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Abstract Boron is found naturally in the earth’s crust in the oxidized form as
borax and colemanite, particularly in the oceans, sedimentary rocks, coal, shale,
and some soils. It is never found in the elemental form in nature possessing a
complex chemistry similar to that of silicon, with properties switching between
metals and non-metals. Boron has become an important and strategic element
in terms of developing technologies. It is released into the environment mainly
through the weathering of rocks, volatilization from oceans, geothermal steam,
burning of agricultural refuse and fuel wood, power generators (coal/oil combus-
tion), glass industry, household use of boron-containing products (including soaps
and detergents), borax mining and processing, leaching from treated wood and
paper, chemical plants, and sewage/sludge disposal, but a major proportion origi-
nates from the weathering of rocks. Boron is regarded as an essential element for
human beings, animals and plants. Boron occurs in soils at concentrations rang-
ing from 10 to 300 mg kg~' depending on the type of soil, amount of organic
matter, and amount of rainfall. The treatments lead to significant increases in the
productivity of some plants but in certain cases a decrease is seen as the boron level
increases with the boron content of irrigation water, in particular on the soils with
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a heavy texture, high CaCOj and clay content. Lack of boron in plants results | k.
neetpsis but excess amounts are said to produce poisonous effects. Turkey produces
more than 60% of the world’s borax, with important boron reserves located
Susurluk, Bigadic and Sindirgi regions of Balikesir, Kestelek-Bursa, Emet-Kutal
t!le hr.gest reserves occur in Kirka-Eskisehir. Therefore, there is a naturally oc:
ring high level of boron in the ground waters in some of these areas due to the
€xcess amounts of boron given out to the environment during washing and purifica-
tion processes which result in the pollution of cultivated areas. An attempt will r
mgde' here to present an overview of the plant diversity on the boron contaminamd"
soils in Turkey, effects of different concentrations of boron on the germination abil- f

ity of some plants and possible candidates for phytomining of the soils showing
boron toxicity symptoms. ‘
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1 Introduction 4

E{cmental boron (B) is a member of Group IIIA of the periodic table, along with alu- &
minum, ga%lium, indium, and thallium, differing distinctly in its chemical properties
M aluminum but resembles silicon (Si), arsenic (As), and germanium (Ge) pos- '
Sessing a very complex chemistry (Cotton and Wilkinson 1988; Marschner 1995). b
Tanaka and Fujiwara (2008) have recorded it as a member of metalloid group w«
of elements belonging to group V, because its characteristics lie between metals
and non-metals (Marschner 1995), being a semiconductor rather than a metallic b
conductor.

!t is t‘:xtensivel y distributed in low concentrations throughout nature in the form of
various inorganic borates constituting about 10 mg kg~ of the Earth’s crust, ranging
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from 5 mg kg~! in basalts to 100 mg kg~ in shales (Woods 1994), and occurs in
soils at concentrations ranging from 10 to 300 mg kg~ (average 30 mg kg™"),
depending on the type of soil, amount of organic matter, and rainfall. Economic
reserves of borate minerals are rare and are usually found in arid desert regions
with a geological history of volcanic and/or hydrothermal activity (Mellor 1980).
The majority of the boron occurs in the ocean, at an average concentration of about
4.5 mg L™ (Weast et al. 1985), but is also released from anthropogenic (agricul-
tural, industrial and domestic) sources to a lesser extent (Butterwick et al. 1989).
Natural weathering of clay-rich sedimentary rocks, coal and shale on land surfaces
accounts for a large proportion of the boron, mobilized into the soils and the aquatic
environment, in the form of borates. Boron in soil solution is present as boric acid
and easily leached out of the soil due to its high solubility (Shorrocks 1997; Yan
et al. 2006). It is adsorbed onto the surfaces of soil particles, with the degree of
adsorption depending on the type of soil, pH, salinity, organic matter content, iron
and aluminum oxide content, iron-and aluminum-hydroxy content, and clay content
(Kekeg 2008; Ayvaz 2002).

The availability of B in soil is limited in many regions in the world with a
high rainfall and seasonal water availability. On the contrary, in the arid and semi-
arid regions, ground water reaches the topsoil by capillary action and evaporates
to leave solutes in soil. In regions with high-boron groundwater, boron concentra-
tion in topsoil reaches to a toxic level for plants and reduces crop yields. South
Australia, Egypt, Iraq, Jordan, Libya, Morocco, Syria, Turkey, California, and Chile
are regions/countries with boron toxicity problems in agricultural lands (Yau et al.
1995).

2 Boron Production and Usage

Borate minerals have been employed in a wide range of uses for many centuries,
dating from at least the eighth century when they were used primarily as a flux for
assaying and refining gold and silver as well as production of wall plaster and ceram-
ics (Ayvaz 2002; Bayca et al. 2008; Batar et al. 2009). Their valuable properties and
relative rarity has stimulated international trade in borates. Marco Polo claimed to
have transported Chinese borate minerals from Tibet to Europe and Venice was the
center for borate imports (Travis and Cocks 1984). It is wildly used in the indus-
try. A large number of minerals contain boric oxide, but five of them are the most
important from a worldwide commercial standpoint. The most widely used commer-
cial productions and materials of boron include borax-pentahydrate, borax, sodium
perborates, colemanite, ulexite as well as boric acid. These are produced in a limited
number of countries, dominated by the Turkey and United States, which together
furnish about 90% of the world’s borate supplies (Lyday 1993; Culver et al. 1994).
The principal end usage for borate include insulation and textile-grade fiberglass,
laundry bleach (sodium perborate), borosilicate glass, fire retardants, chemical fer-
tilizers and herbicides (as a trace element), and enamel coating, frit and ceramic
glazes, as well as several other applications (Etiproducts 2005; WHO 1998). Other
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minor usage include cosmetics and pharmaceuticals (as a pH buffer), boron net { 3
capture therapy (for cancer treatment), and pesticides. The cancer treatment app
cation which preferentially accumulates in tumor versus normal tissue, utilizes
boron compound made with '°B isotope, (Barth and Soloway 1994).

3 Boron and Living Beings

The lowest lethal dose for humans exposed to boric acid is reported to lie arou
640 mg kg~' body weight by oral exposure, 8600 mg kg~! body weight by derm
exposure, and 29 mg kg~ body weight by intravenous injection (Stokinger 1981).
After establishment of essentiality, understanding a role(s) of boron became the
major task in boron biology, however, its essentiality in humans has not been estnh
lished, although its beneficial effect has been reported. Boric acid and borax m
widely used in medicine at the beginning of the century for therapeutic purposes,
both locally as well as orally. Boric acid was used to treat various diseases, suehA :
epilepsy and infectious diseases. Several case studies reviewed by Kliegel (1986) :
describe mild to severe responses to boron compounds. Linden et al (1986) have
published a retrospective review of 364 cases of boric acid exposure. Vomiﬁnﬁ. i
diarrhea and abdominal pain were the most common symptoms given by the 276
cases exposed. B
Boron is also required by animals, including zebrafish, trout (Rowe and Eckhert
1999), and frogs (Fort et al. 1998). Its deprivation causes impaired growth, abnormdi B
bone development, increase in urinary calcium excretion, and change of macro-
mineral status in animals (Devirian and Volpe 2003), also affecting carbohydrate
and mineral metabolism, energy consumption, and regulation of the activity of sev-
eral enzymes; however, the molecular basis of boron function in animals is not well
understood (Devirian and Volpe 2003). Excessive boron intake causes acute neu-
rological effects, diarrhea, anorexia, weight loss, and testicular atrophy in mice, ‘
rats, and dogs. It also causes decrease in fetal body weight and increase in skele-
tal malformation and cardiovascular defects in pregnant female animals (Yazbeck
et al. 2005; Pawa and Ali 2006). Several investigators have studied the effects of
borates on bacteria, protozoa and algae. The effective concentrations for the bac-
terium Pseudomonas putida range widely (Schoberl and Huber 1988; Guhl 1996;
Bringmann and Kuhn 1980). Nitrogen-fixing cyanobacteria require boron for proper
functioning of the heterocyst cell wall (Bonilla et al. 1990). Mateo et al. (1986) 3
concluded that boron is essential for nitrogen fixation in Anabaena.

