
Phytolacca americana from Contaminated
and Noncontaminated Soils of South Korea: Effects
of Elevated Temperature, CO2 and Simulated Acid
Rain on Plant Growth Response

Yong Ok Kim & Rusty J. Rodriguez & Eun Ju Lee &

Regina S. Redman

Received: 5 May 2008 /Revised: 9 September 2008 /Accepted: 3 October 2008 /Published online: 28 October 2008
# Springer Science + Business Media, LLC 2008

Abstract Chemical analyses performed on the invasive
weed Phytolacca americana (pokeweed) growing in indus-
trially contaminated (Ulsan) and noncontaminated (Suwon)
sites in South Korea indicated that the levels of phenolic
compounds and various elements that include some heavy
metals (Al, As, B, Cd, Co, Cu, Fe, Mn, Ni, Pb, and Zn)
were statistically higher in Ulsan soils compared to Suwon
soils with Al being the highest (>1,116 mg/l compared to
432 mg/l). Analysis of metals and nutrients (K, Na, Ca, Mg,
Cl, NH4, N, P, S) in plant tissues indicated that accumu-
lation occurred dominantly in plant leaves with Al levels
being 33.8 times higher in Ulsan plants (PaU) compared to
Suwon plants (PaS). The ability of PaU and PaS to tolerate
stress was evaluated under controlled conditions by varying
atmospheric CO2 and temperature and soil pH. When
grown in pH 6.4 soils, the highest growth rate of PaU and
PaS plants occurred at elevated (30°C) and non-elevated
(25°C) temperatures, respectively. Both PaU and PaS plants

showed the highest and lowest growth rates when exposed
to atmospheric CO2 levels of 360 and 650 ppm, respec-
tively. The impact of soil pH (2–6.4) on seed germination
rates, plant growth, chlorophyll content, and the accumu-
lation of phenolics were measured to assess the effects of
industrial pollution and global-warming-related stresses on
plants. The highest seed germination rate and chlorophyll
content occurred at pH 2.0 for both PaU and PaS plants.
Increased pH from 2–5 correlated to increased phenolic
compounds and decreased chlorophyll content. However, at
pH 6.4, a marked decrease in phenolic compounds, was
observed and chlorophyll content increased. These results
suggest that although plants from Ulsan and Suwon sites
are the same species, they differ in the ability to deal with
various stresses.
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Introduction

Acid rain, air, and soil pollution have damaged natural
ecosystems since the beginning of industrial development
and urbanization. One byproduct has been atmospheric CO2

enrichment. There is considerable evidence indicating that
increased CO2 levels have detrimental effects on terrestrial
plants and ecosystems (Korner 1996; Hall et al. 2005).
According to global climate change studies, atmospheric
CO2 concentrations will almost double within the twenty-
first century, thereby, increasing mean surface temperatures
on earth by as much as 8°C (Stainforth et al. 2005). Such an
upward shift in the earth’s temperature is predicted to have
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serious impacts on plant communities, but the extent of the
effect is largely unknown (Ro et al. 2001; Pagel Brown et al.
2007).

Acid rain, as a result of atmospheric pollution, can have
detrimental effects on terrestrial and aquatic ecosystems
(US-NAPAP 1991). For example, in forest ecosystems, soil
acidification is thought to be responsible for a decline in
plant health (Aber et al. 1982; Xin et al. 2007). Acidification
of soil causes damage to the fine roots of plants that results
in leakage of nutrients and directly impacts the soil microbial
communities required for plant health and maintenance
(Malinowski et al. 1998; Illmer et al. 2003). For example,
studies have shown that mycorrhizal associations present in
healthy forest trees are poorly developed or absent in
unhealthy trees exposed to acid rain (Dighton and Skeffington
1987).

