are sev-

eral reports indicating the importance of active antioxi-

dant enzyme defense in plants that is associated with

physiological responses and genetic adaptations to stresses

such as drought (T€urkan et al. 2005), cold (Chen et al.

2006), waterlogging (Sairam et al. 2011), salinity (Bor

et al. 2003), light (Streb et al. 1997), high temperatures

(Banowetz et al. 2007), P-deficiency (Kandlbinder et al.

2004), toxic metals (Giannakoula et al. 2010), and air pol-

lution (Barnes et al. 1999). Antioxidant enzymes are also

associated with the life span of an organism, cumulative

oxidative damage being one of the major causes underly-

ing aging process (Harman 1956; Buttemer et al. 2010). In

Drosophila, longevity has been associated with high levels

of antioxidant enzyme activity (Orr and Sohal 1994), and

in annual plants, such as Arabidopsis or corn, longevity

has been shown to be positively associated with resistance

to oxidative stress (Kurepa et al. 1998; Proch�azkov�a et al.

2001; Woo et al. 2004). In plants, aging usually refers to

the process of senescence (Thomas 2013), during which

the activities of antioxidant enzymes can show different

temporal patterns such as an initial increase followed by a

decrease, a continuous decrease, or a continuous increase

(Proch�azkov�a and Wilhelmov�a 2007).
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Among animal taxa variations in stress-induced levels of

antioxidant enzyme activities are often related to life-his-

tory trade-offs and used to explain ecological patterns

(Costantini et al. 2010). However, in plants, the majority

of research has been carried out with crop plants, annual

model species such as Arabidopsis, or trees, often address-

ing genotypic differences in tolerance to environmental

stresses. Some work has been performed with extremely

stress-tolerant natural species such as plants growing in hot

springs (Banowetz et al. 2007) or resurrection plants able

to withstand total desiccation (Vicr�e et al. 2004; Veljovic-

Jovanovic et al. 2006), and it has been shown that higher

constituent and induced levels of antioxidant enzyme

activities are important for plant survival and growth in

harsh environments (Bor et al. 2003; €Ozkur et al. 2009).

However, comparative studies in this context with wild

plants are rare. Zhou and Zhao (2004) found that among

four alpine forage grass species, antioxidant enzyme levels

generally increase at the onset of the cold season, but the

responses were enzyme- and species-specific.

The purpose of the present work is to investigate to

what extent antioxidant enzyme patterns reflect plant

functional types differing in seasonal patterns of root

mortality and to what extent they reflect the characteristic

environment of the species. Graminoid species of temper-

ate wetlands provide a good opportunity for such com-

parisons, as they combine as a group consistent growth

form with wide functional variety (Vernescu and Ryser

2009), occurrence in ecologically contrasting habitats, and

strong seasonal patterns in their growth (Bernard and Fitz

1979). Roots of most graminoid species in Northern

Ontario wetlands are perennial and show only low mor-

tality during the winter, but roots of some species show

annual dieback at the end of the growing season (Ryser

and Kamminga 2009). Roots of these species die before

the onset of tissue-killing frosts; hence, the dieback has to

be regarded as the plant’s response to environmental cues,

similarly to leaf senescence of deciduous trees. However,

it is not clear whether root death can be regarded as pro-

grammed senescence. Fisher et al. (2002) did not find any

evidence for this in Phaseolus vulgaris, which is an annual

plant with terminal senescence, whereas Freschet et al.

(2010) found evidence of nutrient remobilization in dying

fine roots of subarctic perennial species. In northeastern

Ontario, species with overwintering roots and species with

root dieback in the fall can be found both in productive

and in nutrient-poor wetlands.

