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High phenolic-containing oregano clonal lines have been targeted as potential plants for developing
pollutant-tolerant rhizospheres that could accelerate microbial degradation of pollutants such as
polymeric dyes and related aromatic compounds. Seven tissue culture-generated oregano clonal
lines were found to grow on hormone-free medium containing 0.01% of Poly R-478 or Poly S-119.
The results showed that dye tolerance was associated with changes in total phenolics and peroxidase
activity in these clonal lines. The total phenolics of most clonal lines decreased in response to
polymeric dyes, whereas the peroxidase activity increased. Clonal line O-5 pretreated with
Pseudomonas exhibited a higher level of peroxidase activity compared to untreated O-5 in response
to the dyes. These observations suggested that the peroxidase activity was inducible. Stereomi-
croscopic observations revealed that the polymeric dyes were sequestered within the growing axis
of the roots. This process may also enhance the polymerization of such dyes onto the cell wall.
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INTRODUCTION

Changes in agricultural production practices to meet
the demands of the growing global population along
with activities associated with industrialization have
resulted in the inevitable contamination of the environ-
ment with several types of pollutants. It is estimated
that over the next 30 years, 750 billion U.S. dollars will
have to be spent in the United States alone to remediate
contaminated sites to current legal standards (Cun-
ningham et al., 1996). Various physical, chemical, and
biological processes are already being used to remediate
contaminated soil and water (Cunningham et al., 1995;
Caplan, 1993). Among them is phyto- or green plant-
based remediation. It is defined as the use of plants to
remove, contain, or render harmless environmental
contaminants. This definition applies to all plant-
influenced biological, chemical, and physical processes
that aid in remediation of contaminated substrates
(Cunningham et al., 1996). Phytoremediation, though
not a new concept, is a relatively new technology. The
use of plants in waste treatment originated over 300
years ago (Cunningham et al., 1993, 1995). Plants are
regarded as solar-driven pumping and filtering systems
that have measurable loading and degrading capacities,
and their roots are described as exploratory extractors
that can find, alter, and/or translocate elements and
compounds from the liquid phase (Cunningham et al.,
1995). Plants can also be cost-effective alternatives to
physical remediation systems (Cunningham et al.,
1995).

Among different contaminants that pose environmen-
tal problems in both soil and water are various synthetic
dyes including azo, anthraquinone, and triarylmethane
dyes (Rafii et al., 1990). Many physical, chemical, and
biological methods have been used in the remediation
of synthetic dye-contaminated soil and water (Yeh, 1995;
Churchley, 1994; Nigam et al., 1996). Several fungal
isolates from soil environments were found to be able
to decolorize polymeric dye Poly R-478 or Poly S-119 to
various degrees (Wunch et al., 1997; Zheng et al., 1998).
Several papers reported that the peroxidases from fungi
and plants play a critical role in the degradation of azo
dyes and aromatic pollutants (Ollikka et al., 1993;
Spadaro and Renganathan, 1994; Klibanov and Morris,
1981). The cross-tolerance and ability to degrade
polymeric dyes by fungi are also indicators of a common
potential to degrade other aromatic pollutants such as
polycyclic aromatic hydrocarbons (Field et al., 1992).

Peroxidases are a ubiquitous class of enzymes present
in various tissues and cell components in plants, and
they are involved in numerous processes, such as
lignification, wound healing, antipathogen defense, and
stiffening (Djiana et al., 1996). Kwak et al. (1996)
indicated that peroxidase activity in sweet potato was
enhanced by stress-related chemicals. A direct correla-
tion was observed between the variation in peroxidase
activity and the resistance to plant pathogen infection
in Hibiscus esculentus and Vigna sinensis cultivars
(Leina et al., 1996). The stimulation of peroxidase
activity, as a part of the plant defense response to
various stresses, is often accompanied by the increased
accumulation of phenolics (Van-Loon, 1986). It was
observed that the maximum of peroxidase activity
coincided with an enhancement in the content of free
phenolic acids in alfalfa (Cvikrova et al., 1996).

