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Introduction

Environmental factors such as temperature changes, light intensity, and water
availability keep all organisms in a constant stage of genomic flux (Harwell er al.,
1994). In addition to natural influences, there is a growing contribution of anthropo-
genic pollution. The rapid economic progress of human beings is associated with
stressors such as xenobiotic chemicals or nutrients. Most of the recent environmental
pollution is due to careless industrial development. Mistakes and malfunctions of
man-made equipment have led to the release to the environment of an enormous
amount of heavy metal salts, as well as radioactive material. By the early nineties, the
worldwide release of cadmium had reached an alarming 22 000 tons per annum. For
copper, this had become 954 000 tons p.a., for lead 796 000 tons p.a., and zinc as much
as 1 372 0Q0 tons p.a. (Alloway and Ayres, 1993). The explosion of reactor 4 of the
Chernobyl NPP led to extremely complex patterns of radioactive contamination in
Ukraine and throughout Europe. The total activity of the radioactive material released
during this accident has been estimated to have reached 3.2 x 10* Ci (IEAE Inter-
national Conference, 1996). About 6% of continental Europe is still contaminated to
more than 0.5 Ci/kin®. These, and other pollutants, have had a great impact on the
well-being of living organisms. It is therefore of considerable importance to have a
*biological alarm system’ that would alert us to the potential threat of environmental
toxicants.

*To whom correspondence may be addressed: (igor.kovalchuk@uleth.ca)
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In this review, we consider the new application of transgenic plants as sensitive
biomonitors of environmental pollution. We will also try to summarize the major
environmental pollutants and their infloence on plant life. Since it is impossible to
cover the huge range of natural and man-made contaminants in detail, we will
highlight the influence of radiation (ultraviolet and tonizing), heavy metal salts, and
some organic chemicals, including various pesticides, herbicides, and insecticides, on
plants.

ULTRAVIOLET RADIATION

‘The protective shield, the stratospheric ozone layer, which attenuates almost all solar
ultraviolet-B (UV-B) and all ultraviolet-C (UV-C) radiation is being depleted by
contaminants such as chlorotluorocarbons (Frederick, 19990: Kerr and McElroy,
1993). It is, and will be, accompanied by an increase in terrestrial UV-B trradiance,
especially at wavelengths below 300 nm. Besides the influence on human health, UV-
B radiation has a great impact on plant growth and development, as well as on plant
genome stability (Tevini, 1993; Ries er al., 2000). Terrestrial plants are especially
vulnerable to UV-B due to their requirement for sunlight for photosynthesis. It has
been predicted that a 1% decline in ozone could lead to a 1% reduction in crop yields
{Coohill, 1991). UV-B damages organic molecuies such as DNA, proteins, membranes,
and phytohormones (Kramer er al., 1991; Pang and Hays, 1991; Tevini, 1993). In
addition, the toxicity of many environmental organic contaminants is activated and
enhanced by light, as many of these toxic chemicals have strong absorbance bands in
the UV-B range (Huang er al., 1993; Ren et al., 1994). Importantly, depending on the
UV-B level, plants can either be damaged by higher doses or adapt to lower doses.
Unfortunately, the definition of what constitutes a ‘low’ and a ‘high’” dose is not
precise, and depends on the plant species.

IONIZING RADIATION

Radiation with the potential to significantly affect plants can come from various
sources, either natural, i.e. cosmic or terrestrial, or anthropogenic. Natural radiation
represents the background level to which all organisms are constantly exposed,
whereas anthropogenic sources directly altered by human activity represent a major
environmental threat. The majority of research regarding the influence of radiation on
plants has been performed using individual plant species. Although there is a great
variability between plants in their tolerance to radiation exposure, it is generally
considered that a 10% affect on lethality represents about a 50% reduction in crop
yield (Dugle and Mayoh, 1984). The ability of a plant to resist exposure to radiation
is dependent upon the growth stage in which exposure ocecurs, as well as the particular
plantorgans (parts) that receive the irradiation. Celils that undergo intensive mitotic or
meiotic division, e.g. meristerns and reproductive cells, are more at risk than the other
celis (Holst and Nagel. 1997). Depending upon the cell and the absorbed dose or
exposure, various physiological processes can be disrupted, leading to changes in
either single processes or whole metabolic pathways. These processes include
alteration of the breakdown of the complex carbohydrates to hexoses and trioses,
protein fragmentation, production of enhanced quantities of anthocyanins, and small
stress-related, heat shock proteins (Holst and Nagel, 1997).
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lonizing radiation has been shown to both directly and indirectly {via production of
free radicals such as hydrogen peroxide) influence the integrity of organic molecules
in the cell, including DNA. Whereas high doses of radiation would cause extremely
high levels of DNA strand breaks incompatiible with cell survival, significantly lower
doses of radiation would mostly contribute 1o a heavy mutation load. The mutations
would result in changes to the morphology and anatomy, as well as productivity, of
subsequent generations of the exposed plants.

HEAVY METALS

Metals are highly genotoxic environmental contaminants, although they are essential
nutrients at low concentrations. With respect to their genotoxic potential, metals can
be grouped to: essential and relatively non-toxic (e.g. zinc); essential, but extremely
toxic at elevated concentrations {e.g. copper); non-essential but highly cytotoxic (e.g.
cadmium) (Horn, 1984; Thiele, 1992). Toxic heavy metals cause DNA damage, and
their carcinogenic effects in animals and humans are most probably related to their
mutagenic potential (Hartwig, 1995: Knasmiiller ef al., 1998). Although no common
mode of action has been proposed which could explain the mutagenic and carcino-
aenic potential of different metals (Hartwig, 1995), two models currently predominate:
1) the formation of ROS leads to DNA damage; 2) heavy metals interfere with DNA
repair and/or replication processes (Hartwig, 1995).