4 Boron and Plants

Since the discovery of boron as an essential element for plants, evidence has been
accumulating that boron is an essential element not only for vascular plants, but
also for diatoms, cyanobacteria, and a number of species of marine algal flagellates
(Marschner 1995). Initial phase of the studies was based on the symptoms of
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- boron deprived plants. It is considered to be involved in the metabolism of nucleic
- acids, carbohydrates and proteins, indole acetic acid, phenol, cell wall synthesis

and structure, membrane integrity and function; however, molecular basis of these
roles is mostly unknown (Marschner 1995; Goldbach et al. 2001). It is an essential
micronutrient for higher plants, with interspecies differences in the levels required
for optimum growth and plays an important role in some plant functions such as
metabolic pathways, uptake of Ca®*, sugar translocation, pollen germination, hor-
mone action, root development, flower and fruit formation, normal growth and
functioning of the apical meristem, water translocation from roots to the upper
portions of the plant body and membrane structure and function (Abdulnour et al.
2000; Liu et al. 2000; Lou et al. 2001). Nobel (1981) studied the effect of sev-
eral boron compounds on photosynthesis in submerged macrophytes, watermilfoil
(Myriophyllum alterniflorum), buttercup (Ranunculus penicillatus) and waterweed
(Elodea canadensis).

Early investigation of the effects of boric acid and borax on the field bean (Vicia
faba) and other plants indicated the role of boron in plant nutrition (Ayvaz 2002).
There is an overlap of the beneficial and injurious effects of boron between species;
therefore, three broad categories of tolerance (sensitive, semi-tolerant, and tolerant)
have been established (Ayvaz 2002). The sensitive species can tolerate 0.5 mg L~
of boron but tolerant species can tolerate up to 4 mg L~! (Batar et al. 2009). Plants
in general use less than 5% of boron in the soils (Uygan and Cetin 2004). The
tolerant plants endure a wide range of boron concentrations with little effect, and
the sensitive plants exhibit a strong reaction to either too much or too little boron.
Phytoremediation is the use of plants to make soil contaminants non-toxic and is one
form of bioremediation. The term phytoremediation generally refers to phytostabi-
lization and phytoextraction. In phytostabilization, soil amendments and plants are
used to alter the chemical and physical state of the heavy metal contaminants in the
soil. In phytoextraction, plants are used to remove contaminants from the soil and
are then harvested for processing.

Boron is an essential element for higher plants. Many studies have shown
that certain boron concentrations are necessary for biochemical, physiological and
morphological development of plants. Our studies revealed that boron is an essen-
tial requirement for maize. The growth rate of radicule and genomic stability
increased at 10 mg L™~ boron concentration. Similar findings have been reported by
Kocacaliskan and Olcer (2006) and Konuk et al. (2007). Boron toxicity may limit
crop productivity in boron rich agricultural soils. In dry seasons/conditions, boron
supply to roots is reduced due to reduced mass flow from soil to the root (Shorrocks
1997).

In many countries, the absence of B in the soil causes deficiency problems in
plants (Shorrocks 1997). However, in Turkey high levels more commonly end up in
the toxicity (Ataslar et al. 1995). According to Ayvaz (2002) and Kekeg (2008) the
symptoms of boron deficiency in plants include cessation of root and leaf growth,
necrosis of leaf primodia and primary root tips, necrosis of stem and leaf phloem,
bark splitting, retardation of enzyme reactions, reduced pollen germination, and
even death. Normal growth will usually resume if boron is added to the growth
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medium. A boron-deficient nutrient solution also inhibits mitosis in the root tip of

the ﬁelfl bean. A 10 mg L~! boron solution produces optimum cell division and
e!onganon of: the root tip; however, 50 mg L~! boron causes a reduction in mito-
sis. 'I.he studied on the effects of boron deficiency and toxicity in Pinus radiata
seedlings grown in water culture have revealed that profound changes occur in cell
wall morphology, suggesting that boron is critical to cell wall expansion (Cakmak
a.nd Rémheld 1997). It has been proposed that this structural, cross-linking func-
tion of boron is involved with the pectin fraction, which contains apiose and other
hydroxylated fragments amenable to complexation by borate (Loomis and Durst
1992). Hu et al. (1996), studied the fourteen species of crop plants, and it was con-
clud.ed that high pectin content requires more boron for forming cell walls or that
pe'c.un forms a tightly held boron complex that depletes boron availability for other
critical functions, thereby increasing the overall demand for boron. Kobayashi et al
(1996) have isolated and characterized a rhamnogalacturonan [I/borate complex.
fro;l enzyme-digested cell wall pectin.

ecently, one of the primary functions of boron in higher lant has
at the 'molecular level. It cross-links pectins in cell walgls, arll)d thisacrg::-l}ilr‘le&:g
essential for normal expansion of leaves. Pectins, important components of plant
cell wall, are complex polysaccharides, including homogalacturonans and rhamno-
galactu_ronans I'and II (RG—I and RG—II). It was demonstrated that the RG—II is
cross-linked by a 1:2 borate-diol diester and forms the dimeric RG—II (Kobayashi
et al. 1996). O'Neill et al. (2001, 2004) have demonstrated that the cross.link
betwee.n RG~IIs formed by borate cis-diol ester bonds is essential for normal leaf
expansion through analysis of the mur] mutant in Arabidopsis thaliana, which
has abpor;nal Sugar composition of RG—IL. It is clear that this role of boron in
cross-linking of pectin is among the number of roles of boron in plants.

4.1 Boron Tolerance, Deficiency and Toxicity in Plants

Boron is of great importance to plants. However, the amount needed is very little.
Tl_nle amount of boron useful for the growth of plants varies between 0.5 and 2.0 mg
L™". Generally the soils containing less than 0.5 mg L~ of boron are poor in terms
of boron and boron deficiency symptoms can be observed in the plants. In the soil
where the rate of boron is over 2.0 mg L~! there is boron pollution and consequent
?;;l;c)ase In production and defects in the products can be seen (Taiz and Zeiger
Many stqdies have shown that certain concentrations of boron are necessary
for blochemufal, physiological and morphological developments (Hale and Orcutt
1987). There is a VEry narrow range between boron deficiency and toxicity as more
than 5.00 mg.L" available boron can be toxic to many agronomic crops. Lack of
boron often limits production of forage legumes (alfalfa, clover, trefoil) and some
vegetable crops. The tolerant species are Alfalfa, Beet, Cotton, Grain, sorghum
Oat, Sugar beet and Tomato; moderately tolerant species being Barley, Cabbagc,
Celery, Corn, Squash, Sweet clover and Turnip, and moderately sensitive species are:
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Broccoli, Carrot, Cucumber, Pea, Pepper, Potato and Radish. The sensitive species
are Avocado, Bean, Grape, Grapefruit, Lemon, Orange and Wheat. The growth of
Vicia faba grown under a medium without boron supplementation is reduced, but a
recovery occurs by supplying boron. It is toxic when present at higher concentra-
tions. Thus, it is essential to maintain concentration of boron in media/soil within
an appropriate range for maximum yields. In plant, symptom of boron deficiency
occurs mainly in growing or expanding organs in the plant body.

Under boron deficient conditions, leaf expansion and root elongation are inhib-
ited. Apical dominance, flower development, and fruit and seed sets are also
inhibited under boron limitation. Thus, boron deficiency causes not only the reduc-
tion in crop yield, but also the decrease in the quality. According to Stavrianakou
et al. (2006), besides inhibition of growth, boron deficiency causes a notable
increase in the relative concentration of ‘internal’ leaf and root phenolic compounds
of Dittrichia viscosa (Asteraceae). It does not have any negative effect on parame-
ters related to photosynthesis (such as stomatal density, chlorophyll concentration,
photosynthetic capacity and intrinsic photochemical efficiency of PS II). As boron
is not efficiently remobilized, i.e., boron tends to stay in organs where it is first
distributed, it is important to maintain continuous supply of boric acid for efficient
agricultural production (Marschner 1995; Shorrocks 1997; Dell and Huang 1997).

In contrast to the deficiency symptoms, typical boron toxicity symptoms occur
in the marginal region of mature leaves, and these portions become chlorotic or
necrotic. Boron tends to accumulate in old leaves, especially at the margin of leaves.
This is because boron is transported along the transpiration streams and accumulates
at the end of transpiration stream. Excess boron also reduces crop yield reduction
(Yau et al. 1995). Boron toxicity is an important disorder that can limit plant growth
on soils of arid and semi arid environments throughout the world. Soil is gener-
ally the primary source of trace elements for plants. However, there are exceptions
in which toxic concentrations of trace elements in plants, e.g., B, can be traced
directly to water from certain wells, or indirectly to land application of drainage
water and soil with high B availability (Kubata 1980). However, the adsorbed and
solution phases of B in the soil influence potential B toxicity effects observed in
the field (Cartwright et al. 1984; Shani and Hanks 1993); and sometimes lead to
decreases in crop yields grown in different regions of the world (Cartwright et al.