Phenolics or phenolic acids, intermediates in phenyl-
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propanoid metabolism, play many important roles in
plant cells, tissues, and organs. They are precursors
for the synthesis of lignin (Lewis and Yamamoto, 1990),
and their deposition into the cell walls after pathogen
infection is an important defense mechanism (Bolwell
et al., 1985). Phenolics are also involved in the pro-
cesses of differentiation and organogenesis (Mato et al.,
1988). Their level is affected by a wide spectrum of
external and internal factors such as phytohormones
and growth-regulating substances (Zaprometoy, 1989).

In our laboratory, we have found that several oregano
clonal lines were tolerant to polymeric dyes Poly R-478
and Poly S-119 present in their growing environment.
Poly R-478 is a polyanthraquinone dye, and Poly S-119
is an azochromophoric dye. These two polymeric dyes
are representative of the majority of synthetic dyes. The
aim of this study was to obtain information about the
possible correlation between the level of total phenolics/
peroxidase activity and tolerance response to polymeric
dyes in oregano clonal lines. This could be a very
important step in understanding the biochemical mech-
anisms associated with phytoremediation of synthetic
dyes and aromatic pollutants. Polymeric dye tolerance
of plant clonal lines could be used to develop a good
plant rhizosphere environment in soil, in constructed
wetland, or in contaminant-containing soil for degrada-
tion of similar pollutants by microorganisms.

MATERIALS AND METHODS

Polymeric Dyes. Poly R-478, a polyanthraquinone dye
(polyvinylamine sulfonated backbone with anthrapyridone
chromophore, violet color), and Poly S-119, an azochromophoric
dye (polyvininylamine backbone with azochromophore, orange
color), were purchased from Sigma Chemical Co.

Shoot Culture of Oregano. Seven shoot-based oregano
clonal lines were each generated from individual heterozygous
seedlings following germination of a heterogeneous seed
population (Shetty et al., 1995; Eguchi et al., 1996). They were
subcultured and maintained on Murashige and Skoog (MS)
medium (Murashige and Skoog, 1962). The MS medium
contained 1 mg of 6-benzylaminopurine (BAP), 30 g of sucrose,
1 mL of Nitsch and Nitsch (1955) vitamin solution (diluted
from a 1000× stock, Sigma), and 3 g of phytogel (Sigma) per
liter with an adjusted pH of 5.8, before being autoclaved at
121 °C for 15 min. Each Petri plate contained seven apices,
and each apex had four lateral leaves below it. These Petri
dishes were incubated at 20 °C under continuous light of 40
µmol‚m-2‚s-1. The shoot apex explants generated several more
apices through axillary bud proliferation during incubation.
All oregano clonal lines were maintained by subculturing the
shoots at 30-day intervals.

Transferring the shoot apices to half-MS hormone (BAP)-
free medium resulted in their rooting. To test their tolerance
ability to polymeric dyes, oregano clonal lines were transferred
and cultured on half-MS hormone-free medium supplemented
with 0.01% of Poly R-478 or Poly S-119. The half-MS hormone-
free medium without polymeric dyes was used as control. The
total phenolics and peroxidase activity were measured on days
15, 30, and 45 following subculture.

Preinoculated O-5 Clone. The shoots of new apices of
oregano clonal line O-5 cultured on MS medium for 30 days
were inoculated by gently treating the stem end with Pseudomo-
nas sp. and transferred to MS medium (Shetty et al., 1995).
After several subculture generations, the surviving preinocu-
lated O-5 shoot clones were used for the dye tolerance test.
The rationale for preinoculation was based on previous un-
published results from our laboratory, which showed that O-5
treated with Pseudomonas stimulated phenolics and poten-
tially the lignification response. Those Pseudomonas-treated
shoot clones that survived many subcultures had enhanced

tolerance to polymeric dyes due to, perhaps, prior stimulation
of phenolics and peroxidase-linked lignification.