Metal ions such as Cu®, Ni*, and Cd*, can cause the formation of hydroxyl
radicals and reactive oxygen species through Fenton-type reactions (Imlay and Linn,
1988). The resulling free radicals damage DNA. Point mutations can appear as a
direct result of nucleotide damage by ROS, or as a result of nucleotide mis-
incorporation due to malfunction of DNA repair under the influence of free radicals.
Strand breaks can arise as damage to sugar—phosphate backbones, or transiently
during the repair processes. Some metals and metalloid elements, such as Ni*", As™,
and As™, are known to alter cytosine methylation patterns, causing cither hypo- or
hypermethylation of DNA {Mass and Wang, 1997; Leeeral., 1998). Hypomethyiation
may increase susceptibility of the chromosomes to breakage. Hypermethyiation may
also cause chromosomal instability by inhibiting cell cycie-dependent checkpoint
controls, with deleterious effects on the cell {Mass and Wang, 1997; Lec et al., 1998).

ORGANIC CHEMICALS

Industrial development has increasingly exposed the biosphere to an expanding
variety of chemicals of an anthropogenic nature. According to Guniher and Pestemer
(1990), these ‘environmental chemicals’ represent a broad class of man-made
substances that are hazardous not only to humans, but also to all biological organisms.
Ten years ago, chemical invasion already inciuded more than 20 000 man-made
compounds {O°Connor et al., 1991). These contaminants not only sediment in the soil
or water but are also taken up by organisms in the process of bioaccumulation. Being
sedentary organisms, plants often accumulate significantly higher levels of toxic
compounds than other organisms. Being at the beginning of the food chain, piants are
also the first step in the process of bioaccumulation. The process of bioaccumulation
in plants may be confined to a single process of xenobiotic transfer from the
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surrounding environment to the roots and shoots, with very little metaboiic transform-
ation (McCrady et al., 1990). Organic chemicals like polycyclic aromatic hydrocarbons
{PAHSs), polychlorinated biphenyls (PCBs), and other compounds containing aromatic
rings, are extremely genotoxic and carcinogenic. Many of these substances are
volatile, and toxicity studies which can mimic the conditions of water and air
poilution can be conducted by growing plants in sealed Petri dishes in medium
supplemented with toxicants.

The steady increase in the use of pesticides in agriculture, as well as in domestic
households, in the past two decades has resulted in a substantial increase in soil and
water pollution. In the United States, Perelra and Hostettler ( 1 993) have demonstrated
that agricultural pesticides have degraded water quality along the Mississippi River
and its tributaries. Inputs of the five major herbicides, atrazine, metolachlor, alachlor,
and simazine, along the Mississippi River valley have contaminated nearby ground
water and surface water (Perelra and Hostettler, 1993). Similarly, high concentrations
of the organic pesticides, tetrachloroethane, atrazine, and nitrilotriaceiate, have been
found in a lake in Switzerland (Ulrich ef al., 1994, As organic chemicals, most
pesticides probably cause DNA damage in exposed organismes,

BIOLOGICAL ASSAYS FOR BIOMONITORING

With the appearance of new toxicants, new studies for evaluating the potential
hazardous effects on living organisins were required. Among the first laboratory tests
used in such studies was the Ames test {(Levin and Ames, 1986), and a variety of gain
and loss of function tests of £. coli-based systems (Miller, 1985; Schaaper and Dunn,
1991). Based on prokaryotic organisms, these tests were often insensitive to the
influence of pollutants. Thus, these methods were not useful for evaluating the
influence of environmental factors on higher eukaryotes, since the exposure of these
organisms to environmental pollutants is not regulated solely by the amount of
contamination present but, more importantly, by the bioavailability of the compound
and the duration of contact with the organism. Several other methods have been used
to assess the genotoxicity of water and soils: the alkaline single cell-gel electro-
phoresis assay (a *Comer assay’) (Hartmann and Speit, 1994; Gichner e al., 2000;
Gichner et al., 2001), sister chromatid exchange assay (Sivikov4 and Dianovsky,
1995}, the somatic eye mutation test in Drosophila (Rasmuson, 1985), and transgenic
mouse-based systems (Sacco er al., 1997; Mayer et al., 1998).

Very few organisms are actually effective as biomonitors of environmental
conditions (Sheehan and Loucks, 1994), Ideally, for field biomeonitors test-organisms
should absorb and integrate doses of toxicants from polluted water and soil. The use
of animal-based models is probiematic, due to their mobility: however, animals could
be used for evaluating the influence of particular mutagens, such as defined
concentrations of chemicals, or doses of radiation (ionizing and UV). For example,
the recently developed transgenic zebrafish assay, which uses the non-active lacl
transgene as a target gene, could potentially be applied for the evaluation of water
quality {Amanuma er of., 2000). Some tests using model organisms have been
successfully used for genotoxicity studies. The transgenic mouse recombination-
based assay (Murti e al., 1994) uses the restoration of the lacZ gene in germ ceils, and
the Drosophila melanogaster system is based on the reversion of a recessive eye
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colour mutation (Green et al., 1986). However, it is difficult to estimate their use in
environmental studies, especially for the analysis of effects of chronic exposure, as
these models do not permit the study of the influence of complex patterns of soil
pollution.

The other organisms with the potential to be used as biosensors, namely plants, are
the major source of energy for nearly all higher eukaryotes, and play an active role in
transferring contaminants to higher trophic levels (McVey and Macler, 1993). Plants
are an essential part of a healthy environment. since they produce oxygen and organic
carbon, essential factors for animal survival. Plants are also the basic components of
agriculture and forestry. and thus, their well-being is an indicator for that of humans
and the environment.

Conversely, unsatisfactory environmental conditions lead to reduced plant growth;
therefore, many plant species are used as indicators for adverse environmental
factors. Not surprisingly, phytotoxicity testing has long been used as part of ecologi-
cal risk assessment of industrial and agricultural chemicais, food additives, solid
wastes, and chemicalily and radioactively polluted soil and water. In addition, many
reports have shown that plants have important roles in improving wastewater treat-
ment and in cleaning contaminated water and soil, the so-called phyloremediation.
Importantly, transgenic plants are not only exploited for improving the quantity and
quality of food but, recently, systems have been developed for environmental
biomonitoring (Kovalchuk er al., 1998b, 1999, 2001; Ries et al., 2000). The focus of
this review is to discuss the use of different non-transgenic plant systems, which have
been analysed for sensitivity (o mutagenic treatment and as biosensors for measuring
chemical and radioactive environmental pollution. We summarize the establishment,
testing, and examination in the field of transgenic plants that were used for
biomonitoring. We also propose new systems that can be used efficiently as biosensors
of environmental pollution.