1986). There is also a very narrow range between boron deficiency and toxicity
as more than 5.00 mg L™ available boron can be toxic to many agronomic crops
(Nable et al. 1997). The initial symptom of boron toxicity in plants is chlorosis (yel-
lowing) of the leaf tip, progressing along the leaf margin and into the blade. Necrosis
of the chlorotic tissue occurs, followed by leaf abscission. Necrosis of the leaf tissue
results in a loss of photosynthetic capacity, which reduces plant productivity (Lovatt
and Dugger 1984). Pollen germination and pollen tube growth may also be inhibited
(Versar Inc. 1975).

Several investigators have shown a direct relationship between the boron con-
tent in leaves (foliar) and the severity of the symptoms of toxicity. Gilliam and
Watson (1981) conducted an experiment in which Anderson yews (Taxus media)
were grown in soil at four boron concentrations (0.5, 5.0, 25.0, or 50 mg kg~').
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Symptoms of toxicity were observed when foliar boron accumulation reached
concentrations ranging from 85 to 100 pg g~ ! of dry tissue. The observed symp-
toms included leaf tip yellowing, followed by necrosis and premature defoliation.
Suppression of shoot and root growth was observed at 50 mg boron kg~! soil.
Shopova et al. (1981) found that concentrations of 16, 24, and 32 mg boron kg~!
soil resulted in a decline in plant development, yellowing of leaves, late flowering,
reduction of mitotic frequency in root tip cells, and abnormalities during meiosis in
the poppy (Papaver somniferum). Kluge and Podlesak (1985) found that symptoms
due to boron excess begin to develop on the leaves (leaf tip necroses) of pot-grown
spring barley (Hordeum vulgare) as soon as the boron content of the leaf tissue
reaches 60-80 mg kg~' dry weight. Gestring and Soltanpour (1987) grew alfalfa
(Medicago sativa) in three soil types amended with sodium borate at rates of 0,
10, 20, and 40 mg boron kg~'. Alfalfa yield was significantly reduced by boron
application in both the sandy loam and loam soils: however, no yield reduction
was observed in the silt loam soil. Soil extractable boron did not adequately assess
boron toxicity, whereas plant boron levels were a more reliable index of toxicity.
Sage et al. (1989) exposed the rare serpentine plant (Strepranthus morrisonii) to
boron (0, 20, 60, 240, 650, 1200, or 2400 wmol L) via watering. Plants showed
mild to moderate toxicity symptoms (older leaves exhibiting chlorosis and necrosis)
at boron concentrations of 240 and 650 pmol L~!, Glaubig and Bingham (1985)
reported significant linear relationships between both soil and leaf tissue boron
concentrations and foliar damage in four tree species endemic to California (dig-
ger pine, Pinus sabiniana; California laurel, Umbellularia californica; madrone,
Arbutus menziesii; bigleaf maple, Acer macrophyllum). Under experimental condi-
tions, Shann and Adriano (1988) demonstrated that chronic foliar aerosol exposures
of boron produced phytotoxicity in relation to boron accumulation in the leaves.
The authors concluded that the visual damage (leaf tip necrosis) resulting from
aerosol exposure was identical to that observed from root boron toxicity for all crops
tested. Boron deficiencies in terrestrial plants have been reported in many countries.
Boron deficiency is more likely to occur in light-textured, acid soil in humid regions,
because of boron’s susceptibility to leaching.

In general, there is a small range between deficiency and toxicity. However,
considerable variation exists between species in their resistance to boron. Species
sensitive to boron are known to include citrus, stone fruits, and nut trees; semi-
tolerant species include tubers and cereals; and tolerant species include most
vegetables. Toxicity due to excess boron is much less common in the environment
than boron deficiency. Amongst a wide variety of plant species, the typical visi-
ble symptom of B toxicity is leaf burn-chlorotic and/or necrotic patches, often at
the margins and tips of older leaves (Bennett 1993 Bergmann 1992). These symp-
toms reflect the distribution of B in most species, with B accumulating at the end
of the transpiration stream. The chlorotic/necrotic patches have greatly elevated B
concentrations compared with the surrounding leaf tissues and some species (e.g.,
barley) show characteristic patterns for different genotypes. In species in which B is
phloem mobile (e.g., Prunus, Malus, Pyrus), in which B accumulates in developing
sinks rather than at the end of the transpiration stream, the symptoms of toxicity are

e R
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fruit disorders (gummy nuts, internal necrosis), bark necrosis which appears to be
due to death of the cambial tissues and stem die back (Brown and Hu 1996).

Although the lack of boron in the soil causes some problems in the plants, excess
of boron also causes various physical and biochemical problems. These effects
cause defects in the fruits and leaves of the plants (Hartmann 1981). According
to researches done on the harmful effects of boron in the sunflower and bean fields
the yield of sunflower is high at 0.5 mg L=" (418 kg per 1000 m?) but the yield
decreases as the density increases. The yield decreases down to 306 kg per 1000 m?
at 16 mg L™". As for the beans the yield is 180 kg per 1000 m? at 0.5 mg L~ but
goes down to 73 kg per 1000 m” at 16 mg L~" (Sener and Ozkara 1989).

Genetic variation in response to high concentrations of boron occurs at both the
inter-and intra-specific levels. Boron tolerance of bread wheat (Paull et al. 1992),
durum wheat (Jamjod 1996), barley (Jenkin 1993) and field pea (Pisum sativum)
(Bagheri et al. 1996) is controlled by partially dominant nuclear genes. There have
been many investigations on inter-specific variation, with each species or genus rep-
resented by a single variety (Maas 1987). All of these have identified a wide range
in response to boron, either on the basis of plant growth, or the development of tox-
icity symptoms, or both. The tolerance to boron toxicity not only operates at the
level of whole plants, it also operates at the organ and cellular level (Huang and
Graham 1990). In recent studies, it has been reported that high pH can limit boron
uptake (Baykut et al. 1987; Hu et al. 1996). The tolerance mechanism appears to be
under the control of several major additive genes and specific chromosomal loca-
tions have been identified for the genes in some species (Nable and Paull 1991;
Nable et al. 1997).

4.2 Boron Uptake By Plants

Boron exists in nature (at neutral pH) primarily as undissociated boric acid-B(OH)3
which is soluble in water and exists a small amount of borate anion, B(OH)s™
(Bolanos et al. 2004). Plant takes up boron from soil in the form of boric acid (Brown
and Shelp 1997). As a result of being a non charged molecule, boric acid is highly
permeable to the lipid bilayers and hence, passage is proportionally dependent on
the concentration gradient (Brown and Shelp 1997, Tanaka and Fujiwara 2008). In
order to reach the aerial parts of the plant, B needs to load xylem and transported
towards the upwards proportional with the transpiration rate. Finally, B accumulates
into the destination point, mostly tips and margins of the mature leaves (Brown and
Shelp 1997). Uptake is reduced when soil pH increases from 4 to 9 and increases
by an increase in the light intensity; the rate of boron absorption rapidly increases
at temperatures ranging from 10 to 30°C and is sharply reduced above 35°C (Ayvaz
2002).

Membranes are key players during the transport of the elements, solutes and
water and possess ion transporters. Common traits of some elements are their low
membrane permeability co-efficiencies that make their membrane transport more
difficult. But some molecules such as boric acid which are moderately permeable




|
|
|

284 M. Ozturk et al.

need a transporter. Recent studies showed that cells do not just need transporters
for low permeability coefficient molecule, they also need transporters for solute,
uncharged molecules and water even if, these molecules are permeable and require
any energy to transport through the membrane (Alberts et al. 2002). Recent stud-
ies with artificial membrane and membranes isolated from different species have
shown that the membrane permeability coefficient of boric acid is approximately
1077, According to this data, permeability of boric acid is much higher than
tryptophan, glucose and CI~ but much lower than glucose and urea. However, this
value is changeable according to the type of the membrane, like lipid composition,
intracellular pH.

4.3 Molecular Basis of Boron Uptake and Transport

Three mechanisms are known for across-membrane transport of boric acid: (1) pas-
sive diffusion across lipid bilayer (Dannel et al. 2000; Nuttall 2000; Dordas and
Brown 2000; Frommer and von Wirén 2002: Kuchel et al. 2006 and Takano et al.
2002), (2) active transport by BOR transporter (Tanaka and Fujiwara 2008; Takano
et al. 2008; Peres et al. 2002; Takano et al. 2002 and Frommer and von Wirén 2002),
(3) facilitated transport by nodulin-like intrinsic protein (NIP) channel. All of these
are involved in regulation of boron transport in plants.

