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Effects of zinc and molybdenum on European Bluestar
(Amsonia orientalis): An in vitro study
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Abstract

This study aimed to investigate the effects of possible zinc (Zn) and molybdenum (Mo) contaminations on the critically endan-
gered European Bluestar (Amsonia orientalis). The effects of Zn and Mo were tested in a dose-dependent manner on in vitro
cultures. Zn at 0.1 mM in the medium inhibited root development whereas Mo showed the same effect only at >2.5 mM con-
centration. Gradual inhibition of shoot development was observed after treatment with both metals. Protein contents were also
negatively affected by increasing metal concentrations, while proline levels increased gradually. Successive increases in metal
concentrations resulted in higher hydrogen peroxide (H,0,) and malondialdehyde (MDA) concentrations. The activity of the
antioxidant enzymes, peroxidase (POD) and catalase (CAT), were found to be enhanced in response to increasing metal con-
centrations. Superoxide dismutase (SOD) activity decreased after Zn treatment but increased after Mo treatment. A marked
increase in POD and CAT in response to metal stress suggests that these enzymes might have a significant cooperative role in
regulating H O, production, although CAT, in response to drought and salt stress, has been reported to only play a supplemen-
tary role in A. orientalis. These results indicated that A. orientalis is susceptible to long-term Zn stress but can tolerate up to 2.5
mM Mo in the long-term. Deficiency of Mo is more common than high toxic concentrations in the environment. Therefore Zn
contamination should be considered as one of the major threats for A. orientalis in its native habitat.
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Introduction

Amsonia orientalis Decne. (syn. Rhazya orientalis (Decne.) A. DC.) which is also known
as “BlueStar”, “European BlueStar” or “Eastern Rhazya” is a herbaceous perennial plant
with star-shaped, pale blue-colored flowers from the Apocynaceae (Dogbane) family (1).
Amsonia species are mainly cultivated as garden plants in Europe and the USA for their
ornamental merit. The species prefers moist and loamy soils, usually close to streams. The
chemical properties of the soil where A. orientalis is native were evaluated, and the zinc
(Zn) content was found between 1.06 and 1.50 ppm. However, there is no data about the
molybdenum (Mo) content of the soil (2). The natural populations of the species have a
range limited to parts of Turkey and Greece and are considered to be very rare. The spe-
cies has been under conservation for almost 40 years after it was listed among the plant
species to be conserved at the European scale by The Bern Convention of the European
Council (3). It is also considered as one of the critically endangered (CR) species in The
Red List by The International Union for Conservation of Nature (IUCN). At present, the
range of wild A. orientalis is known to be restricted to Northwest Turkey and Northeast-
ern Greece. The decrease in its habitat may be related to anthropogenic and/or environ-
mental abiotic factors. To investigate the effects of salt and drought stress on the growth
and physiology of A. orientalis, several studies have been conducted (4,5). However, the
effects of heavy metal contamination, which is a major global environmental problem, on
A. orientalis have not yet been assessed.
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Heavy metals can be found in the environment since they
are naturally occurring elements of the Earth’s crust. Howev-
er, motor vehicle emissions, landfilling, industrial waste dis-
posal, mining activities, extensive use of agricultural chemi-
cals, and domestic effluents contribute to heavy metal input to
the environment (6). Heavy metals can accumulate in organ-
isms through the food chain. Although ionic forms of some
heavy metals are essential trace elements necessary for nor-
mal biological function in both plants and animals, in higher
concentrations, they can exert toxic effects (7). Two of these
beneficial metals, Zn and Mo, are available for plants as ionic
zinc (Zn**) and molybdenum oxide (MoO,*) forms, respec-
tively. Zn is critical in the structure of copper-zinc superoxide
dismutase (Cu-Zn-SOD), and it plays a role in phytohormone
production, cytochrome, chlorophyll, and nucleotide biosyn-
thesis. Molybdenum plays a role in the active centers of all
molybdenum enzymes, except bacterial nitrogenase, after it is
complexed by a ubiquitous pterin-based molybdenum cofac-
tor (Moco) (8). Mo also takes part in nitrogen fixation, sulfate
assimilation, purine degradation, nitrate reduction and absci-
sic acid (ABA) biosynthesis (7,9). The combustion of fossil
fuels, wastewaters from industrial processes, the transporta-
tion of ores, and distribution of sewage are the main reasons
for Mo release to the environment while most Zn is released
to the environment during industrial activities, such as min-
ing, coal and waste combustion and steel processing. In the
environment, increased soil pH triggers Mo uptake in plants,
which may lead to excess accumulation-related Mo toxicity
(10). In contrast, higher soil pH generally decreases Zn ab-
sorption. Thus lower soil pH is generally associated with the
increased Zn uptake, and under these conditions, Zn may
build up to toxic concentrations in plants (11). Heavy metal
stress, like other abiotic stresses, may trigger the production
of hydrogen peroxide (H,0,), superoxide (O,), singlet oxy-
gen ('O,) and hydroxyl radicals ("OH), all of which are reac-
tive oxygen species (ROS). ROS can lead to cellular damage
by oxidizing cellular components, inhibiting several enzymes,
damaging RNA and DNA synthesis and integrity, and perox-
idizing membrane lipids (12).