Classical plant biosensors

Several studies report the use of plants as genetic toxicity biosensors for environ-
mental pollutants {Ichikawa. 1992; Grant, 1994; Grant and Salamone, 1994). Most
systems used to study mutations in plants are based on the detection of chromosomal
aberrations in Allium cepa {Fiskesjo, 1988), Tradescantia (Ichikawa, 1992), or Vicia
Jaba plants (Kanaya er al, 1994). The Allium cepa chromosome aberration test
provides a rapid screen for the toxic effects of chemicals {(Grant, 1994; Nieisen and
Rank, 1994), and was the first of nine plant assay systems evaluated in the Gene-Tox
Program of the US Environmental Protection Agency (Constantin and Owens, 1982;
Grant, 1994). Because of their big nuclei, root-tip cells of Allium cepa are used for the
assessment of aberrant anaphase and telophase during mitosis. The assay is based on
the evaluation of the percentage of cells undergoing mitosis, the estimation of the
number of aberrant versus normal mitotic events, and different fractions of chromo-
somal aberrations, such as bridges, {ragments, vagrant and sticky chromosomes,
c-mitotic events, and multipolar anaphases (Fiskesjo, 1988). This test has been used
extensively for wastewater monitoring (Smaka-Kincl e7 al., 1996). Scoring the
incidence of chromosomal aberrations and micronuclet in root-tip cells is a simple
method for studying the effects of different mutagenic agents such as mercury,
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selenium, zinc, and cadmium compounds, as well as pesticides (Gulati er al., 1994;
Borboa and de 1a Torre, 1996).

Tradescantia is another important plant used for environmental mutagenesis
studies. This plant is utilized in three different bioassays: i) chromosome aberra-
tion assay based on observation of visible chromosome damage during mitosis in
root-lips, pollen-tubes, and microspores; ii) stamen-hair mutation assay — a point
mutation assay based on the expression of a recessive gene for flower colour in
heterozygous plants (TrSHM); iii) cytogenetic test based on the formation of
micronuclei that result from chromosome breakage in the meiotic pollen mother
cells (TrMCN) (Rodrigues er al., 1997). Tradescanria has been used in various
studies for evaluating air quality, water and soil pollution. /i siti assays conducted
in public parking garages in Illinois (USA) revealed a correlation between the rate
of production of micronuclei and the intensity of traffic, with a positive dose—
response relationship (Ma and Harris, 1985). The TrMCN assay revealed positive
results when estimating the mutagenic effects caused by gaseous emissions from a
municipal waste storage facility (Ma et al., 1996) and a landfil! vent pipe (Ma,
1994; Ma ef al., 1996). In a study of industrial wastewater in Mexico, a higher
incidence of micronuclei was found relative to tap water controls (Ruiz ef al.,
1992). The clastogenicity of several chemicals commonly found in hazardous
waste sites was evaluated in a series of experiments with the use of TrMCN
(Sandhu er al., 1989). The assay proved to be extraordinarily sensitive in the
assessment of bioremediation measures at the sites, permitting the detection of
differences in mutagenicity of the soil polluted with creosote (polyaromatic hydro-
carbons) before and after remediation (Baud-Grasset er af., 1993},

Some other plant systems have been applied to environmental studies. Tobacco
plants heterozygous for the Swfphur (Su) nuclear gene, which affects the chlorophyli
content in leaves, have been used for the study of mutagenicity of different chemicals
(Friediender er al., 1996). Mutations in this gene determine a co-dominant phenotype,
exhibiting the genotype of Sw/Su (dark green), Su/su (light green), or su/su (albino)
plants (Burk and Menser, 1964). Irradiation of Su/su seeds with 20 krad gamma
radiation and treatment with different concentrations of methyl methanesulphonate
(MMS) or N-methyl-N-nitrosourea (MNU) caused a strong increase in the number of
dark green spots on light green leaves in comparison to non-treated plants (Friedlender
er al., 1996). These plants could be used in environmental mutagenesis studies,
although the types of molecular changes that occur to create this phenotype are
unknown.

Biomonitoring of radioactive poHution with classical tests

One of the first studies monitoring the influence of chronic radioactive pollution was
conducted in Japan, where the TrSHM assay was used in sitir to monitor for lonizing
radiation in the vicinity of nuclear power plants (Ichikawa, 1981). Significantly
increased mutation frequencies were correlated with wind direction and operation
periods of the nuclear facilities. Cebulska-Wasilewska (1992) observed that an
increase in the spontaneous muatation frequencies of Tradescantia correlated with the
contamination in Cracow caused by the blow-out of the Chernobyl nuclear reactor
700 km away.
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The Allinm cepa test was alse used to estimate the mutagenicity of ionizing
radiation. Inhibition of root development in onion bulbs, and increased incidence of
chromosomal aberrations in root cells after exposure to radiation (Cortes ef al., 1990;
Mateos ef al., 1992: Paradiz ef al., 1992, 1995) were documented. These effects were
also observed in space-exposed onion seeds (Wang, 1994). We have reported the
application of the Allium cepa test for evaluating the chronic influence of ionizing
radiation stemming from nuclear polluted soils (Kovalchuk er al, 1998a). We
observed a dose-dependent increase in the level of chromosome aberrations in the
root-tip cedls of onion seeds germinated on radioactively polluted soils.

Other studies estimating the genotoxic effects of tonizing radiation showed: 1) an
enhanced incidence of DNA strand breaks in chronically exposed plant populations
(Syomov ef al., 1992); 2) chromatin structure changes of seedlings and callus tissues
derived from exposed wheat and barley (Reshetnikov ef al., 1996); 3) an elevated
frequency of chromosomal aberrations in rye and wheat grown within the excluston
zone (Shkvarnikov, 1990); 4) morphogenetic changes in populations of Plantago
lanceolata L. grown from seeds of first and second generation post-accident plants
(Frolova and Popova, 1990); and 5) an increase in the number of embryo-lethal
mutations in Arabidopsis thaliana populations grown in the 30 km zone around the
Chernobyl NPP {Abramov et al., 1992).

