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Abstract. Urban air pollution is a serious problem in both
developing and developed countries, and antioxidant enzyme
activities in plants have been suggested as a useful bioindicator
of air pollution. In this study, the seasonal and spatial variabil-
ity of peroxidase and superoxide dismutase activities were
measured in leaves of Ficus microcarpa at eight sampling sites
in the Taipei metropolitan area and one background site in rural
area at each month for a year. The spatial pattern of peroxidase
activity in figs collected from the Taipei metropolitan area was
similar to the spatial pattern of O3 concentration in the Taipei
metropolitan area. The peroxidase activities of Ficus micro-
carpa were significantly higher at sampling sites from the outer
zone of the metropolitan area than those from the inner zone of
the metropolitan area in spring and summer. On the other hand,
the spatial pattern of superoxide dismutase activity in fig leaves
did not show significant differences between the inner and
outer zones of the Taipei metropolitan area. In addition, per-
oxidase activities, but not superoxide dismutase activities, of
Ficus microcarpa were significantly higher in sites with high
traffic density than those in low traffic density sites. Even
though peroxidase activities in Ficus microcarpa tended to be
higher in high traffic density sites or some sites with high ozone
concentration, site-specific changes of peroxidase activity in
Ficus microcarpa due to O3 pollution were not clearly ob-
served in this study. Based on these results, neither peroxidase
nor superoxide dismutase in Ficus microcarpa is a sensitive
bioindicator for O3 pollution, although peroxidase shows some
potential to be used as a general bioindicator of air quality.

Urban air pollution is a major environmental problem in many
developing and developed countries. Thus, monitoring air pol-
lution in urban area is becoming increasingly important with
rapidly growing population, heavy vehicle traffic, and eco-
nomic development. The use of plants as biomonitors for air
pollution has many advantages since they integrate the effects
of air pollution over a period of time, show combined effects of

several air pollutants on plants, and provide information on
potential impact of air pollution on plants. At present, a wide
variety of biochemical variables in plants are used as bioindi-
cators of air pollution (Carreras et al. 1996; Canas et al. 1997;
Puccinelli et al. 1998; Ninave et al. 2001)

Many important and widespread air pollutants, such as SO2,
NOx, and O3, can produce an oxidative stress in plants and
adversely affect physiological processes of different plants
(Darrall 1989; Foyer et al. 1994; Sandermann 1996). In addi-
tion to morphological damage, responses of plants to oxidative
stresses include a number of physiological and biochemical
changes which are involved in both enzymatic and nonenzy-
matic antioxidant defense systems (Sharma and Davis 1997). It
is well known that oxidative stresses increase activities of
antioxidant enzymes such as superoxide dismutases, catalases
and peroxidases (Hippeli and Elstner 1996; Sharma and Davis
1997). Among these antioxidant enzymes, peroxidase activity
in plants was found to be a sensitive indicator of pollutant
exposure (Keller 1974; Curtis et al. 1976; Sarkar et al. 1986)
and has been suggested as a maker to evaluate urban air
pollution (Puccinelli et al. 1998; Kammerbauer and Dick
2000). On the other hand, the role of superoxide dismutase in
plants in response to air pollutants is contradictory. Increased
superoxide dismutase activity from pollutant exposure was
found in snapbean (Lee and Bennett 1982), pine and spruce
(Tandy et al. 1989), and sugarbeet (Dixon et al. 1995). Other
studies reported largely no changes of superoxide dismutase
activity in plants (Nast et al. 1993; Ranieri et al. 1994; Polle et
al. 1994). The usefulness of superoxide dismutase activity as
an indicator of pollutant exposure still needs to be evaluated.

The present knowledge of effects of air pollution on plants is
mostly based on experiments where plants have been exposed to
high concentrations of air pollutants for short periods under ex-
perimental conditions (Darrall 1989; Sandermann 1996). How-
ever, less is known about responses of plants to air pollutants at
environmentally relevant concentrations and for long durations in
field conditions. Moreover, although responses of plants to air
pollutants in temperate areas have attracted much research atten-
tion, there has been little work to study subtropical or tropical
regions. In Taiwan, there is a growing air pollution problem in
urban areas from a variety of human activities; and a number of air
quality monitoring sites have been established to monitor airEmail: meihuili@ccms.ntu.edu.tw
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quality in Taiwan. However, previously there were only limited
monitoring sites distributed at different locations to provide
enough information on air quality in urban areas. In order to better
understand the air quality in the Taipei metropolitan area, it is
important to investigate the potential use of plant responses as
indicators of air quality.