Plants can neutralize the adverse effects of stress factors
through both enzymatic and non-enzymatic defense systems.
Enzymatic defenses include catalase (CAT), peroxidases
(guaiacol and ascorbate peroxidase: POD), and superoxide
dismutase (SOD) as antioxidants, while carotenoids, glycine
betaine and proline, some phenolic compounds, polyamines,
and sugar alcohols compose the most important non-enzy-
matic defense mechanisms. The extent of cellular membrane
damage due to ROS-dependent lipid peroxidation can be es-
timated by evaluating malondialdehyde (MDA) content (13).
Plants can tolerate the deleterious effects of stress factors until
their defensive systems become overwhelmed. The concen-
trations of stressors, such as heavy metals, which will exceed
the protective function of the defensive systems varies from
stressor to stressor. However, long-term and/or severe stress-
es may cause growth reduction, which could eventually result

in plant loss. Analysis of plant development and physiologi-
cal changes due to alterations in protein and proline contents,
ROS production, MDA accumulation, and antioxidant en-
zyme activities can elucidate the defensive ability of A. ori-
entalis against stressors, which in this study were Zn and Mo.

Material and Methods

Plant material preparation and in vitro stress treatment
Amsonia orientalis is distributed in four different localities,
Gaziosmanpaga, Paga Alani, Adnan Menderes and Omer-
li districts, in the Balikesir province of Turkey. As part of a
previous conservation study, A. orientalis specimens from all
localities were sampled, and a voucher specimen was depos-
ited in the herbarium of Uludag University (BULU, specimen
no: 18138). The specimens were then transported and planted
into the garden at the Umuttepe Campus of Kocaeli Univer-
sity. The number of these individuals was increased through
an in vitro propagation study (1). To determine the genetic
consistency among these populations in Balikesir province,
Giirkanli ef al. (14) conducted a detailed genetic study, and
genetic variation was found between the four different popu-
lations. Therefore, only individuals from the Gaziosmanpasa
population were propagated and employed in this study to
ensure genetic stability and homogeneity among plantlets.
The shoots were sampled from propagated mature individ-
uals, and nodal explants, having at least one node, were em-
ployed in in vitro primary cultures. The nodal explants were
prepared and surface sterilized as described previously by
Acemi et al. (15). The explants were then propagated in Mu-
rashige and Skoog (MS) medium (16) with 1 mg I 6-ben-
zylaminopurine. The medium was supplemented with 30 g 1"
sucrose and 7 g 1! of plant agar, and the pH was adjusted to
5.7 before autoclaving. The 1-month-old nodal explants from
in vitro shoots were inoculated into MS medium without any
treatment (control) and with increasing concentrations of ad-
ditional Zn or Mo at 0.1, 0.5, 1.0, 2.5, 5.0 and 10.0 mM, pre-
pared with zinc sulfate (ZnSO,«7H,0) or sodium molybdate
(Na,MoO,). The cultures were incubated under predefined
conditions as previously described (1) for 30 days. The upper
cut-oft for Zn and Mo concentrations were determined ac-
cording to the morphological results of a preliminary study
conducted previously. This preliminary study showed that, at
concentrations above 10.0 mM for both metals, plant material
production was dramatically restricted. Thus the upper limit
of the metal concentrations was set at 10 mM.