Recently, we have developed a new microsatellite-based assay for monitoring
radiation-induced germ-line mutation in plants. We profiled two, initially genetically
identical wheat (Triticum aestivien L..) populations. Plants were grown in the experi-
mental plot *Chistogalovka’ in the Chernobyl exclusion zone, on peat-bog soil with a
mean surface density of radicactive contamination of 900 Ci/km’, and an external
gamma dose rate of 980 mR/h. A genetically identical population of wheat plants was
grown in uncontaminated soil, and served as control. A nearly four-fold increase in
heterozygosity at 13 microsatellite loci was found among the offspring of exposed
plants. As calculated in our previous study (Kovalchuk et al., 2000c¢), such a
difference in microsatellite stability could be due to a 6.5-fold increase in germ-line
mutation rate in the parental generation. We also analysed the changes observed at
molecular level (Kovaichuk er ., 2003a).

Importantly, we could show a statistically significant difference in the germ-line
mutation rate on a relatively small sample size. Detection of the same increase in
mutation rate by standard genetic techniques would be possible only with the use of
nearly one million plants. This, together with other unique characteristics of plants,
such as a high growth rate and short generation time, makes the proposed technigque
a potentially powerful approach for monitoring radiation-induced germ-line muta-
tions. The current data also raise an important issue of the genetic hazard of chronic
internal and external radiation exposure to the germ-fine, showing that the apparent
rate of induced microsateilite germ-line mutation is far higher than can be predicted
from existing estimates of absorbed doses of exposure.

Transgenic plants as biosensors of environmental contamination

The systemns described above are sensitive and useful, yet the changes most of them
measure are not understood at the molecular level. Additionally, most of them require
either specific knowledge or sophisticated equipment. In our previous studies, we
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have developed easy, rapid, cheap, and precise assays for the study of genotoxicity of
radioactively and chemically polluted soil. Qur assays are based on the restoration of
the transgene activity in the Arabidopsis thaliana or Nicotiana tabacum plants,
transformed with non-active B-glucuronidase (1idA) marker gene.

RECOMBINATEON REPAIR ASSAY

To develop a ‘plant recombination’ system, Arabidopsis thaliana and Nicotiana
tabacum plants have been transformed with two overlapping, non-functional, truncated
versions of a chimeric f-glucuronidase (widd) marker gene as a recombination
substrate (Swoboda er al., 1994). In cells in which events of HR at this transgenic
locus have occurred, the widA gene'was restored. Upon histochemical staining, cells
expressing B-glucuronidase, and their progeny, could be localized precisely as blue
sectors on white plants, representing recombination events that restored the disrupted
gene (Figure 2.1a). This enabled a quantitative assay. These plants have previously
been reported to respond to the influence of different DNA damaging agents, such as
UV-C irradiation and MMS treatment, with increased frequency of homologous
recombination (Puchta er al., 1993).

lonizing radiation is a potent mutagene, which causes biochemical modifications
of DNA bases and double-strand breaks, The latter are, in part, repaired by homologous
recombination {Puchta and Hohn, 1996), leadin gtotherestoration of -glucuronidase
activity in the ‘plant recombination’ system. These events thus represent a measure
for the level of DNA strand breaks in the analysed gene and, by inference, of the plant
genome.

The evaluation of the genome stability of plants exposed to ionizing radiation is
importani, not only because many agricultural areas are poiluted with long-life
radioisotopes but also because of an increasing biological availability of ¥'Cs and **8r
in the contaminated territories (Bondar’ et al., 1994). Consequently, we planned and
conducted large scale environmental monitoring experiments with the use of ransgenic
Arabidopsis thaliana and Nicotiana tabacum plants. In several parallel studies, we
sampled soils from different contaminated areas of the Ukraine with various levels of
radioactive pollution. We performed field and laboratory experiments using the soil
from the Chernobyl exclusion zone - zone | (seven experimental plots) (Kovalchuk
et al., 1998b) — as well as in different areas of the other three contaminated zones
(zones 2—4) (Kovalchuk erf al., 1999). The radioactivity of the soil samples from the
exclusion zone {for '7’Cs) varied from 1472 kBq/kg in the ‘Red Forest’ plot to S kBg/
kg in the Lelev plot, and 24 Bq/kg in the control area. The external gamma dose rate
ranged from 1 uR/hin the control area to 977 pR/h in Chistogalovka I and up to 8500
uR/h in the ‘Red Forest’.

'The use of plants as bioindicators has allowed us to calculate the absorbed dose of
radiation for A. thaliana grown both in the field and in laboratory conditions. This
dose was calculated as the sum of the external and the internal dose. The internal dose
is the consequence of uptake of radionuclides by plants grown in the laboratory orin
the field, whereas the external dose is due to external exposure and believed to be fully
absorbed by plants. Although the internal dose was nearly identical for plants grown
in the field or laboratory, the external dose differed significantly between these two
groups because, at the plant level, approximately 40 m? of surrounding land contributed
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Figure 2.1. Transgenic ‘recombination’ and ‘mutation’ systems for the detection of environmental
mulagens. Activation of the B-glucuronidase (GUS} gene via either homolugeus recombination or point
mutation was visualized as bluc spots afler histochemical staining. The two parts of the truncated,
overlapping GUS gene can be in either orientation with respect (o cach other.

1o the formation of the external v dose rate (Moiseev and Ivanov, 1991; Kovalchuk et
al., 1998b). In the laboratory, over 50% of the absorbed dose was due to internal
exposure, whereas in the field it contributed only 20-25%. Moreover, we noted a
growing coniribution from external exposure to the totai dosc absorbed by the plants
with an increase in soil surface contamination in open-field conditions. Hence,
taboratory tests conducted on the same soil samples provided additional insight into
the plant uptake and impact of contaminants on plants, thereby maximizing the value
of information obtained from field biomonitoring. Remarkably, it was possible to
correlate recombination frequency not only to the level of the soil contamination but
also to the absorbed dose. In both cases, we obtained a strong and significant
correlation, closely approximated by either an exponentiat growth regression model,
or double exponential regression model. the Bateman-type function (Sokal and Rohif,
1995).