Industrial pollution is pervasive and may comprise
organic and inorganic chemicals that may be toxic to plants
and their supporting microbes (Kasurinen et al. 2007).
Acidification of soils, a byproduct of industrial pollution,
increases metal bioavailability (Bergholm et al. 2003; Wang
et al. 2006) and exacerbates the detrimental effects of metal
pollutants on plants and microbes. All plants have the
ability to perceive stresses such as high CO2, soil acidifica-
tion, and heavy metal exposure and can initiate complex
physiological responses that mitigate impacts of these
stresses (Bohnert et al. 1995; Kasurinen et al. 2007).
However, few plants are capable of thriving in high stress
habitats. The adaptation to stressful habitats is considered to
involve changes in the genome (Robe and Griffiths 2000;
Schurr et al. 2006) as well as associations with various
microbes that are important for health and maintenance of
plant systems (Petrini 1996; Rodriguez et al. 2008). Over the
last half century, researchers have become concerned about
hyperaccumulation of heavy metals in plants due to the
alarming increase in industry induced heavy metal contam-
ination and soil acidification (Wang et al. 2005). These
metals are easily taken up by roots and translocated to
different plant organs (Baker et al. 1994), and high
accumulation generally causes growth inhibition and even
plant death (Khan and Khan 1983).

The aim of this study was to compare the stress tolerance
ability of one plant species growing in industrially
contaminated and noncontaminated soils. In South Korea,
the invasive weed Phytolacca americana has become
established in both contaminated and noncontaminated
areas (Park et al. 1999, Kim et al. 2005a, b). Here, we
present the first chemical studies of P. americana plants
from two different locales: industrially contaminated soils
of Ulsan (acidified soil, metals, and heavy metals) and
noncontaminated soils from Suwon, South Korea. Collec-
tively, field and laboratory-generated plants were analyzed
and compared for chemical composition and plant response

to abiotic stresses associated with global warming (elevated
temperature and CO2) and acid rain (soil pH).

Methods and Materials

Plant and Soil Collection P. americana plants and seeds
were collected from contaminated Ulsan (Kyunnam Province)
and noncontaminated Suwon (Kyunggi Province) soils, South
Korea. The organic plant debris layer surrounding the plants
was removed and discarded, and the upper 5 cm of soil
(approximately 200 g) was collected in plastic baggies and
maintained at 4°C until processed.

Endophyte Profile Analysis of Plants and Soil Greenhouse
studies were conducted by propagation of PaU and PaS
plants generated from seeds collected from Ulsan and
Suwon sites, respectively. For endophyte profile analysis,
seeds with their seed coats and plant tissues were surface
sterilized in 2% sodium hypochlorite for 10–30 min and
rinsed in ten volumes of sterile distilled water. Seeds (N=
100) and plant tissues (N=6; cut into roots, stem, and leaf
sections) were placed on 0.1× potato dextrose agar (PDA)
medium supplemented with antibiotics (100 ug/ml ampicillin
and streptomycin, 50 μg/ml tetracycline; Redman et al.
2002a). Soils and plant tissues were processed for endophyte
colony forming units (CFU) and percentage colonization of
plant tissues, respectively. Soil was homogenized in plastic
baggies, passed through a 2-mm soil sieve, 3 g resuspended
in 30 ml of sterile water, and 100 μg/ml plated onto 0.1×
PDA plates. One gram of surface sterilized plant tissues
(Redman et al. 2002a) was homogenized, resuspended in
3 ml of STC (1.2 M Sorbitol, 10 mM TRIS pH 8.0, 10 mM
CaCl2) and 500 μg/ml were plated onto 0.1× PDA medium.
All plates were maintained at 28°C with a 12-h light regime
for 10 days and assessed for fungal colonization. Fungi were
identified by using standard taxonomic, microscopic, and
molecular techniques (Barnett and Hunter 1998; Redman
et al. 2002a). CFU analysis was repeated a minimum of three
times.