In order to investigate the association between root

antioxidant enzyme activities and root turnover strategies,

we compare four species over a growing season: Two spe-

cies – Sparganium androcladum (Engelmann) Morong

and Rhynchospora alba L. – with roots which senesce in

the fall, and two species – Scirpus microcarpus J. Presl and

C. Presl and Carex exilis Dewey – with perennial roots,

one species of each root type characteristic of nutrient-

poor wetlands and one species characteristic of productive

wetlands (Fig. A1). Seasonal measurements were taken on

field-grown plants, but as antioxidant enzyme activities

are influenced by environmental conditions, we also con-

ducted a common garden experiment to test for existence

of inherent interspecific differences in patterns of antioxi-

dant enzyme activity. As there is indication in the litera-

ture that longevity is positively associated with

antioxidant enzyme activity, we hypothesized that roots

which survive the winter have constitutively higher anti-

oxidant enzyme levels, and that toward the end of the

season antioxidant enzyme activity would decrease in

senescing roots, but increase in the roots which survive

the winter.

Among birds, it has been shown that correlations

among different antioxidant enzymes show large ecologi-

cal heterogeneity indicating that conceptualization of sin-

gle antioxidant enzymes may be too simplistic, and it has

been suggested that ecological studies examining antioxi-

dant function should simultaneously use measures of

multiple variables (Cohen & McGraw 2009). Hence,

besides investigating the five studied antioxidant enzymes

separately, we also analyzed the interspecific differences in

the enzyme activities with a discriminant analysis using

the combinations of all the five measured antioxidant

enzymes.

Materials and Methods

Plant material and harvests

Four perennial monocotyledonous graminoid wetland

species with contrasting root life spans were used in this

study: Sparganium androcladum and Rhynchospora alba

have root systems with a complete mortality in the fall,

whereas Scirpus microcarpus and Carex exilis roots mostly

survive the winter (Ryser and Kamminga 2009; Peter

Ryser, personal observations). Leaves of all four species

senescence for the winter, green leaves being present from

mid May to October. R. alba overwinters as bulbils,

S. androcladum as rhizomes. R. alba and C. exilis were

collected along a creek running through a floating fen

50 km northwest of Sudbury (46°41049.27″N,
81°32057.20″W; 420 m a.s.l.), S. androcladum in a pro-

ductive marsh along a creek (46°24022″N, 80°52036″W;

240 m a.s.l.) and S. microcarpus in a productive swamp

(46° 210 32″N, 80°490 44″W; 220 m a.s.l.), 13 and 20 km

southeast of Sudbury, respectively. The substrate in which

the roots were growing was for R. alba sphagnum peat,

for C. exilis peat and loose organic debris, for S. androcl-

adum soft mud and for S. microcarpus clay.
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Field-grown plants were harvested on three occasions

over the season. The first harvest was conducted on 17

May 2012 for S. androcladum and S. microcarpus, and due

to slower spring growth of plants in the fen, on 5 June for

R. alba and C. exilis. The second and third harvests were

conducted for R. alba and C. exilis on 22 August and 17

September, and for S. androcladum and S. microcarpus on

24 August and 19 September. The study period was frost-

free (Fig. 1). Additionally, potted plants grown in an

experimental garden were harvested on 20–21 June. For

the garden experiment, R. alba bulbils were planted on 30

April in a greenhouse in trays filled with peat and trans-

planted on 14 May in 5-liter (20 cm diameter) pots filled

with a mixture of peat and 1.6% composted sheep man-

ure. For the other species, tillers were directly transplanted

in the pots on 28 May. The pots were located outdoors in

pools filled with 10–20 cm ground water.

Sparganium androcladum roots were washed out of the

mud in the field and stored on dry ice (first harvest) or

ice (second and third harvest) for the transport to the

laboratory. Roots of the S. microcarpus (clay) and R. alba

(sphagnum peat of a floating fen) were harvested in the

laboratory from two or three monoliths collected in the

field and transported to the laboratory on ice. C. exilis

grew as large tussocks at the edge of a creek running

through a floating fen, and the roots were growing in

loose organic debris. Parts of the large tussocks were cut

with a knife, pulled out of the water and transported to

the laboratory on ice for root collection. All collected

roots were then frozen in liquid nitrogen and stored in a

freezer (�75°C) until the analyses. For collection, roots of

the current year’s production were used, recognized by

the white color of at least of the root tips.