The theory for boron uptake was that boric acid only entered in root apoplast
(extracellular space) by passive transport. However, Nuttall (2000), Dordas et al.
(2000) and Dordas and Brown (2000) showed that boron absorption can also
occur by facilitated diffusion, through transmembrane channels- the aquaporins
(Chrispeels et al. 1999). It was believed that boric acid does not require assis-
tance of transporter called aquaporins (Benga et al. 1986; Frommer and von Wirén

2002; Kuchel et al. 2006). The findings of Agre and Kozono (2003) concluded that

high permeable molecules/solutes (water, urea, glycerol etc.) can pass through the
membrane with both passive diffusion and also channel-mediated transport as the
membrane includes several transporters to make a rapid flux of molecules/solutes on

two sides of the membrane by transporter proteins such as aquaporins (Fig. 13.1). .
The discovery of BOR | (Takano et al. 2002), a boron transporter revealed that itis
required for xylem loading. Takano et al. (2006) emphasized that the lower perme-
ability of plant membranes imply the need of membrane proteins to satisfy a plant’s

demand of boron, especially under boron limitation.
Active transport mechanism of boric acid to the xylem and then towards the aerial

parts of the plants has been reviewed at length by Tanaka and Fujiwara (2008) and
Takano et al. (2008). According to these investigators the xylem loading of boron
is achieved by transporter proteins. The boron absorbed by apoplast first needs to
enter the cell (symplast) to reach the xylem due to the Casparian band, an apoplast

barrier in the endoderm. When these solutes enter the xylem, they return to the
apoplast, since vase elements are made of dead cells. The process in which a nutrient

leaves symplast and enters the xylem through an ion-efflux channel is called xylem "
loading (Peres et al. 2002). BORI, characterized by Takano et al. (2002), is the

first protein linked to boron transport in biological systems and is related to boron
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Fig. 13.1 Permeability of biological membranes that allow or prevent !he passage of
molecules/solutes according to their size, charge, chemical properties, concentration and pressure
(Modified from: Alberts et al. 2004)

xylem loading. Among the ten BOR1 hypothetical transmembrane domains, Takano
et al. (2002) found a difference of two amino acids in the second transmembrane
domain of the putative protein expressed by Arabidopsis mutants which requires
higher levels of boron. Frommer and von Wirén (2002) suggested that to maintain
a boron transport to the xylem, xylem sap requires borate anions. The pH is 5.6 for
xylem and 7.5 for cytosole, boric acid inside the cell is converted to borate anion in
the cytoplasm because of high cytosolic pH. Therefore boron can easily pass through
the membrane as a form of borate anion. Then these borate anions are reconverted
in the xylem to boric acid.

Frommer and von Wirén (2002) also proposed three different ways that BOR |
could export borate into the xylem: the first mechanism is diffusion that depends on
the concentration gradient for borate (uniport); second is related to borate/chloride
exchange coupled to a chloride gradient established by X—~QUAC anion channels;
and the third one is coupled counter-transport (antiport) of borate with a proton. The
proton is exported to the cell wall space by H* — ATPases inside which generates a
negative membrane potential (Frommer and von Wirén 2002).

NIPS5:1 is identified as a boric acid channel that resides on the plasma membrane
and requires boric acid uptake under boron limitations for normal growth (Takano
et al. 2006). Casparian strip has an active role during the boron transport. It blocks
the passage of extracellular boric acid from endodermis to the pericyle. Under boron
scarcity conditions, NIPs are translated and reside on the plasma membrane of
epidermal, cortical and endodermal cells on root and import of boron into the cells
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is limited. Boric acid can reach the pericyle and then xylem by means of these
importers. The intracellular passage of boric acid between the cells is sustained by
plasmodesmata. Hence, boric acid can pass to the Casparian strip and can reach to
the destination point-pericyle cells before the xylem loading (Tanaka and Fujiwara
2008). The cellular boric acid needs to efflux from the pericyle cells for xylem
loading. According to Tanaka and Fujiwara (2008) BOR| proteins are expressed
somehow, being regulated by posttranscriptional modifications. BOR1 exports the
cytosolic boric acid to the pericyclic region under boron limited conditions, but stud-
ies have shown that BOR1 proteins are degraded via endocytosis in vacuoles under
excess boron supply (30 and 100 uM respectively) (Takano et al. 2005).

4.4 Boron Remobilization

Common idea regarding the boron transport was that it is transported towards the
upper parts of the plants as a result of transpiration strength and accumulates on its
destination point especially edges of the leaves. Therefore, ideally the older leaves
accumulate much more boron than younger. However, studies indicated that for
some species, especially significantly sugar alcohol producing species, boron con-
centration of young leaves is estimated to be higher than older leaves. This stresses
that boron can remobilize from the different portions of plants with the help of sugar
alcohols especially species that commonly produce significant amount of sugar alco-
hols (mannitol and sorbitol). Brown et al. (1999) showed that this remobilization is
highly related to the sorbitol synthesis. In the case of enhanced production of sor-
bitol synthase, transport is significantly increased. Tanaka and Fujiwara (2008) have
suggested that boron can move along the flow of boron-binding sugar alcohol.
Recent metabolite study for boron toxicity tolerance in plants has shown that
glucose level is increased in leaf at high boron exposure levels (1000 M) com-
pared to low (5 uM) (Roessner et al. 2006). Reid et al (2004) showed in boron
intolerant plants, photosynthesis is suppressed by 23% at a high level of boron.
Recently Unver et al. (2008) showed a possible role of photosystem II Protein D2
to regulate the boron toxicity in Gypsophila perfoliata by comparing the control
and high boron exposed (5001000 wM) leaves. DDRT-PCR results showed that
one of the differentially expressed transcript had high level similarity (99% posi-
tive score) in the Triticum aestivum Photosystem II protein D2. gRT-PCR analysis
showed that 500 and 1000 M boron treated leaf samples showed 10 and 14 fold
changes respectively compared (o the control groups (30 wM). Thus boron toler-
ant plants probably tolerate the toxic effects of boron by remobilizing the excess
boron between the leaves by forming sugar-boron complexes through phloem. By
reverse reaction, deficiency-tolerant plants might tolerate the boron essentiality with
the same mechanism and transportation with the same way as of sugar alcohols.
However, non-sugar alcohol producing plants can transport boron preferentially to
young tissues as observed in Arabidopsis (Noguchi et al. 2000), Brasica napus
(Stangoulis et al. 2001), and Helianthus annuus (Matoh and Ochiai 2005) in case
of the limited boron exposures (Tanaka and Fujiwara 2008). It is proposed that non-
sugar alcohol producing plants have to activate different mechanism to translocate
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boron into the young portions of the plants. Boron transporters and channels may
be involved in this translocation (Noguchi et al. 2000). Also Tanaka and Fujiwara
(2008) hypothesized that plants are capable of sensing boron levels and rcgul‘:ile the
transport under limited conditions.

5 Boron Pollution

In recent years, there has been a greal increase in the use of boron at the indus-
trial level as well as water desalination processes for healthy irrigation. The mining
processes lead to a dramatic increase in the accumulation of boron in agricultural
soils (Parks and Edwards 2005). The arid and semiarid regions are potentially hav-
ing risk with boron toxicity, due to capillary action and evaporation of boron rich
ground waters. Under these circumstances boron concentration reaches to a toxic
level for plants and reduces crop yields by polluting agriculrural areas (Tanaka and
Fujiwara 2008).