Soil and Plant Chemical Analysis Soil from Ulsan and
Suwon were air-dried and passed through a 2-mm soil
sieve. Root and leaf samples of PaU and PaS field plants
were oven-dried at 60°C for 48 h and then ground and
passed through a 2-mm sieve. Soil and plant tissues were
analyzed by using standard protocols for pH, total nitrogen,
Cl (Piper 1966), various compounds and metals (B, Al, Co,
Cd, Cu, Fe, Mn, Ni, Pb, Zn, As; Agricultural Improving
Institute 1988), available phosphate, (Agricultural Improving
Institute 1988), suggested exchangeable ions ((Na+, K+,
Mg++, NO3−) Page et al. 1982), and total phenolic
compounds (Swain and Hillis 1959) see below.
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Total Phenolic Compounds Two hundred grams of fresh
PaU and PaS leaf and root tissues were extracted in 1 L of
distilled water at room temperature for 48 h and centrifuged
at 15,000 rpm for 30 min (Centrikon T-1045, Kontron Co).
For soil sampling, the upper 5 cm of soil was collected
under a patch of P. americana after removing the organic
layer. Ten g of PaU and PaS soils were resuspended in
50 ml of sterile water. The supernatant was collected and
stored at 4°C (Inderjit 1996). Total phenolic compounds in
plant materials (leaves and roots) and soils were analyzed
by the Folin–Denis reagent method (Swain and Hillis
1959). All assays were repeated a minimum of three times.

Chlorophyll Content The total chlorophyll content (chloro-
phyll a and b) of leaves was determined by using standard
protocols (MacKinney 1941). Four mature leaves that were
15 cm above the pot soil base for each treatment were
measured for chlorophyll content. A minimum of ten
measurements per leaf was taken and recorded.

Simulated Acid Rain Stress Uniformly sized PaU and PaS
seeds were sterilized for 3 min in 5% sodium hypochlorite
solution, and then rinsed with 7–10-fold volume of distilled
water. Using a modified bioassay of Lodhi (1976), 30 seeds
were sown in a petri dish (diameter of 90 mm) and treated
with simulated acid rain (pH 2 to 8) solutions (Park et al.
1999). Seeds were placed in an incubator at 28°C under
400 μmol/m2/s fluorescent lighting with 16/8 h L/D period
for 6 days. Seed germination, growth, and biomass were

assessed daily. All assays were replicated a minimum of
three times.

Statistical Analysis Data were normally distributed, and
significant differences between treatments and controls
were calculated with Duncan’s mean separation test for
the measured parameters (SAS INSTITUTE 2000). The
data given in tables and figures are the mean ± SE.

Results

Chemical analysis of the soils and plants (roots and leaves)
from contaminated Ulsan and noncontaminated Suwon sites
was performed to measure various elements and metals,
pH, and total phenolics (Table 1). Statistical analysis
revealed that all of the elements analyzed and total
phenolics were significantly higher in Ulsan soils. In
addition, Ulsan soil pH (3.84) was significantly more acidic
than Suwon soil pH (5.82). Of the metals analyzed, Al, Fe,
and Mn were in highest abundance (approximately 3, 129,
and 14 times, respectively) in Ulsan soils compared to
Suwon soils. A similar pattern was observed in the plant
leaf tissues with elevated levels of Al, Fe, and Mn at 50.41,
18.30, and 69.45 mg/l in Ulsan plants (PaU) compared to
1.49, 2.80, and 3.11 mg/l in Suwon plants (PaS). Overall
levels of these compounds in roots was lower than in leaf
tissues; however, differences between PaU and PaS root

Table 1 Chemical characteristics and analysis of soil and plant tissues from Ulsan and Suwon field sites

Soil Plant leaf Plant root

Ulsan Suwon PaU PaS PaU PaS

Heavy metals (ppm)
As 3.62a±0.40 0.21b±0.17 0.20a±0.063 0.04b±0.01 0.01c±0.001 0.02c±0.005
Cd 0.82a±0.40 ND 0.01a±0.003 ND ND ND
Co 0.68a±0.05 ND 0.12a±0.01 ND ND ND
Cu 2.13a±0.24 0.06b±0.09 0.12a±0.034 0.04b±0.008 0.03b±0.005 0.02b±0.006
Mn 93.98a±0.67 6.52b±0.92 69.45a±0.45 3.11b±0.24 1.10c±0.065 0.88c±0.037
Ni 0.41a±0.02 ND 0.13a±0.026 ND ND ND
Pb 3.82a±0.37 1.24b±0.06 0.14a±0.018 ND ND ND
An 5.60a±0.03 ND 3.95a±0.077 0.72b±0.024 ND 0.10b±0.013