Eight replicate samples were analyzed for each species

in each harvest. An exception was SOD, where due to

lack of material only 3–5 replicate samples were analyzed

per species and harvest.

Lipid peroxidation

The level of lipid peroxidation in root samples was deter-

mined according to Madhava Rao and Sresty (2000) by

measuring malondialdehyde (MDA) content which is the

end product of lipid peroxidation. Root samples (0.1 g)

were homogenized in 0.1% trichloroacetic acid (TCA).

The homogenate was centrifuged at 10,000 g for 5 min at

4°C and 1 mL 0.5% thiobarbituric acid (TBA) in 20% tri-

chloroacetic acid (TCA) was added to 250-lL aliquot of

the supernatant. The mixture was incubated at 95°C for

30 min and then cooled in ice bath. The mixture was then

centrifuged at 10,000 g for 15 min at 4°C. The MDA con-

tent was calculated from the absorbance measured at

532 nm (correction for unspecific turbidity was performed

by subtracting the absorbance at 600 nm from this value)

using extinction coefficient of 155 mmol�1 cm�1 and

expressed as nmol MDA g�1 FW.

Enzyme analysis

All analyses were performed at 4°C. For protein and

enzyme extractions, root samples (0.5 g) were homoge-

nized in 0.05 M sodium phosphate buffer (pH 7.8)

containing 1 mM EDTA.Na2 and 2% (w/v) polyvinylpoly-

pyrrolidone (PVPP). Homogenates were centrifuged at

14,000 g for 30 min at 4°C, and supernatant was used for

protein content and SOD, POX, APX, GR, and CAT

enzyme activity assays. Total soluble protein contents

were determined according to Bradford (1976) using

bovine serum albumin as a standard. All spectrophoto-

metric analyses were conducted on an UV Visible Cary

100 Bio.

Superoxide dismutase (SOD; EC 1.15.1.1) activity was

assayed according to the method of Beauchamp and

Fridovich (1971), which measures the inhibition in the

photochemical reduction in nitroblue tetrazolium (NBT)

Figure 1. Hourly air temperature at Sudbury Airport from 1 May to 30 September 2012. Harvests are indicated with filled triangles: first field

harvest on 17 May and 5 June, second field harvest on 22 and 24 August, third field harvest on 17 and 19 September for the two sites,

respectively, and the garden harvest 20 June. All study sites are located within 50 km of the measuring station. Measurement by Environment

Canada (http://www.climate.weather.gc.ca).
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spectrophotometrically at 560 nm. One unit of enzyme

activity was defined as the quantity of SOD required to

produce a 50% inhibition of reduction in NBT. The reac-

tion mixture contained 50 mM Na-phosphate buffer (pH

7.8), 33 mM NBT, 10 mM L-methionine, 0.66 mM

EDTA, and 0.0033 mM riboflavin. Reactions were carried

out at 25°C, under light intensity of about

300 lmol m�2 s�1 through 10 min.

Peroxidase (POX; EC 1.11.1.7) activity was determined

according to the method of Herzog and Fahimi (1973).

The reaction mixture contained 3,3‘-diaminobenzidine-

tetrahydrochloride dihydrate (DAB) solution containing

0.1% (w/v) gelatine, 150 mM Na-phosphate-citrate buffer

(pH 4.4), and 0.6% H2O2. The increase in the absor-

bance at 465 nm was monitored for 3 min. One enzyme

unit was defined as lmol mL�1 H2O2 decomposed per

min.

Ascorbate peroxidase (APX; EC 1.11.1.11) activity was

determined according to Nakano and Asada (1981). The

assay depends on the decrease in absorbance at 290 nm

as ascorbate was oxidized (extinction coefficient of

2.8 mM�1 cm�1). The reaction mixture contains 50 mM

Na-phosphate buffer (pH 7.0), 0.5 mM Ascorbate,

0.1 mM EDTA Na2, and 1.2 mM H2O2. One enzyme unit

is defined as mmol mL�1 oxidized ascorbate per min.