The objective of this study is to compare antioxidant enzyme
activities in fig trees (Ficus microcarpa) from different air
quality monitoring stations and to test the hypothesis that
elevated antioxidant enzyme activities in foliar tissues are
associated with the degree of air pollution. Peroxidase and
superoxide dismutase activities were measured in leaves of
Ficus microcarpa collected from eight sites with different
degrees of air quality in the Taipei metropolitan area and from
one background site located in a rural area. Ficus microcarpa
was chosen as a study species because of its common presence
in parks, school campus, roadsides and urban areas in Taiwan
as well as in many parts of South and Southeast Asia.

Materials and Methods

Study Areas

The selection of sampling sites was based on the Taiwan EPA air mon-
itoring network. Eight air monitoring stations were selected in Taipei
metropolitan area, including Shinlin (25° 6�24.3�N, 121° 30�23.3�E),
Chungshan (25° 3�48.88�N, 121° 31�4.54�E), Kuting (25° 1�16.72�N,

121° 31�13.49�E), Tasiliao (25° 3�51.12�N, 121° 28�50.41�E), Shinjuang
(25° 2�8�N, 121° 25�29�E), Panchiao (25° 0�49.27�N, 121° 26�59.66�E),
Songshan (25° 3�7�N, 121° 34�12�E), and Shintien (24° 58�43.73�N, 121°
31�44.54�E). A background site, Wanli (25° 10�51.62�N, 121°
40�51.71�E), was also included in this study (Figure 1). The hourly
concentrations of air pollutants including SO2, CO, O3, PM10, and NOx

were continuously monitored on the campus of the selected primary or
secondary school in each monitoring station. The instrumentation used in
each station was ultraviolet fluorescence for SO2, nondisperse infrared
absorption for CO, ultraviolet absorption for O3, �-gauge for PM10, and
chemiluminescence for NOx. Based on the location of each sampling site,
Chongshan, Kuting, Songshan, and Tasiliao were classified as sites lo-
cated in the inner zone of the Taipei metropolitan area with higher NOx

pollution, whereas Panchiao, Shinhtein, Shinhjuang, and Shinlin were
classified as sites located in the outer zone of the Taipei metropolitan area
with higher O3 pollution (Figure 1). Table 1 is a summary of character-
istics of air pollution at each sampling site.

Traffic Density

Traffic counts on major roads are routinely carried out by the Department
of Transportation Taipei City and Taipei County Governments once per
year, for trucks, cars and motorcycles separately. The weekday counts
during rush hours between 0700–0900 and 1600–1800 in 2000 or 2001
were used to classify traffic density in major roads at sampling sites in the
present study (Table 2). Each sampling site was characterized in terms of
traffic density as follows: low traffic density (Shinhtein, Shinhjuang, and
Wanli); medium traffic density (Chongshan, Songshan, and Tasiliao); and
high traffic density (Kuting, Panchiao, and Shinlin).

Fig. 1. Sampling sites in the Taipei metropolitan area
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Field Collection

Leaves of Ficus microcarpa were collected at each sampling site
between 0930 to 1300 once per month from October 2000 to Septem-
ber 2001. Trees of approximately the same height and similar trunk
girth were selected within a distance of 150 m from each air monitor-
ing station, and three such trees of Ficus microcarpa without any
visible injury were chosen at each site. For each sampling tree, leaves
were collected in four directions at approximately 1.5–2.5 m high.
Leaves were immediately stored in a portable cooler upon collection
until transport back to the laboratory. Then the leaves were immedi-
ately washed, weighed and stored in liquid nitrogen (�180°C) until
analysis. Effects of storage in a cooler during field collection did not
alter peroxidase activities of Ficus microcarpa, as assessed by a
separate experiment (data not shown).