Metals (ppm)
Al 1116.23a±20.67 432.09b±15.23 50.41a±0.346 1.49b±0.089 0.98b±0.147 0.88b±0.113
B 0.24a±0.07 ND 0.61a±0.059 0.39b±0.05 0.08c±0.004 0.06c±0.006
Fe 32.21a±4.06 0.25b±1.10 18.30a±0.46 2.80b±0.166 0.14c±0.026 0.39c±0.052
pH 3.84b±0.74 5.82a±0.69 5.42b±0.236 5.92b±0.136 7.47a±0.15 7.55a±0.017
TP 0.22a±0.08 0.07b±0.02 1.24a±0.135 0.69b±0.017 0.15c±0.023 0.08c±0.004

Values represent mean ± SE (N=4) and mean values with the same letter are not significantly different (Duncan’s multiple range test, P<0.001).
Values in bold indicate significant differences between Ulsan and Suwon soils or P. americana plants (roots and leaves) harvested from Ulsan
(PaU) and Suwon (PaS) field sites
TP total phenolic compound levels, ND not detected
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tissues were not significant (Table 1). The pH of leaves and
plant tissues were similar in both PaS and PaU plants with
the pH ranging from 5.92–5.42 and 7.55–7.47 in the leaf
and root tissues, respectively (Table 1). Analysis of total
phenolic compunds indicated that they were more than
three times higher in Ulsan soils compared to Suwon soils.
Similarly, total phenolic compounds were approximately
twice as high in both the plant leaf and root tissues of PaU
plants compared to PaS plants (Table 1).

Nutrient composition of PaU and PaS plant tissues were
also analyzed (Table 2). PaU leaf tissues had elevated levels
of Cl, NH4, N, P, and S compared to PaS plants with N, Cl
and S being 846, 11.8, and 1.98 times higher in PaU leaves,
respectively. In contrast, PaS plant leaves had elevated
levels of K, Na, Ca, and Mg compared to PaU leaf tissues.
With the exception of Ca, Na, Mg, and K, all elements
tested were higher in PaU roots compared to PaS root
tissues. Of these elements, Cl, N, P, and S were notably
higher in PaU roots compared to PaS roots (Table 2).

The effects of simulated acid rain (pH 2–6.4) on PaU
and PaS plants was measured by determining the percentage
seed germination, total phenolic compounds, and chlorophyll
levels in plants, as well as plant growth and biomass (Fig. 1).
With the exception of chlorophyll content, the overall pattern
in each of these assays was similar: PaU plants had higher
seed germination (P<0.001), plant growth, and biomass
compared to PaS plants for all simulated acid rain treatments
(P<0.001). The highest seed germination of 100% and 78%
and chlorophyll content of 37 and 22 mg/m3 occurred at
simulated acid rain pH 2.0 for both PaU and PaS plants,
respectively (Fig. 1A and B). The same pattern was observed
with plant growth and biomass of shoot at simulated acid
rain pH 2.0, with the highest plant growth of 45 and 38 cm,
and plant biomass of 5.4 and 4.2 mg occurred in PaU and
PaS plants, respectively (Fig. 1C and D). Assessment of
plant seed germination, chlorophyll content, plant growth

and biomass over a simulated acid rain pH range (2.0–6.4)
showed a similar pattern in that the highest levels were
achieved at pH 2.0 followed by a marked decrease at
pH 3.0–5.0 and a slight increase at pH 6.4 (Fig. 1A–D) for
both PaU and PaS plants. In general, an inverse relationship
was observed with total phenolic compounds and pH
compared to other parameters (% seed germination, plant
growth and biomass), with a general increase in total
phenolic compounds occurring from pH 2.0 to 5.0 followed
by a slight decrease at pH 6.4 for both PaU and PaS plants
(Fig. 1B). In contrast, PaS plants exhibited statistically lower
total phenolic compound levels than PaU plants but higher
chlorophyll content at pH 2–5 (Fig. 1B).