Catalase (CAT; EC 1.11.1.6) enzyme activity was deter-

mined according to Bergmeyer (1970), which measures

the decline in the absorbance of H2O2 at 240 nm. Reac-

tion mixture contained 0.05 M Na-phosphate buffer (pH

7.0) with 1 mM EDTA and 3% H2O2. Decrease in the

absorption was followed for 3 min and lmol H2O2

destroyed per min was defined as one enzyme unit.

Glutathione reductase (GR; EC 1.6.4.2) activity was

quantified according to the method of Foyer and Halli-

well (1976), which depends on the rate of decrease in the

absorbance of oxidized glutathione (GSSG) at 340 nm.

Reaction mixture contained 25 mM Na-phosphate buffer

(pH 7.8), 5 mM GSSG, 1.2 mM NADPH.Na4. Activity of

GR was calculated from reduction in GSSG level

using extinction coefficient 6.2 mM�1 cm�1. One enzyme

unit was defined as lmol mL�1 oxidized GSSG per min.

Root vitality

Root vitality was determined after vital staining with tri-

phenyltetrazolium chloride (TTC; Larcher 1969). Roots

were cut into 10- to 15-mm pieces and incubated at 30°C
in 0.3 (w/v) TTC and 10 mM glucose solution for 36–
48 h. Water-insoluble red formazan, formed from the

reduction in TTC by dehydrogenase enzymes (Ruf and

Brunner 2003) turns living roots red or pink, the percent-

age of which was determined from 100 roots per plant

crossing grid lines when spread on a petri dish.

Statistical analyses

Statistical analyses were conducted with SyStat 5.2.2 for

MacIntosh and SyStat 12. To attain normality, antioxi-

dant enzyme and MDA data were log-transformed. Levels

of each antioxidant enzyme and MDA were analyzed sep-

arately using ANOVAs with species as an independent

factor, and in case of the field-collected plants, the time

of collection as another independent factor. Significance

levels between species of different root turnover type

within each wetland type, and between species with the

same root turnover type, but grown on different wetland

type were tested using Bonferroni-corrected contrasts.

Differences among the species with respect of all five

measured antioxidant enzymes were tested with linear dis-

criminant analyses. To test species differences, we used

the original dataset, but to attain more clarity in the

graphical presentation of the field-collected data, we con-

ducted another analysis with species averages at each har-

vest.

Results

Staining with TTC showed that roots were alive to more

than 90% in all harvests but the last one. In the Septem-

ber harvest, 69 � 1%, 80 � 3%, 83 � 1% and 75 � 2%

of the roots of C. exilis, R. alba, S. microcarpus and

S. androcladum were alive, respectively (mean � SE,

n = 5). One sample of S. androcladum with only 7%

vitality was not included in the calculation of the

averages.

Activities of all five measured antioxidant enzymes in

roots showed highly significant interspecific variation

both for the plants grown in common garden and har-

vested in June and for the field-grown plants harvested

three times in course of the season (Table 1; Fig. 2).

Among the species of each wetland type, those with

annual roots generally had higher levels of antioxidant

enzymes than those with perennial roots (Table 2).

Results were similar for garden-grown and field-collected

plants, the differences in both being significant for APX

and GR. Also the activities of SOD and POX were higher

in the annual roots, but the difference in SOD was signifi-

cant for garden-grown plants only and the difference in

POX was significant for field-collected plants only. As an

exception to the generally higher levels of antioxidant

enzymes in plants with annual roots, CAT levels in field-

collected roots were significantly lower in R. alba com-

pared with C. exilis (Table 2).

When comparing species with similar types of root

turnover patterns across the wetland types, CAT levels

were clearly higher for species of nutrient-poor wetlands

compared with species of nutrient-rich wetlands both in
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garden-grown and field-collected roots (Table 2). In

garden-grown plants, there was some indication this

being the case for APX and SOD as well, but in the

field-harvested roots, APX and SOD levels were 30–50%
lower in species of the floating fen.