Enzyme Assays

Frozen leaves (4 g) were homogenized in 35 mL of 0.1 M potassium
phosphate buffer (pH 7.0) at 4°C, and the homogenates were filtered
and centrifuged at 15,500 g for 30 min at 4°C. The supernatant was
then stored in liquid nitrogen until analysis. The activity of peroxidase
was determined spectrophotometrically according to the method of
Angelini and Federico (1989). The reaction mixture consisted of 0.1 M
potassium phosphate buffer (pH 7.0), 5 mM guaiacol, and 2 mM H2O2.
The reaction was initiated by the addition of plant extract. Enzyme
activity was determined by measuring the change in absorbance at 470
nm (extinction coefficient of 26.6 mM�1 cm�1) in 3 min at 25°C and

expressed as units per g leaf fresh weight. The activity of superoxide
dismutase was assayed spectrophotometrically by measuring the inhi-
bition of photochemical reduction of nitroblue tetrazolium (NBT),
according to the method of Dhindsa et al. (1981) and Abassi et al.
(1998) with slight modifications. The 1.5 mL reaction mixture con-
tained 50 mM KPO4 buffer (pH 7.8), 13 mM methionine, 75 �M NBT,
0.1 mM EDTA, and 2 �M riboflavin and 0–50 �L enzyme extract.
The reaction mixtures were placed approximately 15 cm below 15-W
fluorescent lamps, and illuminated for 10 min. One unit of superoxide
dismutase activity was defined as the amount of enzyme required to
cause 50% inhibition of the reduction of NBT, as monitored at 560 nm
in a 1.5 mL assay volume. Superoxide dismutase activity was ex-
pressed as units per g leaf fresh weight. Protein content was deter-
mined by the modification of the Lowry method reported by
Guengerich (1982) using bovine serum albumin as a standard.

Data Analysis

All samples were analyzed in duplicate and data were expressed as
means � standard deviation (SD). The data were analyzed by one-way
or two-way ANOVAs using the Minitab statistical program (Release
13.2). For two-way ANOVA, the main effect means were sampling
sites and sampling seasons, and one interaction (site � season) was
tested. If a significant result was found, Tukey’s multiple comparison
test was used to compare all pairs of different sites or periods.
Differences were considered significant if p � 0.05.

Table 2. Traffic loads at study sites during 0700–0900 and 1600–1800 in 2000 or 2001

Site (sampling date of
traffic load)

Traffic load
category

Truck traffic
density (cars/hr)

Automobile
traffic density
(cars/hr)

Motorcycle
traffic density
(cars/hr)

Distance of sampling
figs to major road
(m)

Shinhtein1 (8/17/2000) low 29 758 855 70
Shinlin2 (6/20/2001) high 107 1246 893 100
Songshan2 (9/12/2001) medium 98 1323 1071 45
Chungshan2 (7/03/2001) medium 100 899 1994 30
Kuting2 (9/20/2001) high 104 1384 2001 30
Tasiliao1 (8/01/2000) medium 53 764 859 100
Shinhjuang1 (8/04/2000) low 17 385 723 200
Panchiao1 (9/14/2000) high 170 1334 1556 100
Wanli1 (8/31/2000) low 43 400 115 2

1 Traffic load data source: Department of Transportation, Taipei County Government.
2 Traffic load data source: Department of Transportation, Taipei City Government.

Table 1. Monthly mean concentrations (�SD) of air pollutants at study sites from October 2000 to September 2001

Site

Distance of site
from major
roads (m)

Site location
classification O3 (ppb) SO2 (ppb) NOx (ppb) CO (ppm) PM10 (�g/m3)