The effects of varying temperature and CO2 levels on
PaU and PaS plant health was assessed (Fig. 2). The overall
effect of the treatments (I–IV) on growth rates of PaU
plants was III > I > IV > II, and PaS plants was I > III > IV
> II, with PaU plants being larger (P<0.001) and maturing
faster (onset of flowers and mature leaves; recorded
observation; data not shown) than PaS plants. PaU and
PaS plants were compared and analyzed for chlorophyll
content, plant growth, and total phenolic levels when
exposed to treatments I–IV; PaU plants were statistically
higher for plant growth and total phenolics compared to
PaS plants (Fig. 2A and C). In contrast, PaU plants
exhibited statistically lower chlorophyll levels when com-
pared to PaS plants (Fig. 2B). Although PaU and PaS plants
were the same age, PaU plants were larger, and tissues were
more mature when compared to PaS plants (personal
observation, Yong Ok Kim). Leaves were broader and more
mature and, as such, exhibited a lighter green color and
subsequent decrease in chlorophyll content. The reverse was
true for total phenolics with levels in PaU higher when
compared to PaS plants.

Six PaU and PaS field plants and 100 seeds from both
field sites were surface sterilized and plated on microbial

Table 2 Nutrient properties of plant tissues harvested from Ulsan And Suwon field sites

Leaf Root

(ppm) PaU PaS PaU PaS

K 1405.06b±12.38 1758.5a±20.83 104.32c±3.03 98.49c±3.42
Na 2.07c±0.05 11.34a±0.63 5.27b±0.27 1.96c±0.03
Ca 1.01d±0.10 2.73b±0.11 2.33c±0.13 3.97a±0.0.14
Mg 128.72b±0.85 220.89a±5.37 7.08c±0.10 4.33c±0.16
Cl 584.12a±8.49 49.48c±0.87 111.35b±0.63 12.49d±0.2
NH4 68.25a±0.97 43.25b±1.16 20.45c0.55 19.15c±1.42
N 169.20b±2.37 0.20d±0.03 201.72a±1.45 54.45c±0.31
P 46.18a±0.75 36.53b±0.33 1.24c±0.13 0.21c±0.09
S 1092.1a±11.17 550.10b±0.65 40.25c±1.47 10.30d±0.38

Values represent mean ±SE (N=3) and mean values wih the same letter are not significantly different (Duncan’s multiple range test, P<0.001).
Values in bold indicate significant differences between Ulsan and Suwon soils or P. americana plants (roots and leaves) harvested from Ulsan
(PaU) and Suwon (PaS) field sites
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growth media to determine the plant and seed endophyte
profiles. The surrounding rhizosphere soil was collected
and analyzed to determine the composition of the soil
microbial community. All six of the PaU plants had a
fungal endophyte (Glomeralla acutata) associated with the
leaf and root tissue, as did 97.25% of seeds. No such fungal
associations were found in PaS plants and seeds. Analysis
of the soils surrounding the plants indicated that the same
fungal endophyte was present in Ulsan and absent in
Suwon soils (Table 3, P<0.01).

Discussion

In 1979, P. americana was introduced into South Korea and
became an important ecological problem by 1993 when it
had spread throughout the country, displacing many native
species (Park 1995). P. americana is widely distributed in
contaminated areas of Korea, and a correlation between
plant distribution and pollution absorption from soils has
been reported (Park et al. 1999). Little is known about
Phytolaccaceae ecology with the exception of a few papers
that deal with the invasive threat of P. americana in Korea
(Kim et al. 2005a, b). The extent of the effects of pollution
on plants and the time frame for adaptation to stressful
habitats in unknown but thought to involve a combination

of plant genome changes and associations with microbes
that can hasten the adaptation (within a growing season) in
a non-Darwinian manner (Rodriguez et al. 2008). Our
studies are the first to address the effects of pollution and
global warming related stresses of P. americana via plant
chemical analysis and the surrounding rhizosphere soils
from two different habitats. Interestingly, PaU plants
growing in the Ulsan contaminated site were larger (overall
height, leaf size and number), more robust, and growing
more densely than PaS plants growing in noncontaminated
Suwon soils (personal observation, Yong Ok Kim).