Lipid peroxidation in field-grown plants was higher in

roots of species with perennial roots and higher in species

of productive wetlands compared with species of nutri-

ent-poor wetlands. Despite their statistical significance,

the differences were small except for the distinctly lower

values in R. alba (Fig. 2; Table 2). In garden-grown

plants, the only significant difference was the lower value

in R. alba roots compared with other species.

Levels of all enzymes but GR varied significantly across

the seasons (Table 1). The highest enzyme activities were

generally found in August. Species 9 Harvest interaction

was significant for all enzymes, the most obvious interspe-

cific difference in seasonal pattern being shown by the

GR levels which for C. exilis and R. alba were the lowest

in August. Lipid peroxidation did not show any signifi-

cant seasonal variation, but there was a weak Species 9

Harvest interaction due to a slight increase in MDA con-

tent in S. microcarpus during the season.

Discriminant analyses based on the levels of all five

measured antioxidant enzymes in roots clearly differenti-

ated among the four species, both the garden-grown and

the field-grown plants (Wilks’ Lambda, P < 0.001; Fig. 3).

For garden-grown plants, all specimens (100%) were cor-

rectly identified to species based on their antioxidant

enzyme data, and for field-grown plants, this was the case

Table 1. ANOVAs of antioxidant enzyme levels in roots of garden-

grown and field-collected plants of the four species C. exilis, R. alba,

S. microcarpus, and S. androcladum. Plants in the field were collected

in May/June, August and September. Species (Sp) was an independent

factor for all analyses. For field-collected plants, the time of harvest

(H) was an additional independent factor.

N R2 F (Sp) F (H) F (H 9 S)

Garden

APX 27 0.888 61.0*** – –

SOD 15 0.763 11.8*** – –

POX 26 0.681 15.6*** – –

CAT 27 0.654 14.5*** – –

GR 27 0.539 9.0*** – –

MDA 26 0.823 34.2*** – –

Field

APX 96 0.763 39.6*** 43.9*** 10.7***

SOD 41 0.963 72.2*** 198*** 21.1***

POX 95 0.907 3.4* 186*** 72.1***

CAT 95 0.672 30.5*** 22.1*** 5.3***

GR 95 0.545 18.8*** 0.9 6.9***

MDA 92 0.776 84.9*** 1.1 3.0*

F-values and significance levels given: ***P < 0.001, **P < 0.01,

*P < 0.05.

(A)

(B)

Figure 2. Levels of antioxidant enzymes APX, SOD, POX, CAT, and GR (unit mg protein�1) and lipid peroxidation (MDA; nmol g fresh mass�1)

levels in roots of (A) garden-grown (harvested in June 2012) and (B) field-collected plants (the three bars for each species and antioxidant enzyme

refer to the three harvests in May/June, August, and September; for dates see Fig. 1.)
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for all specimens but two (one S. microcarpus and one

S. androcladum were misidentified). Enzymes that

contributed most to the discrimination were for the field-

collected plants CAT, GR, and APX, and for the garden-

grown plants APX, POX, and CAT (Table 3). Interspecific

differences with respect to the two first discriminant func-

tions were consistently related to the type of root turn-

over pattern and to the characteristic habitat of the

species (Fig. 3). In garden-grown plants, discriminant

function 1 differentiated between species with annual

roots and those with perennial roots, whereas discrimi-

nant function 2 differentiated between the species of the

different kinds of wetlands. For field-grown plants, the

two first discriminant functions contributed to about

equal amounts both to differentiation between species

with different root types and different habitat preferences.

Discussion

The data demonstrate that antioxidant enzyme patterns

are species-specific and associated with the ecological

strategy of the species. They also support findings of

Cohen and McGraw (2009) that interspecific relationships

can be best studied using multiple measures. In our

study, most antioxidant enzymes showed large seasonal

variation, but when regarding all the five antioxidant

enzymes over the entire growing season, the patterns were

clearly distinct for the four studied species. Moreover, the

observed antioxidant enzyme profiles were consistently

Table 2. Comparisons between species of contrasting root turnover

types within each wetland type, comparisons between species with

similar root turnover types, but growing in different types of a wet-

lands, and comparisons between the harvests. Comparisons are

expressed as ratios of the least squares means of antioxidant enzyme

levels between species with annual and perennial roots (R. alba/C. exi-

lis; S. androcladum/S. microcarpus), between species of the nutrient-

poor wetland and nutrient-rich wetlands (C. exilis/S. microcarpus;

R. alba/S. androcladum), and between the different harvests of field-

grown plants (August/June; September/August). The least squares

means are based on ANOVAs presented in Table 1 with significance

of the differences between the numerator and denominator in the

ratios being calculated using Bonferroni-corrected contrasts.