Culture conditions and root and shoot growth assessment
Five nodal explants were inoculated per culture vessel togeth-
er with 40 ml of MS medium. Thirty explants were tested in
each treatment. Morphological data were collected after 30
days of incubation. Biochemical experiments were performed
at the end of the incubation period, after collection of plant
materials. Shoots and roots were sampled together to be used
in the biochemical assays, unless otherwise indicated. All ex-
periments were performed in triplicate.
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Preparation of crude extract from plant samples

The plant samples were homogenized in an extraction buffer
which consisted of 50 mM sodium phosphate (pH 7.0) buft-
er with 0.1 mM ethylenediaminetetraacetic acid (EDTA). The
homogenates were filtered and then centrifuged at 14,000 g for
15 min at 4 °C. The process continued by collection of super-
natants, which were then used as a crude extract for the assays.
To minimize a possible activity loss risk, extract preparation
and enzyme activity assays were performed on the same day.
Spectrophotometrical assays were done using Smartspect 3000
spectrophotometer (Bio-Rad, CA, USA).

Determination of total soluble protein content

The method of Bradford (17) was followed to estimate total
soluble protein content. Bovine serum albumin was used as
the standard. Tissue samples (250 mg) were ground in a sterile
mortar containing cold Tris-HCI buffer (10 mM, pH 6.8). The
final mixture in the mortar was centrifuged at 15,000 g for 20
min, and the resulting supernatant was used for the assay.

Determination of free proline content

Free proline content was estimated following the method
of Bates et al. (18). The leaves (0.5 g) were homogenized in a
cooled sterile mortar containing 10 ml of 3% sulfosalicylic acid,
and the homogenate was filtered through Whatman No. 2 filter
paper. The filtrate was mixed with acid ninhydrin and glacial
acetic acid (1:1:1 v/v), and the mixture was incubated at 100
°C for one hour. The reaction was terminated on ice, and the
final mixture was extracted using toluene. The absorbance of
the extract was read at 530 nm.

Determination of malondialdehyde content

The MDA content was estimated using thiobarbituric acid
(TBA) reaction, according to the method of Neto et al. (19) af-
ter some modifications. Equal volumes (0.4 ml) of TBA reagent
and the crude extract were mixed and the obtained mixture
incubated at 95 °C for 15 min. At the end of the incubation
period, the reaction was terminated immediately in an ice bath,
and then the mixture was centrifuged at 1,500 g for 15 min. The
absorbance of the supernatant was read at 532 and 600 nm. The
amount of MDA was calculated from the extinction coefficient
of 155 mM™* -cm™.

Determination of H,O, content

The H,O, contents were estimated according to the method of
Doupis et al. (20) with some modifications. The reaction mix-
ture containing 0.1% (w/v) trichloroacetic acid (TCA), 1M po-
tassium iodide, 0.5 ml of crude extract, and 50 mM sodium
phosphate buffer (pH 7.0) in the final volume of 2.5 ml was
kept in the dark for 60 min. Then the absorbance was measured
at 390 nm using a 0.1% (w/v) TCA solution and pure catalase
reagent as a blank to ensure zero interference. The calculation
of H O, contents was done using a standard curve prepared
with known H,O, concentrations.

Determination of antioxidant enzyme activities

The method of Dhindsa et al. (21), based on the inhibition of
photochemical reduction of nitroblue tetrazolium (NBT) at
560 nm, was used to estimate SOD activity. One unit of SOD
activity was defined as the amount of enzyme required for 50%
inhibition.