Shinhtein 110 outer 24.52 � 0.46 1.81 � 0.06 21.65 � 0.86 0.58 � 0.02 35.63 � 1.84
Shinlin 150 outer 23.78 � 0.62 2.05 � 0.09 27.88 � 0.93 0.74 � 0.02 39.63 � 1.82
Songshan 20 inner 18.11 � 0.46 3.45 � 0.08 46.26 � 1.45 0.86 � 0.02 42.20 � 1.70
Chungshan 30 inner 18.71 � 0.42 3.38 � 0.10 46.38 � 1.25 0.94 � 0.02 50.84 � 2.57
Kuting 30 inner 20.41 � 0.46 2.65 � 0.07 42.05 � 1.02 0.84 � 0.02 38.78 � 1.76
Tasiliao 70 inner 19.27 � 0.41 3.82 � 0.12 42.99 � 1.25 0.95 � 0.02 51.15 � 2.91
Shinhjuang 200 outer 25.83 � 0.45 5.11 � 0.21 36.08 � 1.01 0.79 � 0.02 49.45 � 2.02
Panchiao 100 outer 20.59 � 0.46 5.05 � 0.19 40.61 � 1.09 0.84 � 0.02 49.49 � 2.18
Wanli 30 remote 35.41 � 1.18 1.28 � 0.06 8.41 � 0.34 0.31 � 0.01 40.64 � 1.72
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Results

Characteristics of Ambient Air Pollution at Sampling
Sites

As expected, the mean monthly concentrations of NOx in the
Taipei metropolitan area were higher in the central locations of

the urban area than in the outer zone of the urban area, whereas
mean monthly concentrations of O3 were higher in the outer
zones of the urban area than at the inner zone of the urban area
for all seasons (Table 3). On the other hand, the spatial pattern
of PM10 and SO2 in the Taipei metropolitan area did not show
any significant difference between the central and marginal
locations of the Taipei metropolitan area (Tables 1 and 3).
Mean monthly concentrations of SO2 were highest at Panchaio

Table 3. Comparisons of air pollutants (�SD) among different sampling locations from October 2000 to September 2001

Sampling location

pInner zone (n � 4 sites) Outer zone (n � 4 sites) Remote (n � 1 site)

O3 (ppb)
spring 23.0 � 1.1A1 27.5 � 2.6B 42.9 � 2.0C 	0.0005
summer 18.3 � 1.7A 22.7 � 2.7B 24.5 � 2.7B 	0.0005
fall 17.4 � 1.5A 22.0 � 3.0B 37.1 � 0.8C 	0.0005
winter 17.7 � 1.7A 22.5 � 2.7B 37.1 � 1.3C 	0.0005

NOx (ppb)
spring 50.1 � 7.7A 37.5 � 10.1B 9.4 � 0.5C 	0.0005
summer 38.2 � 4.1A 28.3 � 8.3B 10.4 � 1.4C 	0.0005
fall 40.6 � 5.3A 27.4 � 6.7B 5.8 � 0.2C 	0.0005
winter 48.8 � 5.5A 33.0 � 8.7B 8.1 � 1.7C 	0.0005

SO2 (ppb)
spring 3.8 � 0.6A 4.0 � 1.8A 1.3 � 0.4B 	0.0005
summer 3.3 � 0.6A 4.1 � 2.3A 1.7 � 0.3B 	0.0005
fall 3.0 � 0.5A 2.8 � 1.3A 0.9 � 0.2B 	0.0005
winter 3.2 � 0.8A 3.1 � 1.4A 1.2 � 0.1B 	0.0005

1 Values within a row with different superscripts are significantly different by Tukey’s multiple comparison test (p � 0.05)

Fig. 2. Mean seasonal concentrations of SO2, NOx, and O3 at each study site from October 2000 to September 2001
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during winter and spring, and at Shinhjuang during summer
and fall (Figure 2). Mean monthly concentrations of NOx were
highest at Chongshan during spring and summer, and highest at
Songshan during fall and winter (Figure 2). The mean monthly
concentrations of O3 were highest at Shinhjuang in the Taipei
metropolitan area during spring, summer and fall, and at Shin-
lin during winter (Figure 2). The mean monthly concentration
of CO, SO2, and NOx was lowest in Wanli among all study
sites. On the other hand, the mean monthly concentration of O3

at Wanli was highest among all study sites, although there was
no obvious pollution source contributing to ozone production at
this site.