We have detected a hazardous influence of a chronic ionizing radiation on the
stability of the plant genome in both sets of experiments (field and laboratory)
canducted in the exclusion zone. We observed a dose-dependent 8.4-fold increase of
homologous recombination in plant populations over controls at poilution fevels up to
300 Cifkm?, and an 11.0-fold increase at poltution levels up to 1000 Ci/km? in the
open-field (Figure 2.2, recombination line). Interestingly. with even higher fevels of
radioactive poliution, we noticed a substantial decrease of homologous recombina-
tion, to 2.6-fold above the control level (Figure 2.2, recombination line). There are
several possible explanations for these findings. The decrease of recombination can
be due to either the toxic effects of high levels of radiation killing the cells, or
completely disturbing the whole repair mechanism. Alternatively, it may be duetoa
shift to illegitimate recombination, as a major strand-break repair pathway. In the
latter case, the transgene cannot be restored, and the influence of radiation cannot be
monitored. On the other hand, the observed increase in recombination-like events in
irradiated somatic and germ cells may be far greater than can be predicted from
various forms of DNA damage induced by jonizing radiation (Dubrova, 1998). This
would mean that the increase in recombination is notcaused by direct damage of DNA
(targeted events) but, rather. it is the consequence of non-targeted effects caused by
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Figure 2.2 The level of homologous recombination and point mutaticns represents an average number
of blue sectors per transgenic A, haliana plant, Plants were grown in Cherncbyl in soils with different mean
density of pollution. The data are combined from two independent experimental sets (Kovalchuk ¢f al.,
1998k, 2001).

radiation elsewhere in the genome. H such a hypothesis is true, then the observed
decrease in recombination frequency may be the result of some saturation effect on
the system involved in this process.

As the Chernobyl exclusion zone is uninhabitable, it is probably not of primary
importance for the evaluation of the long-term effects of ionizing radiation on the
plant genome. However, estimation of the genetic biohazard of substantially lower
levels of soil contamination is urgently required. We conducted experiments in the
following inhabited areas: zone of enhanced radiclogical control ~ villages located in
the Snyatyn district of the {vano-Frankivsk region; obligatory resettlement zone —
villages and towns located in the Narodichi district of the Zytomir region; and
uncontaminated areas as a control. The activity of 'VCs ranged from 22 Bg/kg in
control samples to 6549 Bg/kg in inhabited areas. The mean density of soil contami-
nation calculated from the activity of the samples varied between 0.1 and 30 Ci/km?,
respectively. Experiments performed in the zone of obligatory resettlement {zone 2)
and enhanced radiological control (zones 3,4) revealed a statistically significant dose-
dependent increase of HR (Kovalchuk er al., 1999). Of special importance is the fact
that we were able to detect a difference in the frequency of homologous recombina-
tion between the plants grown on the clean soif (22 Bq/kg) and plants grown on the
soil with a level of contamination as low as 1.5-3.3 Ci/km? (188-575 Ba/kg).

Since similar data were obtained from the experiments using transgenic Nicotiana
tabacum plants, we could suggest that an increase in radiation-induced homologous
recombination is plant-wide rather than A rabidopsis-specific. Thus, transgenic plants
have been shown o be sensitive for the detection of the genetic hazard, stemming not
only from highly contaminated soils located in the exclusion zone but also from the
soils with substantially fower levels of contamination.

To evaluate the importance and reliability of our new method, we compared it to the
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Allium cepa chromosomal aberration assay. Onion seeds were germinated on the
same contaminated soil samples used in the recombination experiments. Three days
after germination, mitotic activity of root-tip cells was analysed. and the frequency of
aberrant mitoses was evaluated. We couid relate the frequencies of HR in the
ransgenic Arabidopsis thaliana plants to the level of chromosomal aberration in
mitotic root-tip Alliunt cepa cells, and found a significant correlation (r >0.90, n =6,
P <0.05) (Kovalchuk er al., 1998b). The increase of recombination frequency
measured in the transgene in Arabidopsis was followed by an increase of the
aberration frequency observed in onien, particularly in the fraction of bridges and
fragments as direct results of single- and double-strand breaks. The decrease of the
recombination frequency observed in Arabidopsis thaliana plants at the higher
poilution levels was related 1o an increase of the total percentage of aberrant cells, and
a decrease of the fraction of bridges and fragments (70.5 £ 7.9 % in the control t0 2.7
+ 1.6% in the ‘Red Forest', and from 28.8 = 7.1% in the control to 2.2 = 1.6% in the
‘Red Forest’, respectively). However, the increase of aberrant mitosis was mainly due
to the contribution of the fraction of cells with c-mitotic effects — sticky and vagrant
chromosomes, as well as muitipolar anaphases, highly toxic changes usually leading
{o celi death. These high numbers of lethal aberrations may serve as one of several
possible explanations for the reduced frequency of HR in plants grown on highly
radioactively contaminated soils.

Acute or chronic contact with radiation may have different effects on the genome
integrity. Although in a radioactively contaminated environment plants are mostly
exposed 1o chronic pollution, evaluation of both influences is important. Plants were
grown on two chemically different types of soils, each artificially contaminated with
equal amounts of *“Cs. A strong and significant correlation between the frequency of
HR in plants, the radioactivity of the soil samptes, and the doses of radiation absorbed
by plants (in all cases »>0.9, n = 6, P <0.03) was observed {Kovalchuk et al., 2000a).
In addition, we have noted that plants grown in soils with a different chemical
composition, but equal radioactivity, exhibited different Jevels of HR, dependent
upon the absorhed dose of radiation. Remarkably, we have observed a much higher
frequency of HR in plants exposed to chronic irradiation, when compared to acutely
irradiated plants. Although acute application of 0.1-0.5 Gy did not increase the
frequency of HR. the chronic exposure of plants to a lower dose (200 mGy} led to a
5-6-fold induction of HR frequency. as compared to the control (Kovalchuk er al.,
2000a).