The pyrogallol oxidation method of Kar and Mishra was
used to estimate POD activities (22). Enzyme activity was cal-
culated using the extinction coefficient 2640 M* -cm™ at 425
nm for pyrogallol. One unit of POD activity was defined as the
formation of 1 mg of purpurogallin per 5 min.

The method of Aebi (23) based on the calculation of the ab-
sorbance of the H,O, disappearance rate at 240 nm (£=0.039
cm? -umol!) was used to estimate CAT activity. One unit of
CAT activity was defined as the amount of enzyme which cata-
lyzed the decomposition of 1 umol H,O, per minute.

Statistical analysis

Mean values were compared using Duncan’s multiple range test
at p<0.05 significance level. Data were given as mean + stand-
ard deviation (SD). IBM SPSS Statistics 19 software was used
for statistical analysis.

Results

Morphometric analysis of plant development

The Zn treatments above 1.0 mM concentration reduced the
mean shoot number and length. The highest shoot number was
found from the medium with 0.1 and 1.0 Zn, while these treat-
ments gave statistically the same results (Fig. 1a). The mean
shoot number then decreased below the control group. The
lowest level of Zn did not significantly affect root induction,
but 0.5 mM Zn treatment caused a dramatically reduced result
(Fig. 1a). Mean root length also decreased with increasing Zn
concentrations with root development being completely inhib-
ited above the 0.5 mM concentration (Fig. 1c). However, mean
shoot length increased at 0.5 and 1.0 mM Zn concentrations
but gradually reduced with higher concentrations of Zn (Fig.
1c).

Mo concentrations above 1.0 mM concentrations started to
show adverse effects on the shoots of A. orientalis. However,
the mean shoot number significantly increased in the pres-
ence of Mo at 0.1-5.0 mM in the medium. The highest mean
shoot number was observed from the medium with 0.1 mM
Mo. Starting from the 0.5 mM concentration, the mean shoot
number gradually decreased and was similar to that observed
in the control group in the presence of 10.0 mM Mo (Fig. 1b).
Mean shoot length was found to be statistically the same as the
control group when exposed to Mo between 0.1-1.0 mM con-
centration. Dramatic decreases were observed above 1.0 mM
concentration (Fig. 1d). The mean root number also reduced
gradually with increasing Mo concentrations, and root produc-
tion was inhibited in the presence of 5.0 and 10.0 mM Mo in
the medium (Fig. 1b). Mean root length was also negatively
affected by elevated Mo concentrations, gradually decreasing
with increasing concentrations of Mo below 5.0 mM (Fig. 1d).
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Figure 1. Effects of in vitro Zn and Mo exposure on shoot and root numbers, and lengths of Amsonia orientalis. Mean shoot and
root numbers after Zn exposure (a); Mean shoot and root numbers after Mo exposure (b); Mean shoot and root lengths after Zn
exposure (c); Mean shoot and root lengths after Mo exposure (d). Values are represented as means + SD; different letters denote
significant differences at p < 0.05.
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Figure 3. Changes in malondialdehyde (MDA) and hydrogen peroxide (H,0,) contents in Amsonia orientalis as a result of in vitro treat-
ment with Zn and Mo. MDA content after Zn exposure (a); MDA content after Mo exposure (b); H,0, content after Zn exposure (c);
H,O, content after Mo exposure (d). Values are represented as means + SD; different letters denote significant differences at p < 0.05.