Total Phenolics Assay. The total phenolics of oregano
tissue were determined by an assay modified from that of
Chandler and Dodds (1983) and described by Shetty et al.
(1995). Approximately 50 mg of shoot tips was placed in 2.5
mL of 95% ethanol and held at 0 °C for 48 h. Each sample
was then homogenized with a Tissue Tearor (Biospec Products,
Inc., Racine, WI) and centrifuged at 13000g for 10 min. One
milliliter of the supernatant was transferred to a test tube and
mixed with 1 mL of 95% ethanol and 5 mL of distilled water.
To each sample was added 0.5 mL of 50% Folin-Ciocalteu
reagent. After 5 min, 1 mL of 5% Na2CO3 was added and the
reaction mixture was allowed to stand for 60 min. The
absorbance was read at 725 nm using a Genesys spectropho-
tometer (Milton Roy, Inc., Rochester, NY). Standard curves
were established for each experiment using various concentra-
tions of gallic acid in 95% ethanol. Absorbance values were
converted to milligrams of phenolics per gram of tissue fresh
mass. Each value reported in this study was an average of
three replicate assays of three separate samples.

Peroxidase Assay. The extraction and assay procedures
for peroxidase were adapted from the methods described by
Biles et al. (1997) and Laloue et al. (1997). One hundred
milligrams of oregano tissue was ground at 4 °C for 2 min in
the presence of 5 mL of extraction buffer using a pestle and
mortar. The extraction buffer was 0.1 M potassium phosphate
buffer (pH 7.5) containing 2 mM EDTA and 1% of poly-
(vinylpyrrolidone) to remove phenolics and polysaccharides.
The extracts were centrifuged at 13000g for 15 min, and the
supernatants were diluted to ×10-1 and used for enzyme
assay. Peroxidase assays were conducted at 25 °C in a reaction
mixture containing 50 mM potassium phosphate buffer (pH
6.5), 2 mM hydrogen peroxide, and 20 mM guiacol in a total
volume of 2 mL. The reaction was initiated by the addition of
0.1 mL of enzyme extract. Spectrophotometric readings at 470
nm, which measure the oxidation product of guaiacol, were
taken within 5 min after addition of the enzyme extract. One
unit of peroxidase activity is defined as the micromoles of
guaiacol oxidized per minute of reaction. The molar extinction
coefficient for oxidized guaiacol of ε470 ) 26.6 mM-1 cm-1 was
used to convert absorbance measurements to molar units
(Laloue et al., 1997; Djiana et al., 1996). Enzyme activities
were expressed as units per gram of fresh oregano tissue. Each
value reported in this study was an average of three replicate
assays of three separate extracts.

Stereomicroscopic Observation. The shoots and roots
of oregano clonal lines grown on half-MS hormorne-free
medium containing polymeric dye in Petri plates were ob-
served under 25× magnification using a stereomicroscope
(Olympus, Inc., Tokyo).

RESULTS AND DISCUSSION

The total phenolics and peroxidase activity of all
selected oregano clonal lines grown on half-MS hormone-
free medium supplemented with 0.01% of Poly R-478
or Poly S-119 for 15 days were measured and compared
with the control (half-MS hormone-free medium without
polymeric dyes). As shown in Figure 1, the average
phenolic content of all oregano clonal lines except
preinoculated O-5 decreased on polymeric dye-contain-
ing media. Statistically, the decrease in phenolic con-
tent of O-1 and O-24 in response to Poly R-478 and of
O-24 and OM-8 in response to Poly S-119 were signifi-
cant. In contrast, the average phenolic content of O-5
preinoculated with Pseudomonas increased in response
to both Poly R-478 and Poly S-119, and the former
increase was significant (Figure 1). Recently, inocula-
tion of oregano shoot explants with a Pseudomonas sp.
was reported to prevent hyperhydricity (Shetty et al.,
1995, 1996). The results suggest that phenolic synthesis
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in the Pseudomonas-treated O-5 clonal line was further
stimulated in response to polymeric dyes on day 15.