It is not surprising that PaU plants had higher concen-
trations of phenolic compounds in the leaves and roots
when compared to PaS plants, since plants exposed to metal
or acid stress often produce secondary metabolites that are
thought to play roles in plant health and survival (Inderjit
1996; Kasurinen et al. 2007). Terpenoids, flavonoids,
alkaloids, and phenolics are the most common allelochem-
icals, with the latter allelochemical being abundant under
field conditions (Seneviratne and Jayasinghearachchi 2003).
Phenolic compounds are known to affect seed germination,
seedling growth, cell division, fungal activity, protein
synthesis, and enzyme activity (Callaway et al. 2004;
Vivanco et al. 2004). It has been reported that phenolic-
induced oxidative damage is mediated by heavy metals
(Sakihama and Yamasaki 2002) and that accumulation of
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these metals occurs by conjugation with phenolics in various
plant organs (Santiago et al. 2000; Lavid et al. 2001).
Loponen et al. (2001) studied foliar concentrations of
phenolics in contaminated and control areas to detect early
symptoms of heavy-metal pollution in birch trees. They
found that in heavily polluted areas, atmospheric stress
factors appear to be correlated with the accumulation of

phenolics in birch leaves (Andrea et al. 2006). In addition,
exposure of plants to simulated low-pH acid rain (pH 3.0)
conditions resulted in the appearance of necrotic spots on the
leaf blades and subsequent accumulation of phenolics in
necrotic areas (Sant’Anna-Santos et al. 2006).

Our studies showed that P. americana preferentially
accumulates metals in leaf tissues compared to root tissues.
This was not expected since several studies indicate that
plants preferentially accumulate metals in root tissues
(Rauser and Meuwly 1995). For example, Nishizono et al.
(1987) reported the heavy metals, Cd, Cu, and Zn,
accumulated in roots of Athyrium yokoscense compared
with other organs. Lubben and Sauerbeck (1991) also
suggested that roots are the first site of accumulation of
heavy metals and subsequent tolerance to heavy metals
(Wu and Bradshaw 1972).

Seed germination of both PaU and PaS plants decreased
when exposed to simulated acid rain with the lowest
germination rates occurring at pH 5.0 and 4.0, respectively.
Although seed germination of PaU and PaS increased at
pH 6.4, the highest percentage germination occurred at the
lowest pH (2.0), and germination rates for PaU were higher

Table 3 Comparison of Ulsan and Suwon soils and plant tissues for
presence of Glomerella acutata

Ulsan Suwon

Seed 97.25a±2.21 ND
Leaf 84.53a±13.07 ND
Root 17.10b±2.07 ND
Soil 85.42a±5.77 ND

Values represent mean ±SE and mean values with the same letter are
not significantly different (Duncan’s multiple range test, P<0.01).
Numbers denote percentage colonization of 100 seeds and colony
forming units (CFU) equivalent to 0.17 g of plant tissues (N=6) and
10 mg of soil (N=6), respectively
ND not detected
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than PaS at all pH levels tested. The growth length, dry
weight, and overall health of PaU and PaS were also
highest at pH 2.0, with all values greater for PaU. These
results are in contrast to those of others (Fan and Wang
2000) that showed simulated acid rain conditions of pH 2.0
caused foliar damage, reduced chlorophyll content, and
reduced seedling growth; while seedling growth was
simulated at pH levels between pH 3.5 and 5. Regardless,
increased germination and growth of PaU plants at pH 2.0
suggests that PaU plants have more tolerance to acid rain
than PaS plants.

The phenolic levels of both PaU and PaS plants
significantly increased with pH under simulated acid rain
conditions, and the phenolic content of PaU plants was
higher than that of PaS plants (Fig. 1). Interestingly, in
other plants species (Mimosa artemisiana, Gallesia integ-
rifolia, and Norway spruce), enhanced accumulation of
phenolics and development of necrotic spots on leaves
occurred upon exposure to acidic pH (3.0; Sant’Anna-
Santos et al. 2006). Although phenolic accumulation was
directly proportional to pH in P. americana, plant growth
was inversely proportional to pH, and lesions did not
develop at low pH. Therefore, we surmise that the acidic
nature of soils and enhanced bioavailability of compounds
do not have a negative impact on growth or disease
symptom development on PaU plants.