These unexpected results could be explained in several ways. During acute
exposure to IR and immediately afterwards, plants probably mobilize protection
mechanisms and DNA repair to combat any damage. Nearly two-thirds of double-
strand breaks are created by free radicals from ionized water (Ward, 1998). Part of the
radicals that are not scavenged via detoxification pathways can be converted into
toxic forms such as OH~, which can directly damage DNA, causing strand breaks.
Some of these breaks are apparently repaired by homologous recombination shortly
after irradiation. In contrast to acutely irradiated plants, plants grown in the polluted
soil have to deal with the constant exposure to IR, and hence, with constant production
of free radicals. Although the amount of radicals generated during chronic exposure
to low doses of radiation is significantly lower in comparison to acute irradiation, the
permanent exposure may induce many more DSBs, which are in part repaired by HR.
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Another explanation could be that, after acute exposure, plants utilize the fastest
possible mechanism of DNA repair, and a relatively higher percentage of the damage
is repaired via illegitimate recombination (end-to-end joining) (Salomon and Puchta,
1998; Britt, 1999), In this case, an increase of the frequency of HR wouid not be
observed, since the repair by illegitimate recombination cannot be detected by the
system used.

POINT MUTATION DETECTION ASSAY

The system described above measures the homeologous recombination in plants.
Although the recombination repair system allowed for estimates of the number of
precisely repaired strand breaks created under the influence of a particular mutagene,
it could not show the rate of repair mistakes leading to mutations. Somatic mutation
events are of particular importance in plants, they do not have a predetermined germ-
line, but form their reproductive structures from somatic meristems latein development.
Thas, any somatic nmtation can potentially be passed on to subsequent generations.
In contrast to animals, plants cannot avoid the influence of environmental factors due
to their life, and therefore probably require a system dedicated to maintaining genome
stability,

Inrecent studies, we have tried to develop a system that would allow the detection
of somatic point mutations. Amber, opal, and ochre stop codons were introduced at
several different positions into the §-glucuronidase {uidA) gene. These termination
codons completely prevented translation of active protein. We generated several
transgenic Arabidopsis thaliana plant lines carrying these inactivated widA genes in
the different chromosomal regions (Kovalchuk eral., 2000b). Spontaneous restorations
of uidA activity due to the reversion of stop codons to the original codons were
observed (Figure 2.1b). A large variation in the mutation frequency of individual
single copy transformants could be determined. Reversion frequencies were in the
range of 107-10" events per base pair, exceeding the previous estimates for other
eukaryotes by at Jeast 100 times. The ability of the ‘stop-codon’ transgenic plants to
detect the mutagenic effects of various DNA damaging factors was verified by
treatment with UV-C, X-rays, and methyl methanesulphonate (MMS) (Kovalchuk er
al., 2000b). Mast of the lines reacted strongly to mutagens.

We tested the ability of our new *mutation’ system to detect the mutagenicity of
various concentrations of heavy metal ions. In conjunction, we also used a well-
defined ‘recombination’ system. Plants sown on medium contaminated by the heavy
metal salts Cd*>, Pb™, Ni**, Zn®, Cu*, and As,0,, exhibited a pronounced uptake-
dependent increase in the frequencies of both somatic intrachromosomal homologous
recombination and point mutation. Despite some insignificant differences, plants
from both systems reacted similarly to the influence of heavy metals. In order to
monitor environmental pollution, several soil samples were taken from places
contaminated by a nearby oil refinery station. Under laboratory conditions, test plants
were sown in soils collected from sites exhibiting different levels of contamination
with Pb, Cd, Zn, and other elements. A 4—7-fold increase in the frequency of
homologous recombination and a 5-10-fold induction of point mutations in plants
grown in the contaminated soils was noted, compared to those grown in the clean
control soil (Kovalchuk er af., 2001).
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In order to evaluate the relative seasitivity of our transgenic plant systems compared
to other genotoxicity tests, we used the data from several studies (Rossman er al.,
1991; Bitton and Koopman, 1992; Codina er al., 1993; Bitton et al., 1994; Hartmann
and Speit, 1994; Rank and Nielsen, 1994; Kong er al., 1995; Sacco er al., 1997,
Steinkellner er al., 1998; Helleday er al., 2000). The parameters tested in the other
assays were, of course, different, and are therefore not necessarily comparable. Our
transgenic systems appeared to be one of the most sensitive with respect to detecting
the mutagenicity of individual heavy metals. There were very few other systerns that
were able to detect mutagenicity at low concentrations of heavy metals. For example,
aconcentration of 0.03 mg/L Cd led to a 50% decrease in B-galactosidase activity in
the MctPLATE E. coli test (Bitton and Koopman, 1992). Similarly, cur system also
showed more than a two-fold increase in both mutation and reconbination levels after
exposing plants 1o as little as 0.01 mg/L of Cd. In the same MetPLATE E. coli test, Zn
at a concentration of 0.1 mg/L also led to a 50% reduction of B-galactosidase activity
(Bitton and Koopman, 1992). Our system detected mutagenicity of Zn at 6.0 mg/L;
however, lower concentrations were not tested. Several other systems summarized by
Kong er al. (1995) were equally sensitive to the transgenic Arabidopsis system: EC |
(mg/L) upon exposure of several invertebrate species (Daphnia pulex, Daphnig
magna, Ceriodaphnia dubia) were in the range of 1.8-6.6 for As, 0.05-0.35 for Cd,
0.018-0.23 for Cu, 0.14-7.6 for Ni, 0.53-4.9 for Ph, and 0.05-5.1 for Zn: median
lethal concentrations of Cd, Cu, and Zn after 96 h exposure of the fish Pimephales
promelas were 0.01-2.2 mg/L, 0.02-0.1 mg/L, and 0.33-1.7 mg/L, respectively
(Kong et al., 1995). Similarly, our system detected the toxic effect of Cd, Cu, Ni, Pb,
and As at concentrations as low as 0.001, 0.05, 0.1, 0.5, and 0.05 mg/L., respectively
(Kovalchuk et ai., 2001).