Peroxidase activity was a more appropriate measure-
ment reflecting the tolerance response of oregano clonal
lines to polymeric dyes. The changes in peroxidase
activity of most clonal lines were much more prominent
compared to the changes in total phenolics in response
to polymeric dyes (Figure 2). Peroxidase activity in O-1,
OM-1, OM-3, OM-8, and preinoculated O-5 clones
significantly increased in response to Poly S-119 com-
pared to that of control, whereas only OM-3 showed
significant increase in peroxidase activity in response
to Poly R-478. Peroxidase activity in O-4, O-5, and O-24
clones remained at a relatively low level and did not
show an elevated response to polymeric dyes (Figure 2).

Peroxidases are known to be involved in numerous
processes, such as lignification, wound healing, an-
tipathogen defense, and stiffening (Djiana et al., 1996).
There is evidence which shows that the peroxidase
activities in plants were enhanced by stress-related
chemicals and pathogens (Kwak et al., 1996; Leina et
al., 1996). On the other hand, the stimulation of
peroxidase activity, as a part of the plant defense
response to various stresses, is often accompanied by
an increased accumulation of phenolics (Van-Loon,
1986; Cvikrova et al., 1996). This is similar to our
observations of oregano clonal line O-5 preinoculated
with Pseudomonas. For many other clonal lines, how-

ever, the peroxidase activity increased substantially in
response to polymeric dyes while the total phenolics
were decreased. It is known that peroxidase is an
enzyme responsible for the cross-linking of phenolic
moieties during the biosynthesis of lignins in the plant
cell wall (Morales and Barcelo, 1997). The polymeric
dyes strongly stimulated peroxidase activity in some
oregano clonal lines. As a result, the rate of polymer-
ization of free phenolics to lignins and their precursors
by peroxidase in the oregano tissues likely increased.
This is an important defense reaction by plants to
protect themselves from unfavorable environments.

When compared to the results on day 15, the total
phenolics of all oregano clonal lines, except O-1, signifi-
cantly increased on day 30 for the untreated controls,
but the total phenolics of many of those treated with
polymeric dyes were significantly lower than their
controls. Among all oregano clonal lines, O-4, O-24,
OM-1, and OM-3 exhibited significant decrease in total
phenolics in response to both Poly R-478 and Poly S-119
(Figure 3). Phenolics are intermediates in phenylpro-
panoid metabolism, and they are precursors for the
synthesis of lignin (Lewis and Yamamoto, 1990). The
deposition of free phenolics in plant tissues into the cell
walls after stress-related infection or stimulation is an
important defense mechanism (Bolwell et al., 1985).
Their level is affected by many external and internal
factors (Zaprometoy, 1989). On this basis, our observa-
tions suggested that polymeric dyes may have stimu-
lated the synthesis of lignins by converting free pheno-
lics into polymerized compounds through the action of
peroxidases in oregano clonal lines. Concurrently, it is
possible that polymeric dyes are also linked to the cell
wall by peroxidases (Figure 4a).

The changes in peroxidase activity of most oregano
clonal lines in response to polymeric dyes on day 30 were
similar to those on day 15 (Figure 5). The results from
both day 15 and day 30 indicated that the tolerance
responses of nearly all oregano clonal lines to Poly S-119
were stronger than those to Poly R-478 in terms of the
increases in guaiacol peroxidase activity (Figures 2 and
5). O-4, O-5, and O-24 lines, which had very little or
no response to polymeric dyes in terms of the changes
in their peroxidase activity on day 15, although remain-
ing “insensitive” to polymeric dyes, showed a marginal
increase in peroxidase activity on day 30. The differ-
ences among individual clones in the changes in total
phenolics and peroxidase activity in response to poly-

Figure 1. Phenolic content of oregano clonal lines in response
to polymeric dyes Poly R-478 and Poly S-119 on day 15.

Figure 2. Peroxidase activity of oregano clonal lines in
response to polymeric dyes Poly R-478 and Poly S-119 on day
15.

Figure 3. Phenolic content of oregano clonal lines in response
to polymeric dyes Poly R-478 and Poly S-119 on day 30.
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meric dyes could be due to the complexity of the defense
systems in oregano tissues, and there may be other
mechanisms regulating the phenolic synthesis, lignifi-
cation, and dye polymerization processes. However, for

most oregano clones, there is an inverse correlation
between peroxidase activity and total phenolics. These
observations are consistent with the idea that the
increased peroxidase was used to convert more free
phenolics to form lignin and other dye-polymerized
products in oregano tissues.