Ra/Ce Sa/Sm Ce/Sm Ra/Sa

Aug/

Jun

Sep/

Aug

Garden

APX 2.9*** 4.8*** 1.9* 1.1 – –

SOD 1.3+ 1.1 1.2 1.4**

POX 1.4*** 1.2*** 0.95 1.1 – –

CAT 1.0 1.3 3.1** 2.5*** – –

GR 2.1 4.5** 2.2 1.0 – –

MDA 0.33*** 0.99 0.94 0.32*** – –

Field

APX 2.3*** 3.0*** 0.67* 0.51*** 3.2*** 0.59***

SOD 1.7*** 2.0*** 0.53*** 0.46*** 4.3*** 0.85

POX 1.1 1.0 0.9+ 0.9 2.3*** 0.61***

CAT 0.7*** 1.2 2.4*** 1.5** 1.8*** 0.66***

GR 2.6*** 1.5+ 1.2 2.0*** 0.85 1.2

MDA 0.50*** 0.71*** 0.67*** 0.47*** 1.1 1.0

Significance levels and trends are given: ***P < 0.001, **P < 0.01,

*P < 0.05, +P < 0.10.

(A)

(B)

Figure 3. Canonical scores of the investigated species along the two

first discriminant functions in discriminant analyses of (A) garden-

grown plants and of (B) three harvests of field-collected plants. For

the analysis of field-collected data, species averages in each harvest

were used. The canonical discriminant functions for garden-grown

plants are F1 = 1.09 APX+0.66 POX+0.61 CAT-0.10 GR-0.65 SOD

and F2 = 0.12 APX-1.58 POX+0.92 CAT-0.06 GR+1.26 SOD. For the

field-grown plants, the functions are F1 = 0.93 APX-0.20 POX-1.25

CAT+0.32 GR+0.59 SOD and F2 = 0.75 APX-0.79 POX+0.63 CAT

+1.21 GR-0.33 SOD. Species with annual roots have filled symbols

(Ra = Rhynchospora alba, Sa = Sparganium androcladum), species

with perennial roots open symbols (Ce = Carex exilis, Sm = Scirpus

microcarpus). Circles: species of nutrient-poor wetlands (Ce, Ra);

squares: species of nutrient-rich wetlands (Sm, Sa). The harvest is

indicated in parentheses (1 = June; 2 = August; 3 = September).

Species centroids are indicated with a cross.
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associated with functional and ecological characteristics of

the species: within each habitat type, the difference

between the two root turnover types – species with

annual roots vs. species with perennial roots – was consis-

tent, and within each turnover type, the difference

between the ecological preferences – productive wetlands

vs. low-productive wetlands – was comparable. The small

number of species in this study limits the extent of gener-

alizations and functional interpretations that can be made

based on this data. Nevertheless, the distinct differences

in patterns of antioxidant enzyme activities among these

four species, and the consistent association of these differ-

ences both in the field- and garden-collected data with

species ecology strongly indicate that consistent ecological

patterns of antioxidant types exist among plant species.

Such relationships have previously been found for bird

species (Cohen and McGraw 2009).