Total soluble protein, and free proline content
The changes in soluble protein contents due to Zn and Mo ex-
posure are shown in Fig. 2a and 2b, respectively. The control
group had the highest protein contents, while increased metal
concentrations negatively influenced this parameter. The low-
est level of Mo did not significantly affect the protein content,
compared to the control group. In all metal treatments, both 1.0
and 2.5 mM concentrations gave the statistically same results.
The changes in proline contents of A. orientalis after Zn and
Mo treatments are shown in Fig. 2c and 2d, respectively. Expo-
sure to Zn induced more proline accumulation than did Mo ex-
posure. The highest proline concentration was found in plants
grown in the medium with concentrations of 10.0 mM of either
metal while the control group had the lowest concentration of
proline per unit weight of fresh plant material. Mo exposure in-
duced a statistically significant increase in proline content even
at 0.1 mM concentration. However, proline content at Mo con-
centrations between 0.5 and 2.5 mM was statistically similar.

Lipid peroxidation-dependent MDA production, and H,0,
content

The changes in MDA contents of A. orientalis due to Zn and
Mo treatments are shown in Fig. 3a and 3b, respectively. The
highest MDA accumulation was found in the plants treated

with 10.0 mM Zn. MDA levels showed an upward trend with
increasing concentrations of both metals, compared to the con-
trol group. However, all Mo concentrations gave statistically the
same results, while MDA contents increased as Zn concentra-
tions increased. Nevertheless, the accumulation levels caused
by 0.5 and 2.5 mM Zn concentrations were not statistically dif-
ferent. Additionally, MDA production was more pronounced
in the presence of additional Zn in the medium.

The changes in H,O, contents of A. orientalis after Zn and
Mo exposure are shown in Fig. 3¢ and 3d, respectively. All
treatments significantly increased H,O, accumulation in a
dose-dependent way. However, statistically non-significant re-
sults were observed in the plants treated with 0.1-1.0 mM Mo.
Zn treatments gave closer results when applied at moderate
concentrations (0.1-2.5 mM). Both metals induced the high-
est H O, accumulations after they were applied at 10 mM con-
centration. Also, 5.0 mM Zn induced statistically similar H,O,
accumulation to 10 mM. In general, Zn exposure triggered
stronger H O, production than that seen with Mo exposure.

Effects of metal stress on antioxidant enzyme activities

The metal stress-dependent alterations on SOD enzyme ac-
tivities of A. orientalis are summarized in Fig. 4a and 4b for
Zn and Mo, respectively. All experimental Mo concentrations
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cant differences at p < 0.05.

increased SOD activity to some degree. The maximum SOD
activity was observed at 0.5 mM Mo concentration, while all
Zn treatments decreased the enzyme activity, compared to the
control. A gradual increase in SOD activity was observed up to
0.5 mM Mo treatment. Zn treatments at 0.5-2.5 mM concen-
trations resulted in statistically similar SOD activity.

Consistently higher POD activities were found as results
of Zn treatments (Fig. 5a). The elevated POD activity was ob-
served to be stable with a small but statistically significant in-
crease as the concentration of Zn in the media increased. In
contrast, exposure to Mo resulted in variable changes in POD
activity, which did not correlate with increasing metal concen-
trations (Fig. 5b). The Mo concentration-dependent bursts in
POD activity seemed to be alleviated at moderate concentra-
tions. However, POD activity reached its maximum value at the
highest Mo concentration.

The CAT activity pattern was similar to POD activities as
the metal concentrations changed in the media (Fig. 6a and
6b). Starting from the lowest concentration, all Zn treatments
resulted in significant CAT activity increase, and this increase
was similar regardless of the increasing concentrations of Zn
(Fig. 6a). A statistically significant increase in POD activity
was observed after 0.5 mM Mo treatment. Then, a similar ac-
tivity pattern to POD activity was observed in CAT activities,
with increasing Mo concentrations (Fig. 6b). CAT activity was
the lowest in the control and the cultures exposed to 0.1 mM
Mo. Among the antioxidant enzymes investigated in this study,
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greater stimulation was observed for POD and CAT activity,
while SOD was found to be induced significantly only after Mo
treatments.

Discussion

Heavy metal exposure and accumulation can result in physio-
logical and developmental disorders in plants. Reduced organ
growth, limitations in photosynthesis due to reduced pigment
synthesis and increased chloroplast deformation, over-produc-
tion of antioxidant enzymes, accumulation of some osmoregu-
lators, and increased lipid peroxidation are the most common
signs of stress-related responses in plants (4,24).