Exposure of plants to different environmental treatments
(altered CO2, temperature, and soil pH) resulted in altered
growth rates (Fig. 2). PaU plants grew larger and matured
faster in all treatments compared to PaS plants. In addition,
the treatments affected plant growth differently with PaU
plants having highest growth in treatment III (ambient CO2

and increased temperature) while PaS plants had the
greatest growth in treatment I (ambient CO2 and tempera-
ture). Although the significance of this is not yet known, it
demonstrates that PaU and PaS plants are physiologically
different.

The chlorophyll content of leaves was greater for PaS
plants than PaU plants in every treatment. A contributing
factor to the observed overall decrease in plant chlorophyll
content in PaU plants growing in contaminated soils is that
they grew more quickly (both overall plant height and
overall size and number of leaves), and the leaves measured
were physiologically more mature than PaS plants. Chlo-
rophyll levels in both plants were highest when the ambient
CO2 levels were doubled. However, measurements of the
growth, chlorophyll content, and phenolic levels did not
show a significant difference between treatment I of PaU
plants when compared to PaS plants. Mature flowers and
aging leaves in PaU plants appeared earlier than in PaS
plants and, as such, is reflected as a decrease in chlorophyll
content in PaU plants. Similarly, Loponen et al. (2001) and
Peltonen et al. (2005) reported that elevated CO2 increased

phenolic compound levels by 25%, with phenolic com-
pound levels 21% higher in samples from heavily contam-
inated smelter areas than from noncontaminated areas. We
observed a similar phenomenon with higher levels of
phenolics in PaU plants than PaS plants, especially in the
roots of plants exposed to treatment II (25°C, 650 ppm
CO2) and IV (30°C, 650 ppm CO2).

Total phenolic levels in the leaves and roots of treatment
I were less than that of the other treatments, and the growth
rates decreased, while chlorophyll content increased for
treatments II and IV. This suggests that there may be a
relationship between growth rates, total phenolic levels, and
chlorophyll content.

Microbial analysis showed that a single dominant fungal
endophyte (>97%) was present in the contaminated (PaU)
and absent in the noncontaminated (PaS) site samples. The
endophyte was identified as G. acutata, which was isolated
from leaves, roots, and seeds, and was also abundant in the
surrounding soils (Table 3). Interestingly, the endophyte
was in highest abundance (84.53 CFU) in PaU leaves
where the highest accumulation of metals was found. The
abundance of the endophyte in Ulsan soils, and the variance
in abundance levels in the different plant tissue types,
suggest that this endophyte may have an ecologically
significant role in PaU plants. Recent studies have shown
that symbiotic fungi impart habitat-specific stress tolerances
and are responsible for the survival of some plants in high-
stress habitats (Redman et al. 2002a; Rodriguez et al.
2008). In addition, fungal endophytes are known to
promote plant growth (Redman et al. 2002b; Varma et al.
2006). However, the ecological role of endophytes in
contaminated habitats has not been well defined. Studies
have shown that fungal symbionts have the ability to confer
heavy metal tolerance to plants (Monnet et al. 2001). Some
fungi produce siderophore and siderophore-like compounds
and are able to sequester iron in the surrounding rhizosphere
(Wilhite et al. 2001), while other fungi increase translocation
of metals to leaf tissues (Al-Karaki et al. 2001).

Although the mechanism is yet unknown, collectively,
these studies provide evidence to support the hypothesis
that PaU plants have adapted to and are able to thrive in this
industrially contaminated high stress habitat. The PaU plants
represent acid-rain and heavy-metal-tolerant ecotypes, while
PaS plants do not. Although additional work is required, the
results presented here are promising and demonstrate the
ability of PaU pokeweed plants to absorb and translocate
metals to leaf tissues. As such, the results suggest that this
system may be developed as a potential useful phyto-
remediation tool to clean-up contaminated soils.
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