In contrast to our hypothesis, however, annual roots

had generally higher antioxidant enzyme activities com-

pared with perennial roots. This contrasts data for Ara-

bidopsis and Zea mays, in which long-lived genotypes

have been shown to have higher levels of antioxidant

enzymes (Proch�azkov�a et al. 2001; Woo et al. 2004). The

different results in our study may be related to the mono-

carpic nature of Arabidopsis and Zea mays, the above-

mentioned investigations referring to genetic variation in

the time of the terminal senescence of the whole plant,

whereas our data refer to presence or absence of seasonal

organ senescence in perennial plants. The generally higher

antioxidant enzyme activity of the species with short-lived

roots could be understood in context of their potentially

higher metabolic rates. Reactive oxygen species are by-

products and regulators of many metabolic processes,

such as in mitochondrial respiration and photosynthesis

(Apel and Hirt 2004), and species with higher metabolic

rates may require higher constitutive and induced levels

of antioxidant enzymes as protection, as found, for

example, in lichens (Beckett et al. 2003). We measured

antioxidant enzyme activity per fresh mass, and the

annual roots do have a lower dry-mass-to-fresh-mass

ratio than the winter-surviving roots (Dominique

Gagnon, unpublished data), indicating a higher propor-

tion of a cytosolic component in tissue, and hence, a

higher metabolic activity per fresh mass (Roderick et al.

1999). The higher activity of several antioxidant enzymes

and lower degree of lipid peroxidation in the species of

the nutrient-poor fen, compared with those of the more

productive wetlands, is in agreement with such findings

for plants adapted to harsh environmental conditions

such as Beta maritima (Bor et al. 2003) and Capparis ov-

ata (€Ozkur et al. 2009).

Our second hypothesis, that annual and perennial

roots would differ in their seasonal variation in antioxi-

dant enzyme activities especially in the fall when annual

roots are heading toward senescence and perennial roots

are preparing for the winter, was not clearly confirmed.

Most species showed decreasing antioxidant enzyme

activity in the fall. Nevertheless, C. exilis, probably the

most stress-tolerant of our species judging by its sclero-

morphic leaves showed the least seasonal variation in its

enzyme activities and even a late-season increase in some

of the enzymes. One also has to keep in mind that senes-

cence is a complex process and for leaf senescence in

A. thaliana, it was been reported that ROS-related

responses may greatly vary within a time scale of days

(Breeze et al. 2011).

The absence of seasonal variation in lipid peroxidation,

and the remarkably low interspecific differences, except

for R. alba, supports the notion of a protective signifi-

cance of the antioxidant enzymes and that the seasonal

and interspecific variation in the enzyme levels were func-

tional responses to variation in levels of oxidative stress.

We conclude that antioxidant enzyme patterns are use-

ful traits for ecological characterization of plant species.

Even though the interpretation of the levels of individual

antioxidant enzymes was not always straightforward, the

analysis including all five studied enzymes revealed clear

and consistent distinctions between species with different

root turnover strategies and different habitat preferences,

across harvests and both in the field and in a common

garden experiment. This supports the conclusion of

Cohen and McGraw (2009) of the importance to include

a multitude of variables in the investigations when

considering the ecological significance of antioxidant

enzymes. The association of root antioxidant enzyme

activities with root life span and habitat productivity

indicates that in a similar manner than known for leaf

traits (Shipley et al. 2006), traits related to root physiol-

ogy can be used to characterize plants along an econom-

ics spectrum.

Table 3. Results of the Discriminant Analyses based on five antioxi-

dant enzyme levels in roots of the four investigated species.

Garden-grown plants

(N = 15)

Field-collected plants

(N = 41)

Wilks’ lambda = 0.003,

df = (5, 3, 11), F = 9.9***

Wilks’ lambda = 0.17,

df = (5, 3, 37), F = 5.5***

F-to remove Tolerance F-to remove Tolerance

APX 7.09 0.65 3.35 0.69

POX 5.65 0.26 1.26 0.43

CAT 4.19 0.57 13.91 0.63

GR 0.07 0.83 5.37 0.83

SOD 2.42 0.27 1.81 0.38

***P < 0.001.
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Appendix

(C) (D)

(A) (B)

Figure A1. Species studied: (A) Sparganium androcladum, (B) Rhynchospora alba, (C) Scirpus microcarpus, and (D) Carex exilis.
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