Seasonal Variation of Antioxidant Enzyme Activities in
Fig Leaves

There was no significant difference in peroxidase activities of
Ficus microcarpa for all sites among different seasons (p �
0.666, Figure 3). On the other hand, there were significant
differences in protein content (p 	 0.0005) and superoxide
dismutase activity (p 	 0.0005) of Ficus microcarpa in
different seasons. In general, superoxide dismutase activity of
Ficus microcarpa was highest during summer and lowest dur-
ing winter (Figure 4), whereas protein content was lowest
during fall in most study sites (Figure 5). There was no inter-
action found between sampling seasons and sites for protein

contents, peroxidase and superoxide dismutase activities of
Ficus microcarpa (p � 0.257, 0.082, and 0.841, respectively).

Geographic Variation of Antioxidant Enzyme Activities in
Fig Leaves

The peroxidase activities of Ficus microcarpa were signifi-
cantly higher at sampling sites in the outer zone of the metro-
politan area than those in the inner zone of the metropolitan
area during spring and summer (Table 4). On the other hand,
there were no significant differences in either protein content or
superoxide dismutase activity of Ficus microcarpa between the
inner and outer zones of the metropolitan area (Table 4). In
addition, peroxidase activity of Ficus microcarpa from Wanli,
a background site, was the lowest compared to those from the
metropolitan area, whereas superoxide dismutase activities of
Ficus microcarpa form this site was the second highest com-
pared to those from the Taipei metropolitan area.

Comparison of Antioxidant Enzyme Activities in Fig
Leaves Based on Traffic Density

There were significant differences in peroxidase activity of
Ficus microcarpa in sites with different traffic density (p 	
0.0005). The peroxidase activities of Ficus microcarpa were

Fig. 3. Peroxidase activity (mean � SD) of Ficus microcarpa at each study site in different seasons
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highest at high traffic density sites and lowest at low traffic
density sites for all seasons (Table 5). There were also signif-
icant differences in superoxide dismutase activities of Ficus
microcarpa in sites with different traffic density sites in spring
and winter, but not in summer and fall. During spring and
winter, superoxide dismutase activities of Ficus microcarpa
were significantly higher at low and medium traffic density
sites than at high traffic density sites (Table 5). In contrast,
protein contents in fig leaves were significantly higher at high
traffic density sites than at low traffic density sites during
summer and fall (Table 5).

Discussion

The current study investigated the potential of antioxidant
enzyme activities of Ficus microcarpa as bioindicators in re-
sponse to ambient air pollution in the Taipei metropolitan area.
The spatial pattern of air pollution in the Taipei metropolitan
area is marked by high NOx and low O3 levels in the inner zone
of the urban area, gradually changing to low NOx and high O3

levels in the outer zone due to geomorphologic and weather
factors in the Taipei basin (Liu 1994; Hung and Wang 1999; Li
and Lin 2001). In this study, peroxidase activities of Ficus
microcarpa were significantly higher at sampling sites from the
outer zone of the metropolitan area than those from the inner
zone of the metropolitan area in three seasons. On the other
hand, the spatial pattern of superoxide dismutase activity in figs

did not show significant difference between the inner and outer
zones of the Taipei metropolitan area. In addition, peroxidase
activities, but not superoxide dismutase activities, of Ficus
microcarpa were significantly higher in the high traffic density
sites than in low traffic density sites.

Plants respond to SO2, NOx, and O3 pollution by activating
a number of antioxidant enzyme activities to protect plants
against oxidative stress (Hippeli and Elstner 1996). In general,
plants produce O2

� and H2O2 in chloroplasts and mitochondria
during their normal aerobic metabolism, as well as under
environmentally induced oxidative stress (Sharma and Davis
1997). There are several biochemical defense systems in plants
to remove these harmful reactive oxygen species. For example,
superoxide dismutases will dismutate O2

� into H2O2 and O2.
Then, peroxidases and catalases further reduce H2O2 into H2O
and O2 (Harris 1992; Sharma and Davis 1997). Therefore,
induction of antioxidant enzyme activity is proposed to be an
important defense mechanism in plants in response to air
pollutant-induced oxidative stress (Hippeli and Elstner 1996;
Sharma and Davis 1997). In fact, the literature published on
foliar antioxidant enzymes in response to air pollution is still
contradictory. In this study, peroxidase activities, but not su-
peroxide dismutase activities, of Ficus microcarpa were sig-
nificantly higher in high traffic density sites than in low traffic
density sites. And peroxidase activities, but not superoxide
dismutase activities, were significantly higher at sampling sites
from the outer zone of the metropolitan area than those from
the inner zone of the metropolitan area for all seasons. Indeed,