Both transgenic Arabidopsis systems proved to be more sensitive than the well-
established Tradescantia MCN assay (Steinkellner er al., 1998). It is quite possible
that the difference in sensitivity of these two systems (Tradescantia MCN and
transgenic Arabidopsis) could be explained by the time of exposure to mutagenic
compounds. To efficiently mimic the environmental exposure, the mutagene should
be applied for a long period of time. While, in our assays, plants were germinated in
the presence of a mutagene and were subsequently exposed for 35 days. in the
Tradescantia MCN assay, cuttings were exposed for 6 h, and intact plants for only
72 b. Therefore, DNA repair mistakes accumulated in our assays for the whole
growth period, and allowed us to monitor the outcome at the end of the exposure time.
In contrast, in the Tradescantia assay, DNA damage occurred only within the short
time of the exposure. and possibly for a short time afterward. Additionally, we
measured point mutations (many of them would be silent in other assays), as well as
homologous recombination {precise repair of DSBs). This subtle kind of DNA
damage would not be detected as micronuclei by the Tradescantia assay.

For most metals tested, the toxic concentrations detected by cell culture, bacterial
and mammalian tests were significantly higher than those ‘measured’ by our plants.
Bacterial systems are fess sensitive than ours, but are eguivalent to other systems used
for genotoxicity studies. For example, the Microtox test is very sensitive to the
influence of Cu and Zn, but not Cd and Ni (Kong er al., 1995). Generally, the lower
sensitivity of bacterial systems in comparison to our assay may be explained by the
shorter exposure time (hours versus days), and possibly better detoxification activities
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of prokaryotes. Additionally, different parameters are controtled. In the Microtox
test, inhibition of growth and respiration are measured, whereas in our system, DNA
damage repair is analysed. Our system is superior in that the long exposure time
mimics the extent of environmental exposure, and employs a sensitive target — the
DNA.

Another widely used sensitive system, the Alliwm cepa chromosome aberration
assay, exhibited higher sensitivity than the Ames and Microscreen tests (Rossman ef
al., 1991} 1tis difficult to explain why plant-based assays are more sensitive to heavy
metals than other assays, but two factors may contribute: [) plants probably accumulate
a higher concentration of metals than other organisms; 2) since they cannot escape
from a toxic environment, plants have evolved to cope with a higher level of repair
mistakes in somatic tissues, as indeed was shown in our previous studies (Kovalchuk
et al., 2000). Although the hypothesis that ‘active’ concentrations (concentration in
the organisim) of heavy metals are higher in plants than in animals is an ateractive one,
itremains untested. Data comparing the heavy metal uptake in different organisms are
lacking.

In order to test the efficiency of the newly generated ‘mutation” assay for ionizing
radiation biomonitoring, we tested plants on the radioactively poiluted soil taken from
various contaminated areas around Chernobyl. Seeds were germinated in pots con-
taining contaminated soil, and plants were harvested 35 days after germination. We
observed a steady increase in mutation frequency (Figure 2.2, mutation line) which
was dependent upon the increase in mean density of soil poilution (Kovalchuk et af.,
2001). Similar data were obtained for several other transgenic lines that carried
different mutation substrates (Kovalchuk er al., unpublished}. In contrast to the
decrease in the recombination frequency at the higher level of poilution, mutation
frequency steadily increased (Figure 2.2). This is not surprising, as ‘recombination’
assay measures precise repair of DSBs, and may malfunction at the higher radiation
levels, whereas ‘mutation’ assay detects various repair mistakes that lead to point
mutations.

Transgenic systems may also be utilized to sense other types of environmental
mutagens

INCREASED UV-B DETECTION

The transgenic recombination lines have also been used to evaluate potentially
mutagenic exposure {0 various levels of UV-B radiation. Experiments with special
sun simulators revealed that elevated UV-B increases the frequency of somatic
homologous recombination in a dose-dependent manner (Ries ef @/, 2000). In
addition, the system allowed for the measurement of germ-line recombination either
as a result of an inherited late somatic event, or as a meiotic recombination event.
Elevated levels of UV-B resulted in an increase in the appearance of plants totally
stained blue — plants in which the restoration of the marker gene was inherited by a
factor of between two to five (Ries ef al., 2000). These data are of great importance,
as they indicate the alarming mutagenicity of even marginally higher UV-B levels.
Currently, we are working on monitoring the influence of various UV-B levels across
Alberta, Canada.
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WATER POLLUTION

The transgenic plant biomonitoring assays were also used to assess the genotoxicity
of radicactively contaminated water. Water was sampled from the private wells in the
villages from the inhabited ‘Chermnobyl’ and uncontaminated control areas. Transgenic
A. thaliana plants were sown in Petri dishes with medium prepared using control or
contaminated water.

Our analyses have revealed that the drinking water from private wells in villages
contaminated after the Chernobyl NPP accident was genotoxic. Althoughradiological
analyses of the water samples did not reveal any “Cs or *'Sr activity, because the
concentration of these nuclides fell below the range that can be detected with the
standard equipment, we found an increase in homologous recombination frequency in
A. thaliana cultivated on the water from contaminated regions of the Ukraine. Thig
increase was correlated with the soil surface radioactive contamination. In contrast to
common radiation measuring systems, which did not detect traces of radioactivity in
the water, our hiomonitoring systems proved to be reliable and sensitive, and detected
even minute levels of radionuclides (Kovalchuk ef al., 2003b).

INFLUENCE OF PESTICIDES

Currently, we are assessing the mutagenicity of different chemicals of organic and
non-organic origin by using both transgenic systems. We are analysing the influence
of various pesticides that are used either as mixtures or as separate active entities. In
particular, transgenic plant assays were successfully applied to cvaluate the
genotoxicity of Atrazine, simazine, 2,4-13, dicamba, mecoprop, and complex herbicide
Killex (Filkowski er af.. in press).