Our findings revealed that additional Mo up to concentra-
tions of 5.0 mM in the medium did not cause any reduction
in shoot growth, whereas even the lowest concentration (0.1
mM) of Mo suppressed root growth. High molybdenum con-
centrations of up to 1000 ppm in the culture medium can be
tolerated by plants (25). However, only trace amounts of Mo
are required for the healthy development of plants. Thus there
is a narrow range between optimal and toxic amounts (26), and
our findings support this view. Apart from the direct effect of
Mo at high concentrations, organ development inhibition by
Mo might arise through an indirect mechanism related to sul-
fate uptake. Mendel (8) reported that nonspecific sulfate/phos-
phate transporters also participate in Mo uptake, in addition
to the high-affinity Mo transporter. It has been reported that
high levels of Mo in culture medium interfere with sulfate (S)
uptake and assimilation (27). S deficiency will also compromise
plant organ development (28), in addition to the deleterious ef-
fects of high Mo concentrations. Adverse effects of external Mo
supply on S assimilation have previously been demonstrated in
Trifolium repens which supports this hypothesis (9).

Inhibition of root and shoot growth, curling, chlorosis, and
necrosis in leaves are the common symptoms of Zn toxicity in
plants (7). In the present study, additional Zn at concentrations
higher than 0.5 mM in the culture medium inhibited root devel-
opment in A. orientalis, whereas concentrations up to 1.0 mM
promoted shoot growth. The inhibitory effect of excess Zn on
root development may be explained by the breakdown of root
cortex cells while the inhibition of shoot development at higher
Zn concentrations can be attributed to the breakdown of vas-
cular bundles, decrease in intercellular space and reduction in
epidermal and palisade cell size (29). As root growth appears to
be inhibited by lower concentrations of Zn, one explanation for
the inhibitory effect of Zn on shoot growth may be that, because
of a lack of root function, shoot development is indirectly inhib-
ited rather than being directly impaired by Zn as this effect was
only seen after complete root development inhibition. This indi-
cates that A. orientalis can tolerate a certain level of Zn in its root
system, but after root development and function are impaired, it
would limit the transport of this metal to the shoots. A similar
mechanism was shown in Cistus monspeliensis under Zn stress
(30). However, further experiments would be required to prove
these hypotheses concerning Mo and Zn transport from the cul-
ture medium to the shoots of A. orientalis.

Although the plants treated with an additional 0.1 Mo had
statistically the same results as controls, the increasing Mo
concentration reduced total protein contents. The reduction in
protein content due to additional Zn exposure was found to be
more pronounced than with Mo. Excess Mo can cause a defi-
ciency of other mineral nutrients, such as Magnesium (Mg),
which is essential for RNA function and thereby protein bio-
synthesis (31,32). Therefore, any limitation in Mg uptake can
lead down-regulation of protein synthesis. In the cultures of A.
orientalis exposed to increasing Mo concentrations, the decline
in soluble protein content may be attributed to this indirect ef-
fect of excess Mo.

Compared to controls, a gradual decrease in protein con-
tents was found in plants treated with increasing Zn. Zn is one
of the major cofactors of numerous enzymes such as carbonic
anhydrase, Cu/Zn SOD, and matrix metalloproteinases. Zn is
also involved in protein synthesis (33). Ramakrishna and Rao
(34) reported that total soluble protein content decreased in
Raphanus sativus treated with 5 mM Zn. Long term exposure
to high Zn triggers oxidative stress in plants, which could fur-
ther result in denaturation of functional and structural proteins
and disturbed cellular redox homeostasis (7). Thus, ROS-me-
diated protein denaturation might be the cause of reduced pro-
tein content in A. orientalis treated with higher Zn levels.