After 45 days of growth on half-MS hormone-free
medium, the total phenolics of all oregano clonal lines
remained at a relatively higher level. The differences
in phenolic content between the controls and polymeric
dye-treated samples of clonal lines O-1, O-4, O-5, and
O-24 decreased on day 45 compared to that on day 30,
whereas the differences of OM-1, OM-3, OM-8, and
preinoculated O-5 became much more prominent on day
45 (Figures 3 and 6). This is not surprising if the
changes in peroxidase activity in those clonal lines are
considered (Figure 7). On day 45, the differences in
peroxidase activity of OM-1, OM-3, OM-8, and prein-
oculated O-5 clones remained high, which may have
allowed the conversion of free phenolic compounds into
lignins with the help of enhanced peroxidase activity
in these oregano clonal lines. This may have also
contributed to the polymerization of the dyes onto the
cell wall.

Figure 4. Observations of polymeric dye tolerance of oregano clonal lines: (a) stereomicroscopic view of Poly S-119 uptake by
roots of oregano clonal line OM-8; (b) high peroxidase, OM-1 clonal line grown on half-MS hormone-free medium containing 0.1%
of Poly R-478; (c) low peroxidase, O-4 clonal line grown on half-MS hormone-free medium containing 0.01% of Poly R-478.

Figure 5. Peroxidase activity of oregano clonal lines in
response to polymeric dyes Poly R-478 and Poly S-119 on day
30.
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Although the peroxidase activity in oregano clonal
lines O-4, O-5, and O-24 on day 45 increased to varying
degrees compared to those on day 15 or on day 30, their
overall levels were still low, and there were no signifi-
cant changes in peroxidase activity in these three clonal
lines at any one of the three time points. The low
peroxidase clonal line, O-4, appeared bleached in the
dye-containing medium (Figure 4c), whereas the high
peroxidase-containing line, OM-1, had intense pigmen-
tation (Figure 4b).

Oxidation of phenolic compounds, the naturally oc-
curring substrates in the plant cell, is one of the
functions of peroxidases. The fact that the changes in
total phenolics in oregano clonal lines were in the
opposite direction from the changes in peroxidase activ-
ity was also supported by evidence of Mato et al. (1988),
who found a similar correlation between changes in
phenolics and accompanying changes in peroxidase
activity during root formation in grapevine (Vitis)
species.

With regard to azo dye degradation, Chivukula et al.
(1995) reported that sulfonated azo dyes were oxidized
by a lignin peroxidase from a white-rot basidiomycete
fungus. The enhanced peroxidase activity in oregano
clonal lines in response to polymeric dyes was one of
the defense responses in oregano tissues, and the
activated peroxidase was very critical for oregano in
dealing with the “aromatic pollutants”, polymeric dyes

in the medium. Consequently, the polymeric dye toler-
ance mechanism was activated in the plant tissues.
Therefore, understanding the polymeric dye tolerance
responses in plants is a very important step in the
development of phytoremediation systems for further
development of effective rhizospheres for microbial
degradation of similar and related aromatic pollutants.

An observation of the oregano clonal line OM-1 grown
on half-MS hormone-free medium supplemented with
0.1% of Poly R-478 is shown in Figure 4b. The root
growth in dye-containing medium was normal, and the
dye was concentrated and sequestered along the grow-
ing root axis (Figure 4a). Although oregano clonal lines
do not decolorize the polymeric dyes, their high toler-
ance to polymeric dyes can be potentially adopted for
rhizosphere-based bioremediation using an appropriate
plant clonal line-microbial system. One major advan-
tage of the new phytoremediation system would be its
potential to perform in a highly contaminated environ-
ment by providing a favorable rhizosphere zone for
microbial degradation of dyes along with enhanced
peroxidase-linked tolerance and detoxification pathways
in plants. The conceptual insights provided by this
study could be used to develop significant new phytore-
mediation systems based on manipulated peroxidase
pathways in elite plant clonal systems tolerant to highly
polluted environments.
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