Turkey is the important producer of naturally occurring borax fertilizers (Norman
1998). More than 50% of the world boron reserves are found in Turkey (Roskill
1999:. Kalafatoglu and Ors 2000). It has become an important and strategic ele-
ment in terms of developing technologies (Kose et al. 2003; Oren et al. 2006).The
proven reserves are 375 million tons, whereas possible reserves are 483 million tons.
This is equivalent to the 72.2% of the world reserves (Bayca et al. 2008). These
are found in Susurluk, Bigadig, Sindirgi regions of Balikesir (Fig. 13.2), Kestelek

Fig. 13.2 Setallite images of Boron mines in Bigadig, Balikesir (White spots indicate boron mines)
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District of Bursa, Emet District of Kiitahya and Kirka District of Eskisehir, The
largest reserves are found in Emet, Bigadig, Kirka and Mustafakemalpagsa Districts
(72% of the world boron reserves). These are located in an area of 100 x 200 km?2.
Mines are situated alongside the drainage areas of Simav and M. Kemalpasa rivers.
During the mining processes, boron containing drainage waters, cause pollution of
Simav Creek, which is used for the irrigation of nearly 40,000 ha of agricultural
area in Balikesir, Kepsut, Susurluk and Karacabey plains (Sener and Ozkara 1989;
Uygan and Cetin 2004). The boron carried by the Simav Creek is over 2 mg L~! and
threatens the fertile agricultural soils (Sener and Ozkara 1989). Watery wastes from
the mining areas in general contain 14-18% B,03 which flows in to the collection
ponds (Kose et al. 2003). A total of 60.000 tons of wastes are produced every year
from the boron extraction mining areas (Batar et al. 2009). The boron concentra-
tion in the collection ponds is above the limits given by WHO (Oren et al. 2006).
Some work has been done to purify these wastewaters (Kalafatoglu et al. 1997).
Very few studies have been carried out on the soil-plant interactions in relation to
boron in Turkey. Diindar and Cepel (1979) have reported harmful effects of boron
on the leaves of some species in the forest vegetation around Emet (Kiitahya) Borax
Production Plant. Through the wastewaters of the river Simav the boron is spread to
a wide area and causes boron pollution in agricultural soils of this area, rendering
the soil infertile (Onel 1981).

Especially in the areas around the boron reserves in Turkey industrialization and
urbanization have developed dramatically and this pollution can be seen intensively.
The wastewater with a high boron content flowing into the rivers like Simay
adversely affects the agricultural areas in the region (Sener and Ozkara 1989). The
washing waters, rich in boron which are released from boron mines are collected
in the Camkdy Dam (Fig. 13.3). However, other waters rich in boron from inactive

Fig. 13.3 The wastewater from the Boron mines flown into the Camkoy Collector Dam
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Fig. 13.4 Boron mines which are not used but cause environmental pollution through rain and
underground waters

and closed boron mines are flown into the river Simav which reach the agricultural
areas through rain as well as underground waters (Fig. 13.4).

According to Uslu and Tiirkmen (1987) boron levels recommended for perma-
nent usage should be up to 0.75 mg L', and 2 mg L~' for short term usage. The
samples taken from Simav Creek and its environs in Bigadigshowed boron levels as
22.56 (open mine surface water); 22.85 (Camkoy Dam water); 23.07 (water taken
after ore washing); 23.07 (water from collected pools); 11.35 (water from Simav
River); 1.64 (water from the Simav River-500 m away from the mine); and 16.89 mg
L~' (open mine surface water). Soils associated with these reserves are high in
boron and host a plant diversity with tolerance to high levels of boron.

The natural plant cover of the boron mining areas around Kirka—Eskisehir
is represented by the taxa like (Tiire and Bell 2004); Gypsophila perfoliata L.
var. Perfoliata. Catapodium rigidum (L.) C.E. Hubbard ex Dony subsp. rigidum
var. rigidum; Juniperus oxycedrus L. subsp. oxycedrus; Adonis flammea Jacq.;
Glaucium leiocarpum Boiss.; Papaver rhoeas L.; Hypecoum imberbe Sibth, & Sm.;
Alyssum pateri Nyar. subsp. pateri; Reseda lutea L. var. lutea; Chenopodium album
L. subsp. album var. album; Melilotus officinalis (L.) Desr.; Medicago sativa L.
subsp. sativa; Potentilla recta L.; Carduus nutans L. subsp. nutans; Centaurea
solstitialis L. subsp. solstitialis; Centaurea depressa Bieb.; Centaurea virgata
Lam.; Tragopogon latifolius Boiss. var. angustifolius Boiss.; Convolvulus linea-
tus L.; Quercus trojana P. B. Webb. T; Galium verum L. subsp. verum; Allium
atroviolaceum Boiss.; Aegilops cylindrica Host.; Aegilops triuncialis L. subsp. tri-
uncialis; Hordeum distichon L.; Hordeum murinum L. subsp. leporinum (Link) Arc.
var. leporinum: Chrysopogon gryllus (L.) Trin; Stipa lessingiana Trin. & Rupr.;
Pinus nigra Arn. subsp. pallasiana (Lamb.) Holmboe; Neslia apiculata Fisch.;
Matthiola longipetala (Vent.) DC. subsp. longipetala; Helianthemum canum (L.)
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Baumg.; Polygala pruinosa Boiss. subsp. pruinosa; Dianthus crinitus Sm. var.
crinitus; Paronychia carica Chaudhri; Hypericum avicularifolium Jaib, & Spach.
subsp. depilatum; Linum hirsutum L. subsp. anatolicum (Boiss.) Hayek var. ana-
tolicum; Haplophyllum thesioides (Fisch. ex DC.) G. Don; Genista aucheri Boiss.:
Astragalus vulneraria DC.; Coronilla varia L. subsp. varia; Onobrychis gracilis
Besser; Sanguisorba minor Scop. subsp. muricata (Spach.) Briq.; Sedum sartori-
anum Boiss. subsp. sartorianum; Eryngium campestre L. var. virens Link.; Morina
persica L.; Scabiosa argentea L.; Anthemis tinctoria L. var. pallida DC.; Achillea
wilhelmsii C. Koch.; Onopordum tauricum Willd.; Jurinea consanguinea DC.;
Centaurea urvillei DC. subsp. stepposa Wagenitz; Leontodon asperrimus (Willd.)
J. Ball.; Asyneuma limonifolium (L.) Janchen subsp. limonifolium; Asyneuma virga-
tum (Labill.) Bornm. subsp. virgatum; Onosma bracteosum Hausskn. & Bornm.;
Anchusa officinalis L.; Anchusa stylosa Bieb.; Convolvulus compactus Boiss.;
Convolvulus holosericeus Bieb. subsp. holosericeus; Lappula barbata (Bieb.)
Giirke; Linaria corifolia Desf.; Orobanche alba Stephan; Acanthus hirsutus Boiss.:
Globularia orientalis L.; Teucrium chamaedrys L. subsp. chamaedrys; Teucrium
polium L.; Scutellaria orientalis L. subsp. pinnatifida Edmonson; Phlomis arme-
niaca Willd.; Marrubium parviflorum Fisch. & Mey. subsp. parviflorum; Sideritis
montana L. subsp. montana; Stachys byzantina C: Koch; Thymus leucostomus
Hausskn. & Velen var. argillaceus Jalas; Salvia sclarea L.: Salvia cryptantha
Montbret & Aucher ex Bentham; Acantholimon acerosum (Willd.) Boiss. var. acero-
sum; Plantago lanceolata 1..; Euphorbia macroclada Boiss.; Quercus pubescens
Willd.; Cruciata taurica (Pallas ex Willd.) Ehrend.: Asphodelina damascena
(Boiss.) Baker subsp. damascena; Muscari neglectum Guss.; Koeleria cristata (L.)
Pers. and Puccinella convoluta (Homem.) P. Fourr.

The plant taxa recorded from Bigadig, Balikesir are (present study);