Osmoprotectants, such as sugars, cyclic and acyclic polyols,
fructans, amino acids, and amino acid derivatives, and quater-
nary amino and sulfonium compounds, take part in cell mem-
brane stabilization processes during several abiotic stresses
in plants (35). As one of the major osmoprotectants, proline
a-amino acid plays a role in membrane stabilization. During
mild Mo stress in A. orientalis, proline accumulation slightly
increased, but exposure to the highest Mo concentrations sig-
nificantly elevated proline concentration. This trend in proline
accumulation followed a similar pattern to H,O, production.
However, the pattern of MDA accumulation differed from
these. This finding indicated that proline accumulation in A.
orientalis could repress membrane damage. Proline accumu-
lation due to Zn stress was more pronounced than that due to
Mo stress in A. orientalis. Increased proline accumulation by
Zn stress followed a dose-dependent pattern, as did MDA and
H,0, accumulation. However, oxidative burst at the highest Zn
levels did not trigger MDA formation of the same magnitude.
This kind of membrane stabilization effect can be attributed to
a significantly increased proline level. This pattern of synchro-
nized accumulation of proline and H,0O, due to Zn stress has
also been reported in Citrus reticulate (36). To fully understand
the physiology of osmoregulation mechanisms in A. orientalis,
changes not only in proline but also in soluble sugars, sugar
alcohols, and glycine betaine should also be considered.

MDA is frequently used as a biomarker of ROS-mediated
cellular damage after oxidative stress (33,37). An increase in
MDA content indicates increased peroxidation of cell mem-
brane lipids, and MDA measurement provides a means of esti-
mating the intensity of the stress and extent of its damaging ef-
fects (24). In our study, both Mo and Zn treatments increased
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MDA production. However, MDA contents were found to be
increased gradually as Zn concentrations increased, whereas no
difference was found among MDA levels caused by increased
Mo levels. The observed increase in MDA levels after Zn treat-
ments coincided with increased ROS levels, but no such corre-
lation was found between MDA and ROS production after Mo
exposure. Kumchai et al. (38) concluded that under conditions
of excess Mo antioxidant enzyme activity increases, probably
to scavenge ROS in Brassica oleracea var. capitata. A similar
mechanism might be proposed in A. orientalis whereby anti-
oxidant enzymes are increased which actively scavenge excess
ROS, thereby limiting cellular damage due to Mo stress. Dai
et al. (39) found that Zn treatments between 300 and 900 uM
caused the simultaneous accumulation of MDA and ROS in
Medicago sativa cultivars. In A. orientalis, the continuous accu-
mulation of MDA indicated that enhanced proline production
was insufficient to stabilize cell membranes against oxidation
during Zn stress. A further mechanism may be that increased
cell membrane permeability and lipid peroxidation could lead
to the loss of integrity of the membranes of root cells, which
would further negatively affect the water absorption capacity
of the roots (40).

The most common ROS are 'O,, O, H,O,, and "*OH. They
are highly reactive molecules that can oxidize membrane lipids
and biomolecules, leading to cell membrane damage and cause
degradation of enzymes, proteins, and nucleic acids, conse-
quently harming cell integrity. H,O, has a multifunctional role
since the molecule acts as a messenger in the plants defense
system but also can cause cellular damage if over-produced.
As a result of cellular activities, ROS are produced through
the electron transport chain. However, some enzymes such as
plasma-membrane-localized NADPH oxidases, amine oxidas-
es, and cell wall peroxidases can be additional sources of H,0,
generation (41). The increase in H,O, concentrations was of
greater magnitude for a given concentration of Zn than that of
equivalent concentrations of Mo in A. orientalis. Rout and Das
(42) found that exposure to Mo increased the activity of POD
and CAT in Oryza sativa, which suggests that H,O, produc-
tion would also be increased. The increased generation of H,O,
with subsequent increased activity in antioxidant scavenging
mechanisms under Zn stress has been reported in many plants,
including several wild Prunus (43) and Brassica species (37). It
is likely that a similar situation would occur in A. orientalis, and
our results support this. The changes in antioxidant enzyme ac-
tivities and H,O, concentration after Zn exposure showed that
A. orientalis is highly susceptible to Zn, and increased antiox-
idant enzyme activities following Zn exposure is not sufficient
to scavenge all ROS produced at the concentrations used in our
experiments.