Fig. 4. Superoxide dismutase activity (mean � SD) of Ficus microcarpa at each study site in different seasons
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several field studies have shown that superoxide dismutase
activity failed to increase in response to air pollution. For
example, Nast et al. (1993) found that superoxide dismutase
activity in Norway spruce did not change when exposed in the
open-top chambers with different air pollutant combinations,
whereas peroxidase activity of Norway spruce increased in all

treatments. Ranieri et al. (1994) reported that superoxide dis-
mutase activity in pumpkin plants did not change with expo-
sure to polluted air, whereas peroxidase activity in pumpkin
plants increased with polluted air. Polle et al. (1994) observed
no increase of superoxide dismutase activity in needles of
Scotch pine from SO2-polluted sites in eastern Germany. Cal-

Fig. 5. Protein content (mean � SD) of Ficus microcarpa at each study site in different seasons

Table 4. Comparison of antioxidant enzyme activities (�SD) in Ficus microcarpa from different sites based on geographical location from
October 2000 to September 20011

Sampling location

pInner zone (n � 4 sites) Outer zone (n � 4 sites) Remote (n � 1 site)

Peroxidase (U/min/g)
spring 0.183 � 0.077A 0.255 � 0.130B 0.111 � 0.027A 	0.0005
summer 0.166 � 0.110A 0.255 � 0.150B 0.096 � 0.034A 0.001
fall 0.204 � 0.078AB 0.252 � 0.123B 0.126 � 0.035A 0.003
winter 0.215 � 0.076A 0.243 � 0.113A 0.114 � 0.015B 0.001

Superoxide dismutase (U/min/g)
spring 595 � 302 483 � 252 625 � 206 0.152
summer 713 � 402A 577 � 287A 969 � 425B 0.013
fall 572 � 327 590 � 467 762 � 613 0.488
winter 449 � 130 432 � 137 483 � 101 0.558

Protein (mg/g)
spring 118.1 � 73.5 112.9 � 33.2 73.9 � 17.9 0.095
summer 113.9 � 67.3A 117.7 � 38.2A 66.9 � 21.4B 0.034
fall 107.4 � 52.0 92.8 � 28.3 80.3 � 23.0 0.124
winter 129.3 � 69.5 126.4 � 34.5 86.9 � 21.8 0.092

1 Values within a row with different superscripts are significantly different by Tukey’s multiple comparison test (p � 0.05).
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atayud and Barreno (2001) also showed that there was a sig-
nificant reduction of superoxide dismutase activity in ozone-
exposed tomato. Little is known about factors that regulate the
inhibition of superoxide dismutase in plants. One possible
mechanism is that H2O2 has been shown to decrease superox-
ide dismutase activity in plants (Wingsle and Hällgren 1993).
In this study, inhibition of superoxide dismutase by H2O2 may
partially explain the observed decreases of superoxide dis-
mutase activity in Ficus microcarpa due to the presence of
higher peroxidase activity in those plants. Further investigation
will be needed to understand the biochemical pathway to
regulate superoxide dismutase.

Peroxidase activity has been suggested as a sensitive indi-
cator of ozone pollution (Curtis et al. 1976; Sarkar et al. 1986;
Puccinelli et al. 1998); but site-specific changes of the perox-
idase activity in Ficus microcarpa due to O3 pollution were not
clearly observed in the present study. For example, peroxidase
activity of Ficus microcarpa was high at Shinlin with high
ozone concentrations, but was relatively low at Wanli with the
highest ozone pollution. In fact, high peroxidase activity ob-
served in this study cannot be attributed to ozone pollution
alone in each study site. Several researchers have suggested
that peroxidase activity may not be used as a specific indicator
of single air pollutant and can only be considered as a general
indicator of oxidative stress (Nyman 1986; Roitto et al. 1999).
Moreover, oxidation products generated from free radial reac-
tions, such as aldehydes, have been suggested as useful biomar-
kers of O3 exposure (Pryor et al. 1996) or NO2 exposure
(Robison et al. 1996). It will be a subject for future study to
measure both antioxidant enzyme activities and those oxidation
products simultaneously in order to better understand oxidative
stress responses on plants. The results observed in this study
may be partially explained by the fact that figs collected from
different sites represented various combinations of different air
pollutants as well as external environmental factors. A further
limitation to this study is that concentrations of air pollutants
were collected by an air sampler on the top of a building
between 15 to 28 m in height at each site in the Taiwan EPA

air quality network system, not measured directly from loca-
tions of sampling figs at each site. Therefore, air pollutant
concentrations reported in each site may not exactly reflect air
quality of surface condition at each sampling fig location.