Pinus nigra Arn.; Juniperus oxycedrus L. ssp. oxycedrus; Delfinum peregy-
nium; Amaranthus retroflexus L.; Chenopodium album L. ssp. album var. album;
Polygonum lapathifolium L.; Polygonum aviculare L.; Polygonum equisetiforme
Sibth. & Sm; Rumex Pulcher L.; Quercus ilex L.; Quercus pubescens Willd.;
Silene otites; Lavatera punctata; Tamarix sp.; Sinapis arvensis L.; Neslia Apiculata
Fisch.; Reseda lutea L.; Anagallis aquatica; Rosa canina L.; Malus sylvestris
miller ssp. orientalis (A. Uglitzkich) Browicz var. orientalis; Crateagus monog-
yna Jacq. ssp. monogyna; Spartium junceum L.; Trifolium angustifolium L. var,
angustifolium; Trifolium hybridum L. var. hybridum; Ononis spinosa; Lythrum
salicoria L.; Pistacia terebinthus L. ssp. terebinthus; Pistacia vera; Ruta mon-
tana (L.) L.; Tribulus terrestris L.; Linum bienne Miller; Eryngium campestre L.
var. visens; Eryngium creticum; Bupleurum odontites; Ammi visagna; Bupleurum
tenuissimum; Papaver rhoeas L.; Olea Europea L. var. europea; Phillyrea latifo-
lia L.; Solanum nigrum. L. ssp. nigrum; Convolvulus arvensis 1..; Ballota nigra ssp.
anatolica; Mentha spicata ssp. spicata; Stachys byzantina; Teucrium polii; Thymbra
spicata; Plantago major L.; Plantago lanceolata L..; Rubia tinctorum L.; Paliurus
spina—christi; Viscum album; Osyris alba; Scabiosa columbaria .. ssp columbaria
var. Columbaria; Dipsacus laciniata; Xanthium spinosum L. Pallenis spinosa (L.)
Cass.; Picnomon acarna (L.) Cass.; Carduus nutans L..; Centaurea solstitialis L. SSp.
solstitialis; Centaurea ibericaTrev. ex Sprengel; Centaurea virgata,; Cardopatium
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corymbosum (L.) Pers.; Echinops ritro L.; Scolymus hispanicus L.; Cichorium inty-
bus L.; Picris altissima Delile; Helminthotheca echinoides (L.) Holub:; Carthamus
Lanatus; Xeranthemum annuum; Hordeum murium L.; Hordeum bulbosum L.:
Lolium perenne L.; Dactylis glomerata L.; Cynosurus echinatus L. Phragmites aus-
tralis (Cav.) Trin. ex Steudel; Cynodon dactylon (L.) Pers.; Elymus elongatus ssp.
eloggatus; Juncus conglomeratus; Cyperus longus L.; Draculus vulgaris; Ruscus
aculeatus L. var. angustifolius Boiss.; Asparagus acutifolius L.; Asphodelus aestivus
Brot.; Allium neapolitanum Cyr. and Tamus communis L. ssp. communis.

The plant diversity of the areas shows variation depending upon the boron con-
tent of the soils. The soils with lower boron concentrations (0.1-2 mg kg~!) show
arich species diversity (84 species), whereas those with higher levels (10 mg kg™ 1)
are poor in the plant cover (28 species). According to Babaoglu et al. (2004) only
five species Catapodium rigidum ssp. rigidum var. rigidum and Gypsophila per-
Jfoliata var. perfoliata show resistance to boron levels in excess of the accepted
toxic levels (35 mg kg~'); these species are reported to flourish in the zone
with highest boron concentration. Our investigations revealed that in Bigadic,
Balikesir boron mining area Polygonum equisetiforme was tolerating high levels of
boron.

6 Phytoremediation

Plants which uptake high levels of an element from the soil are called hyperaccu-
mulators; these are now being closely investigated, both by molecular techniques
and by soil/plant analyses, at the sites where they occur (Karenlampi et al. 2000).
The term hyperaccumulator was first used in relation to plants containing more than
1000 g g"' (0.1%) Ni in dry tissue (Jaffre et al. 1976; Brooks et al. 1977). A later
publication (Baker and Brooks 1989) extended the use of the term to include plants
containing more than 1% Zn or Mn, or more than 0.1% Cu, Co, Cr and Pb. The
ability of Thlaspi caerulescens to accumulate Zn to more than 10,000 gg~ ! (1%)
in dry tissue has been known since the 1860s, but it has become apparent from more
recent work that several species of this genus can also hyperaccumulate (Reeves
and Brooks 1983; Reeves 1988) from metal-rich soils and can hyperaccumulate a
wider variety of metals (including Cd, Mn and Co) from amended nutrient solutions
(Baker et al. 1994). There has also been recent interest in high-Cd populations of 7.
caerulescens from mine soils (Robinson et al. 1998: Reeves et al. 2001). A recent
study of hyperaccumulators for some metals (Zn, Cd, Pb, Ni, Cu, Se and Mn) has

~ been published (Reeves and Baker 2000). This list did not include several other ele-

ments, such as B, As and Al. As accumulation by ferns has been studied by Ma et al.
(2001), and also Kochian et al. (2002) reported a plant which accumulates 3000 mg
kg~! Al nevertheless there is not much information about boron accumulation in
plants.

Recently, Gezgin et al. (2002) surveyed the boron content of 898 soil samples
from 7 States in Turkey. These States include 3.5 million ha of cultivated land in
Central Southern Anatolia. However, nearly 50% of soils in these areas contained
low levels of available boron which can be corrected by external boron applications
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in the form of borax or boric acid. However, another 18% of soils contain boron
at more than the critical upper level for available soil born, which is considered
to be 3 mg kg~ (Keren and Bingham 1985) for most crops. These areas can be
released from this abiotic stress by phytoremediation using boron accumulating
species. Soil amendments by conventional techniques such as leaching or increasing
pH by liming (Nable et al. 1997) for increased boron adsorption on soil seem not to
suit Central Anatolian conditions due to its low annual rainfall and water shortages,
and the high lime content of the soils. For this reason, boron accumulating species
appear as a solution to this problem. '

First hyperaccumulation studies of boron in Turkey were undertaken by
Babaoglu et al. (2004) on different taxa of Gypsophila sp. commonly growing on
the boron rich areas around Kirka, Eskisehir-Turkiye. Gypsophila sphaerocephala
var. sphaerocephala, G. perfoliata, Puccinellia ssp. distans and Elymus elongatus
ssp. turcicus species were found in the highest boron containing sections of the
mine. Out of these species, G. sphaerocephala was able to accumulate extraordi-
narily high concentrations of boron (Babaoglu et al. 2004). The species were found
growing successfully under high total (8900 mg kg~ ') and available (277 mg kg ")
soil boron concentrations. G. sphaerocephala contained considerably higher boron
concentrations in its above-ground parts (2093 + 199 SD mg kg™, seeds; 3345 +
341 SD mg kg~ !, leaves), compared to the roots (51 + 11 SD mg kg~') and organs
of the other species.

We also determined a boron tolerant species during our studies undertaken during
20002003 namely; Polygonum equisetiforme, which showed luxuriant growth over
boron mining areas in the Balikesir region. It appears to us as one of the candidates
as for phytoremediation of boron contaminated soils. It is a perennial deciduous
taxon, with procumbent to erect stems, up to 100 cm tall, and few flowering shoots
bearing pink or white flowers and distributed in Canakkale, Istanbul, Izmir, Antalya,
igel and Gaziantep. Water samples were taken from waste water of the collecting
dam as well as Simav creek near the mining area.

The samples were collected around the Etibor mining area of Bigadic, Balikesir,
one of the richest boron mines in the world. Plant samples along with their represen-
tative soils (0-50 cm deep) were collected from the area. Samples of surface soils
were collected from pits measuring 20 x 20 x 20 cm.

All samples were put into plastic bags and directly brought to the laboratory for
analyses. The plant samples were carefully washed with water to remove any traces
of soil, then oven-dried at 70°C for 48 h before measuring dry weights. Samples
(0.5 g) of finely ground plant material were digested with concentrated HNO3 in a
microwave system (CEM). Boron in the extracts was analyzed by ICP-AES (Varian-
Vista model) (Nyomora et al. 1997) in at least 4 plant samples with 3 replicates. The
boron standard used was from Merck, Germany. The extractable boron concentra-
tions in soil were determined according to the method of Cartwright et al. (1984) by
extraction with 0.01 M mannitol plus 0.01 M CaCl; using a soil solution ratio of 1:5
and a shaking time of 16 h. Boron extracted was determined by ICP-AES (Bingham
1982). The results of boron content of the soils and plants from the sampling sites
is presented in Table 13.1.
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Table 13.1 Boron content of the soils and plants from the sampling sites

Sampling Boron content

Sites (ppm)

No Soil B SD Plant B SD
1 6.84 0.56 150.22 2.52
2 6.80 0.38 112.26 1.81
3 691 1.05 156.44 3.14
4 6.96 0.95 155.29 252
5 691 0.35 144.54 1.96
6 6.95 0.46 150.36 4.13
d 6.87 0.39 146.89 2.69
8 6.78 045 147.99 341
9 6.84 0.78 151.53 248

10 6.79 0.95 160.15 1.82

11 6.85 0.16 154.64 2.74

12 6.81 1.05 156.02 2.61

13 1.39 0.12 146.36 1.94

14 6.81 0.35 146.24 1.30

15 6.81 0.42 153.14 2.28

16 1.48 0.08 145.35 1.28

7 Boron and Seed Germination

The studies undertaken by us on the germination behavior of bean, chickpea, maize,
wheat, barley and tomato revealed that there is a significant difference (p < 0.001)
between control and 1000 mg L~' boron exposure of seeds. The growth rates and
measurements of radicle and plumule lengths were calculated for all crop seedlings
in response to different boron concentrations (control, 10, 50, 100, 250, 500, 750,
1000 mg L~") and hormones (10 mg L~ GA3, IAA, ABA, KIN). After seven days
of germination, bean root length was 8.6 cm in control. It decreased to 7.1 cm at
10 mg L=, and increased to 9.2 cm at 50 mg L™' boron. However, the length of
radicle decreased gradually to 1.05 cm at the concentrations above 50 mg L~'. The
length of plumule was 11.6 cm in control, but decreased gradually to 2.4 ¢cm for
increasing boron concentrations (Fig. 13.5).