In plants, the enzymatic defense system is stimulated to rap-
idly-produce antioxidant enzymes in response to several biotic
and/or abiotic factors. An increase in the antioxidant enzyme
activities and maintenance of this enzymatic system play criti-
cal roles in the decomposition of ROS and thereby in the stabi-
lization of cell membranes. The decomposition of ROS is due to

the action of antioxidant enzymes, such as superoxide dismu-
tase (SOD), catalase (CAT), and peroxidases (POD). SOD en-
zyme converts superoxide radicals into either O, or H,O,, while
CAT and POD decompose H,O, to H,O and O,, cooperatively.
The bulk of H,O, in the cell is removed by CAT, whereas the
H,0,, which has not been decomposed by CAT is scavenged by
POD (44). In our study, all Mo concentrations resulted in high-
er SOD activity than controls whereas increased Zn levels alle-
viated SOD activity in A. orientalis. The elevation of SOD ac-
tivity after Mo exposure on drought-stressed Triticum aestivum
had been reported (45). Our results also showed that Mo excess
might be considered as a stimulant for the antioxidant defense
system but only up to a point because, after 2.5 mM Mo, the
survival of the plant is unlikely since the root development is
inhibited. Protein damage due to ROS accumulation can cause
a decrease in enzyme activity, especially in SOD, in susceptible
plants (46). In our study, Zn treatments resulted in decreased
SOD activities while H,0, levels increased, which may be due
to protein damage. At this point, several osmoprotectants, such
as proline, start to play more important roles and may suppress
ROS accumulation and lipid peroxidation, as well as improv-
ing membrane integrity (47). Proline accumulation during Zn
stress in A. orientalis supports this suggestion. Peroxidases in
A. orientalis have been classified as “Class III” which is com-
posed of secretory enzymes such as glycoproteins (48) while
its catalase was found to have a single subunit and 75 kDa mo-
lecular weight (49). Increasing POD activity was also reported
in Glycine max (50) and Triticum aestivum (51) after Mo and
Zn treatments, respectively. In a recent study on A. orientalis,
it was shown that elevated POD activity and nearly unchanged
CAT activity catalyzed the transformation of H,0, to H,0 and
protected the plant against drought stress (5). The increases in
POD and CAT activities after Zn/Mo exposure were more pro-
nounced than was found following salt and drought stresses in
A. orientalis (4). The notable increases in POD but nearly un-
changed activities of CAT after salt and drought stress suggest-
ed that CAT has only a supplementary role in H,O, regulation
in A. orientalis. However, the marked increase in both POD and
CAT activities after Zn/Mo stress validates the supposition of
a co-operative relationship between these two enzymes. These
observations also suggest that the extent of this cooperation de-
pends on the type of stress factor.

Conclusions

Redox metals can directly generate oxidative injury in plants.
Redox-inactive metals, such as Mo and Zn, indirectly stimulate
oxidative stress through various mechanisms, which can result
in deleterious disorders such as oxidation of protein and lipids,
redox imbalance, and denaturation of cell structure and mem-
brane. In the current study, we analyzed some of these mecha-
nisms and their outcomes on a plant species, A. orientalis, that
is a high priority for conservation in its native habitat. The
present study has revealed that A. orientalis is highly suscep-
tible to excess Zn, and cannot tolerate exposure to concentra-
tions greater than 0.1 mM. However, the plant can tolerate Mo
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up to 2.5 mM concentration. Deficiency of Mo is more com-
mon than its toxicity in nature. Therefore Zn contamination in
soil should be primarily considered as one of the major threats
for A. orientalis in the environment. This study has also shown
that the supplementary role of CAT against drought and salt
stress can be switched into more balanced cooperation with
POD under long-term Zn/Mo stress.
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