Variation in peroxidase activity with season has been docu-
mented in several tree species at middle latitudes. Puccinelli et
al. (1998) found that peroxidase activity in several tree species
in Turin, an urban area, were highest in December with high air
pollution caused by road traffic and domestic heating, and low
in August with air pollution caused by road traffic only. Cal-
zada et al. (2001) showed that the peroxidase activity of Pinus
radiata was generally higher in June than in September in a
rural-forested area of northern Spain. At subarctic polluted
sites, total peroxidase activity of Pinus sylvestris from an
industrial center of Monchegorsk in northwestern Russia
showed a clear relationship to the pollution gradient in winter
compared to autumn (Roitto et al. 1999). However, peroxidase
activities of Ficus microcarpa did not show any significantly
seasonal variation in the present study, whereas superoxide
dismutase activities of Ficus microcarpa were usually the
lowest during winter. The lack of seasonal variation of perox-
idase activity in Ficus microcarpa may be partially related to
external environmental factors in the subtropical area, such as
no change in emission sources in different seasons.

In conclusion, peroxidase activities of Ficus microcarpa
were correlated more closely with traffic density, whereas
superoxide dismutase activities of Ficus microcarpa were neg-
atively affected by traffic density in winter and spring in the
Taipei metropolitan area. Protein contents of Ficus microcarpa
were only slightly affected by traffic density in summer and fall
in the Taipei metropolitan area. However, a site-specific rela-
tionship between O3 level and peroxidase in Ficus microcarpa
was not clearly observed at this study. Based on the present
results, neither peroxidase nor superoxide dismutase in Ficus
microcarpa is a sensitive bioindicator for O3 pollution, al-
though peroxidase shows some potential to be used as a general
bioindicator of air quality. It is important in the future study to
examine interactions of different types of air pollutants, as well

Table 5. Comparison of antioxidant enzyme activities (�SD) in Ficus microcarpa from different sites based on traffic density from October
2000 to September 20011

Degree of traffic density

pHigh (n � 3 sites) Medium (n � 3 sites) Low (n � 3 sites)

Peroxidase (U/min/g)
Spring 0.310 � 0.090A 0.171 � 0.080B 0.140 � 0.078B 	0.0005
Summer 0.321 � 0.114A 0.140 � 0.101B 0.133 � 0.098B 	0.0005
Fall 0.332 � 0.064A 0.174 � 0.062B 0.145 � 0.068B 	0.0005
Winter 0.311 � 0.057A 0.195 � 0.071B 0.143 � 0.078C 	0.0005

Superoxide dismutase (U/min/g)
Spring 404 � 147A 641 � 334B 601 � 257B 0.003
Summer 552 � 247 755 � 444 737 � 380 0.084
Fall 525 � 366 577 � 328 701 � 552 0.306
Winter 358 � 94A 469 � 135B 509 � 111B 	0.0005

Protein (mg/g)
Spring 127.7 � 41.2 107.2 � 77.5 97.7 � 34.8 0.126
Summer 133.8 � 44.7A 105.4 � 69.6AB 91.9 � 34.2B 0.013
Fall 112.4 � 30.6A 99.8 � 55.2AB 81.5 � 25.6B 0.018
Winter 135.5 � 32.5 124.0 � 76.1 110.4 � 39.9 0.226

1 Values within a row with different superscripts are significantly different by Tukey’s multiple comparison test (p � 0.05).
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as other environmentally induced oxidative stress on effects of
peroxidase activity in plants, before this enzyme can be effec-
tively used as an indicator of ambient air pollution.
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