The chickpea radicle length was 3.5 cm in control and decreased to 1.8 cm at
10 mg L~ boron, but increased to 8.8 cm at 50, 100 mg L', For other concen-
trations, the radicle length decreased gradually to 1.61 cm. The plumule length was
1.8 cm in control but increased to 3.4 cm at 10, 50, 100 mg L~! boron and decreased
gradually to 0.5 cm for other concentrations (Fig. 13.6).

The maize radicle length was 20 cm in control. It decreased to 7.5 cm at 10 mg
L~! boron, and increased to 13.7 cm at 50, 100 mg L~". For other concentrations,
the radicle length decreased gradually to 2.1 cm. The plumule length was 7.5 cm
in control and decreased gradually to 2.1 cm as the boron concentrations increased
(Fig. 13.7).
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13.8 Radicle and plumule length of wheat seedlings under different boron concentrations and

Fig. 13.6 Radicle and plumule length of chickpea seedlings under different boron concentrations ——

and plant hormones

- The barley radicle length was 14.7 cm in control, increased to 15.4 ¢m at 10 mg

The wheat radicle length was 11 cm in control, increased to 13.2 cm at 10 mg ' L~! boron, but decreased gradually to 0.9 cm at other concentrations, The plumule

L™} boron and decreased gradually to 1.4 cm at 50, 100 250, 500, 750, 1000 mg -‘:‘, 6‘5tlgtl'| was 8.2 cm in control. It increased to 8.6 cm at 10 mg L™, but decreased
L~! and GA3, but increased to 6.7 cm under IAA, ABA and KIN exposures. The

. y ‘ - gradually to 3.5 cm at 50, 100, 250, 500, 750 mg L= of boron. It abruptly increased
plumule length was 11.3 cm in control. It decreased gradually to 5.6 cm for different 1 10 7.1 cm at GA;, it decreased gradually to 1.3 cm under IAA, ABA exposures and

boron concentrations (Fig. 13.8). o ~ abruptly increased to 3.72 cm with KIN (Fig. 13.9).
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concentrations

’ Tomato
:‘ll:.mluzz;lz n:t:d‘ifl% ;‘n“;o 12 - : u#\ﬂg . (‘;:Z \;v;lsl ]c)alculated as (=) 86, (=) 82, (-) 80, (-) 83, (-) 82% respectively
lings under different P g g 12.11).
m cs(:noentmtions and 191 The germination inhibitory rate of chickpea was calculated as 54, 60, 49, 20% at
plant hormones 8- 50, 100, 250, 500 mg L~ boron exposures respectively. It decreased gradually from
£ (=) 23% to (—) 91% at other concentrations (p<0.05) (Fig. 13.12). The germination
E 89 inhibitory rate of maize was calculated as 10% at 50 mg L.~! boron but decreased
§, M - gradually from (—) 9 to (—) 90 (p < 0001) (Fig. 13.13). The germination inhibitory
g - rate of wheat was calculated as 13% at 10 mg L™ boron and other concentrations
24 (50, 100, 250, 500, 750, 1000 mg L~" boron and GAs3) but decreased gradually
Q from (—) 13% to (—) 87% (p < 0.001). With IAA, ABA and KIN inhibitory rate of
o germination in wheat was calculated as 17.5, 14.2, 13.8% respectively (p < 0.05)

(Fig. 13.14).

The germination inhibitory rate of barley was calculated as 4.4% at 10 mg
L' boron and the other concentrations decreased gradually from 14 to (=) 94%
- (p < 0.001) (Fig. 13.15). The germination inhibitory rate of tomato decreased
- gradually at all concentrations from (—) 31 to (=) 100% (p < 0.001) (Fig. 13.16).
The results confirmed that boron is indeed an essential micronutrient element
- (at 10 and 50 mg L~' concentrations) but when it is in excess it is toxic for plants
as (Kocacaliskan and Olcer 2006; Konuk et al. 2007). GA3, IAA, ABA and KIN did
not alleviate the boron induced growth inhibition effect significantly.

R @fﬁa@'\@\%p:;‘%%@

Boron Concentrations (ppm)

The tomato radicle length was 8.7 cm in control. For the following 90ncentrations
it decreased gradually to 0.33 cm. The plumule length was 4.1 cm in control and
decreased gradually to 0.3 cm under all concentrations (Fig. 13.10). .

After seven days of varying amounts of boron and hormone applications, at
50 mg L~! germination inhibitory rate in beans was calculated as 7%, at other
concentrations it decreased gradually from (=) 19 to (=) 86 (p < 0:001). A
highly significant correlation was observed between boror_l cc')ncemra.tmqs.and
inhibitory rates. At 10 mg L~! GA3, IAA, ABA and KIN applications the inhibitory

8 Boron and Genotoxicity in Plants

Plant mutagenicity bioassays have been in existence for many years. The plant
bioassays are now well-established systems, used for screening and monitoring of
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Fig. 13.12 Comparison of radicle growth inhibition in chickpea seedlings under different boron
concentrations
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Fig. 13.13 Comparison of radicle growth inhibition in maize seedlings under different boron
concentrations

environmental chemicals with mutagenic and carcinogenic potential (Knasmuller
etal. 1998; Ma 1999). Genotoxicity of environmental exposures is hard to elucidate
by one-way approaches, but requires multi-step methods, both deductive and induc-
tive, at the same environmental design. Most higher plant bioassays are based on
the detection of chromosomal aberrations, sister chromatid exchanges, and recently,
on the analysis of DNA strand breaks. The cytogenetic tests analyze the frequency
and type of chromosome aberrations in mitotic cells and the frequency of micronu-
clei in interphase cells (Uhl et al. 2003). Several studies have used the comet assay,
micronucleus assay or chromosome aberration assay to measure the genotoxic effect
of metals on plants (Steinkellner et al. 1999: Angelis et al. 2000). The advantages of
measuring effects of genotoxic chemicals directly on DNA are mainly related to the
sensitivity and short response time. The advances in molecular biology have led to
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Fig. 13.14 Comparison of radicle growth inhibition in wheat seedlings under different boron

concentrations
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Fig. 13.15 Comparison of radicle growth inhibition in barley seedlings under different boron
concentrations

the development of a number of selective and sensitive assays for DNA analysis in
the field of genotoxicology. RAPD, developed by Williams et al. (1990) and Welsh
and McClelland (1990), is a PCR-based technique that amplifies DNA fragments of
genomic DNA with single short primers of arbitrary nucleotide sequence under low
annealing conditions. This technique is used extensively for species classification,
genetic mapping and phylogeny etc. In addition, their use in surveying genomic
DNA for evidence of various types of DNA damage and mutation shows that RAPD
may potentially form the basis of novel biomarker assays for the detection of DNA
damage and mutational events in cells of bacteria, plants, invertebrate and vertebrate
animals (Savva 1996; Savva 1998; Atienzar et al. 2000). RAPD assay has proved
useful to detect genomic instability manifested such as point mutations, genetic
and chromosomal rearrangements, deletion and insertions (Liu et al. 2005, 2007).
Mutations can only be responsible for the appearance of new bands if they occur
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Fig. 13.16 Comparison of radicle growth inhibition in tomato seedlings under different boron
concentrations

at the same locus in a sufficient number of cells (a minimum of 2% of mutations
may be required to get a new PCR product visible on agarose gel) to be amplified
by PCR. RAPD is likely to detect genomic instability as the newly growing and
developing cells will produce a clone of dividing daughter cells. Thus the propor-
tion of cells presenting the same genomic instability is high and easy to detect. In
the field of genetic toxicology most RAPD studies describe changes such as differ-
ences in band intensity as well as a gain/loss of RAPD bands, defined as diagnostic
RAPD.