Marker genes to be used for the mutagenesis assays

In all our previous studies, we used only one marker gene, B-glucuronidase. Both
repair assays were based on the detection of the activily of this marker gene upon the
restoration of gene integrity. The minor disadvantage of this visual marker gene is that
its detection requires non-vital histochemical staining. Itis not feasible to measure the
level of point mutations and strand breaks before and after application of the
mutagene. To overcome this obstacle, we generated another reporter construct that
utilizes the luciferase gene. Detection of luciferase activity is not destructive. A
similar recombination substrate was generated, and transgenic Arabidopsis and
tobacco plants carrying the construct were obtained. Frequent recombination events
were observed using an in vivo imaging system. A special custom-built LN CCD
cooled luciferase camera was used. The major advantage of the luciferase reporter
gene is the vital detection of the luciferase activity. The recombination events can be
visualized before and after the application of the mutagene (Figure 2.3a.5). Another
transgenic visual marker that is frequently used in mammalian research, green
fluorescent protein (GFP}, appeared unsuitable for recombination and mutation
assays. Although the whole GFP+ plants are easily detectable, singie cells with
recombination or mutation events that lead to the restoration of the GFP function were
hardly vistbie, and required laborious microscopic analysis.
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Figure 2.3.  Luciferase as a recombination-monitoring transgenic marker. (1) The recombination Spots
were detected on S-week-old tobacco plants prior the trestment with 7000 ergs of UV-C. (b) Recombination
spols were detected on the very same plaats one week after the UV-C treatment.

Other possible transgenic systems for detection of environmental mutagens

The ‘recombination’ reporter line is ideal for the study of strand break induction; it
has an acceptable spontaneous recombination frequency and requires 50-100 plants
to be scored for the statistical analysis. The system atso provides a large mutation
target; recombination repair of the damage to either of two homologous repeats {ca.
500 nteach) would lead to the activation of the transgene. In contrast, ‘mutation’ lines
have much lower frequency of transgene activation, and require 2001000 planis for
the efficient statistical analysis of the data. The low frequency of point mutations
which is observed in the plant lines described above is, of course, due to the smail
target used: a single base pair in the diploid genome. One way to increase the target
size would be to design a negatively scorable screen in the form of a repressor—test
gene combination: an active repressor binds to the promoter sequence blocking the
reporter gene expression (Figure 2.4). Tetracycline repressor is a commonly used
repressor that efficiently blocks the transcription of the reporter gene, which is driven
by a promoter element including a repressor binding site. Inactivation of the function
of the tetracycline repressor by any kind of mutation, strand breaks, or point mutations
would restore the promoter function and activate the reporter transgene. The number
of mutational spots, as a reflection of the transgene activation, is expected to
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Figure 2.4. Possible tetracyciine repressor-based system. Under the normal cenditions, the marker gene
1s not aclive since the repressor blocks the promoter. Mutatiens in the repressor region will lead to the
release of the activity of the marker gene. This can be effectively visualized as scctors representing the
somatic cells with either luciferase or B-glucuronidase activity.

significantly exceed that measured to date. This will reduce the number of plants used,
and allow for better statistical analysis of the data. There are, of course, some
disadvantages: the system requires repressor binding to be tight, and in addition, the
test plants would have to be heterozygous for the gene encoding the dominant
repressor to ensure the inactivation of the single copy repressor element by the
mutation event.

There are some other possibilities for the efficient detection of transgene activation.
It may be possible to introduce simple frameshifts that would abolish the gene
activity. Any mutations, deletions, or insertions that restore the frame would potentiatly
activate the transgene. It is also possible to generate plants that carry an inactive
version of the antibiotic (or herbicide) resistance gene. The progeny of the exposed
plants may be grown in the presence of the selective agent, and resistant plants are
scored. This approach will allow for the detection of inherifed spontancous, or
induced, mutation events. Although this approach looks appealing, it requires a much
longer time for the evaluation of the environmental influence, as well as an extremely
large number (2 x 10°-10¢ plants, not published) of progeny plants to be scored.

Summary and outlock

Several biological systems for evaluating the influence of environmental pollution
have been established previously, yet no simple eukaryotic test system was available.
We have introduced a new transgenic approach, which is fast, sensitive, and capabie
of visualizing mutagene-induced homologous recombination and mutation events. [t
permitted rapid screening of the genotoxicity of soils in the highly contaminated
exclusion zone, as well as in the much lower contaminated inhabited areas polluted as
aresult of the Chernobyl NPP accident. It also allowed us to monitor the pollution of
soil by heavy metals and herbicides, as well as water by radioactivity. As the systems
permit data collection after a short period of time {around four weeks), and do not
require any sophisticated equipment and specific knowledge for the detection and
scoring of recombination events, it can be broadly used for environmental studies.
Even large scale experiments for the evaluation of radiation toxicity may be possible.
This 1s of primary hmportance, considering that areas with a mean density of soil
pollution from I to 5 Ci/km® extend to 12 000 km?® in Sweden, 11 500 km? in Finland,
8600 km” in Austria, 5200 km? in Norway, and 1300 km? in Switzerland (Izrael e al.,
1997).
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Many hectares of soil and large bodies of water around the globe are poliuted with
heavy metal salts and organic compounds. Soil and water contaminated with metals
and organic toxicants pose a major environmental and human health problen that
requires an effective and affordable technological solution. Transgenic biomonitoring
systems proffer a solution, as they can be used to detect the potential threat of various
pollutants.

Our transgenic biosensors may prove useful in meonitoring the efficiency of
decontamination of the polluted areas. Various plants have been shown to be useful
as phytoremediation devices, removing pollutants from soil and water, accumulating
them in their biomass, detoxifying them in some cases, and vaporizing them in others
(Rugh er al., 1996; Raskin et al., 1997). By introducing novel genes, particular plants
were improved in either their remediation capacity, or in their tolerance Lo toxic
agents (Chaney er al., 1997; Clemens er al., 1999), Our plants could be used as a
remediation quality control that allows for the evaluation of the mutagenicity of
contaminated soils before and after remediation. Hence, transgenic plants are becoming
more and more valuable for biosensoring, efficient clean-up, and posi-remediation
control of polluted soil and water. Therefore, the utilization of transgenic plants for
biomonitoring and remediation represents a significant increase in their importance,
adding to their potential as an improved source of food, and possibly medicine.

Importantly, several previous studies, including ours, indicated that plants were
often more sensitive to certain types of contaminants than animals {Smith, 1991;
Wang and Freemark, 1995). To be an effective ‘alarm systemy’, the test organism
needs to provide warning of a possible hazard before ecologically significant damage
could occur. Plants, being at the base of the food chain, may experience the effects of
toxicants sooner than higher trophic levels, thereby reducing the lag period between
exposure and significant impact (Lovett Doust et af., 1994).
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