Boron can result in the physiological and metabolic problems related to geno-
toxicity thus limiting crop productivity. In some recent studies the genetic and
epigenetic aspects of boron toxicity have been evaluated together with a refer-
ence to the mitotic index in some plant species where mitotic abnormalities have
been recorded (Papadakis et al. 2004; Konuk et al. 2007). Konuk et al. (2007)
has reported that boron inhibits mitosis in Allium cepa at doses of 100 mg L~!
and above. However, according to Karabal et al. (2003) and Cervilla et al. (2007)
although boron causes oxidative damage, but its genotoxic effect is still unclear. In
some recent studies, leaf cupping, a specific visible symptom of boron toxicity in
some species, has been suggested to result from inhibition of cell wall expansion,
through disturbance of cell wall cross-links (Loomis and Durst 1992). The nutri-
tional importance and toxic effects of boron on plant growth have been investigated
at length in different maize cultivars (Goldberg et al. 2003). These studies revealed
that in general boron tolerance of cultivars varied from high to low and boron con-
centrations of low tolerant cultivars were higher than those of high boron tolerant
cultivars. A considerable genotypic variation in susceptibility to boron toxicity has
been identified for agronomic species like wheat and barley (Nable and Paull 1991;
Paull et al. 1992). Donghua et al. (2000) investigated the effects of boron ions on
root growth and cell division of broadbean. The results indicated that boric acid
has a stimulatory effect on root growth at concentrations of 10~¢ and 10~3 M, and

L
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~ an inhibitory effect at higher concentrations. Boric acid has toxic effects on the
- 1oot tip cells during mitosis, forming chromosome bridges, chromosome fragments,
- chromosome stickiness, and micronuclei. Ayvaz (2002) investigated the genotoxic
effects of 500, 750 and 1000 mg L~ boron concentrations on barley. He recorded
~ the germination percentage, root length, mitotic index and mitotic abnormalities.
- These findings point out that a decrease in the mitotic index level is due to mitode-
- pressive effect which leads to an inhibition of cell access to mitosis, stressing the
- fact that boron disrupts the normal cell cycle process by preventing biosynthesis of
- DNA and microtubule formation.

During oxidative stress, the excess production of reactive oxygen species (ROS)
causes membrane damage that eventually leads to cell death. As in most ionic
stresses, toxic levels of boron cause the formation of ROS. Karabal et al. (2003)
observed in barley cultivars that its toxicity induced oxidative and membrane dam-
age in leaves. Recently it has been reported in apple and grapevine that boron
toxicity induces oxidative damage by lipid peroxidation and hydrogen peroxide
accumulation (Molassiotis et al. 2006; Gunes et al. 2006). Cervilla et al. (2007)
too found that high boron concentration in the culture medium provokes oxida-
tive damage in tomato leaves and induces a general increase in antioxidant enzyme
activity, in particular increasing ascorbate pool size. It also increases the activity of
L-galactose dehydrogenase, an enzyme involved in ascorbate biosynthesis, and the
activity of enzymes of the Halliwell-Asada cycle. This work therefore provides a
starting point towards a better understanding of the role of ascorbate in the plant
response against boron stress.

Takano et al. (2005) demonstrated that boron regulated endocytosis and degrada-
tion of BOR1, a plasma membrane transporter for boron in plant. They monitored
BOR1 activity and protein accumulations in response to various boron doses. They
found that the posttranscriptional regulation was a major regulatory mechanism in
this connection. Their findings proved that endocytosis and degradation of BOR 1 are
regulated by B availability in order to avoid accumulation of toxic levels of boron in
shoots under high-boron supply, while protecting the shoot from boron deficiency
under limited boron supply.

9 Conclusion

In conclusion this overview on the interrelations of plants and boron stresses the
following points; using plants for phytoremediation should possess (a) targeted
metal(s) accumulating capability, preferably in aerial parts; (b) tolerance to the accu-
mulated metal concentrations; (c) fast growth of the metal accumulating biomass;
and (d) ease of cultivation and harvesting (Baker and Brooks 1989).

This study has also revealed that the boron concentrations in plants are 20 times
more than in the soils around Bigadig-Balikesir. Polygonum equisetiforme appears
4 as a hyperaccumulator of boron. Its wide distribution in the region implies that it
can be used for restoration of desertified agricultural lands. Biochemical and molec-
ular studies on this plant will enlighten the mechanisms of growth of hyper-boron
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accumulating species on boron rich soils. These findings can be used in the m
ular and genetic studies in agricultural plants. This study stresses the fact that th
plant can be used to evaluate the boron polluted agricultural soils irrigated by Si
stream which contains high boron levels. In this way more than 3 million ha of b
polluted soils can be again used for agricultural productivity. At the same time it ¢
be used as a fertilizer in the boron poor soils.

Germination results indicate that some of the plants show sensitivity and son
are tolerant. For example; in bean the mhlbltory rate is (—) 19% at 10 mg L
boron whereas it is (—) 86% at 1000 mg L™, indicating its sensitivity. In chickpea
the inhibitory rate was (—) 23% at 10 mg L~ ) boron and (—) 42% at 1000 mg L=,
depicting a high tolerance. Our data confirms the fact that maize is a semi—tolerant
species. The inhibitory rate of maize is (—) 9% at 10 mg L~ ! boron but (—) 82% at
1000 mg L~!. Barley has been reported as a semi tolerant species (Maas 1987) but
in our studies it appears percent at 1000 mg L~'. Wheat also has been recorded
as a sensitive species but it was reasonably tolerant and growth rate was 13%
at 10 mg L~! boron and (=) 87% at 1000 mg L~'. Finally tomato was hlghly
sensitive, the inhibitory rate was (—) 31% at 10 mg L~! boron and (—) 92% at
1000 mg L~! (Fig. 13.17). Bean and tomato are sensitive, maize is semi tolm-
ant, chickpea, wheat and barley are tolerant species on the basis of germination
results. ¥

- Boron induced polymorphism is higher than many chemicals like mercury,
_‘ romium and zinc (Cenkci 2009). The RAPD-PCR method can be used as an inves-
gational tool for boron induced genomic alterations. RAPD-PCR fingerprinting in
onjugation with physiological parameters can be a powerful strategy for assessing
‘ l on exposure. OPA—08 primer is informative and may have great potential for
det ting boron-induced specific genomic alterations, but the nature and amount
DNA impact in RAPD band can only be obtained by sequencing or probing
nzar and Jha 2006). Genomic targets of boron exposure should further be
ssed with systematic sequencing to make RAPD-PCR assay a quantification
~method rather than a qualification method.
- Changes in the boron-exposed maize genome observed in the present study is
“mainly variations in RAPD band intensity in the profiles. Short-term treatment with
“boron did not seem to induce many permanent genomic mutations or changes in
~ oligonucleotide priming sites that would mainly produce new or result in lost RAPD
ds. In this study the appearance of new PCR products was detected at 25 mg
~! and at 50 mg L~! respectively (Tables 13.2 and 13.3). Appearance of bands
¥ may be a result of the genomic instability related to DNA damage. These dam-
- ages may be induced directly as seen in aflatoxins or indirectly as seen in oxidative
~ stress (Risom et al. 2005). Many studies show that toxic levels of boron influence
~ the excessive production of ROS in different plants (Cervilla et al. 2007; Ardic
~ et al. 2009). Oxidative stress induces ROS production and may cause chromoso-

B Boan - mal aberrations and DNA damages (Martindale and Holbrook 2002; Risom et al.
=~ 2005). The potential for genotoxicity of boron comes either through the production
v T - of ROS via oxidative stress or toxicity determination parameters (Beddowes et al.
® Maize GROWTH RATES (%)
i 60 - 2003). The RAPD technique is promising for the detection of boron-induced DNA
. 40 3 eﬂ'octs but requires further experimentation and validation. The first thing to evalu-
W Rariey g 20 ~ ate should be the innate genetic variation of the organism and then the acquired and
B Tomato g : - additional genotoxic factors.
-20 ¢
_§ 40 '!hble 13.2 Permeability coefficient of boric acid on artificial and natural membranes, isolated
:E o ~ from different species
~ 80 ~ Permeability coefficient
~100 _ of Boric acid Organism Reference
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Fig. 13.17 Comparison of radicle growth inhibition in crop seedlings under different boron
concentrations
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Table 13.3 Boron transporter-like protein encoding genes identified in different species
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setween the accumulation of boron in indicator species and the target tissues of

Locus )ron in comparison to genomic instability.
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These results may suggest that short-term (1 week) boron treatment induces
mainly DNA damage, which causes the specific RAPD band intensity to either
increase or decrease. Although our results strongly suggest that boron-induced
genomic DNA instability is reflected by the RAPD-PCR method, it is important
to note the change of RAPD band patterns do not show a dose-dependent tendency
to boron exposure. This might be explained with the short exposure time which
may not be enough for the toxic effects to develop. The target tissue for the ulti-
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