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Abstract

In semi-arid environments, dry-land farming often exposes crops to drought
stress. Although some plant species are well adapted to drought, most crops are not.
Drought can reduce plant populations and limit growth and development in ways that
have serious yield consequences. Planting at the beginning of the wet season, when
rainfalls are often sporadic and unreliable, can expose young maize seedlings to severe
drought. Through the use of plant growth regulators (PGR), maize seedlings can perhaps
be altered to elicit responses that mimic drought adaptation mechanisms. A series of
studies conducted in the laboratory and greenhouse looked at the response of maize
seedlings (two hybrids that differed in their reported drought sensitivity) to severe
drought and to PGR applications with or without drought. Results showed that drought
stress altered plant morphology and key physiological parameters. Applications of three
triazoles (paclobutrazol, uniconazole and tetraconazole) altered morphology and
physiology in ways that might impart drought resistance. Paclobutrazol and uniconazole
increased root:shoot ratio in laboratory studies and in the greenhouse. When compared to
non-triazole-treated controls, uniconazole and paclobutrazol treatments caused water
conservation in earlier stages of drought stress, and therefore afforded increased
transpiration (and presumably less stress) at later stages. Uniconazole and tetraconazole
increased photosynthesis of well-watered plants. Proline content was increased to a
greater degree by these same two triazoles under drought stress conditions. It is hoped
that knowledge obtained from these studies can be extended to drought-prone areas

where maize dry-land farming is practiced.
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Chapter 1
Introduction and Literature Review
1.1. Introduction and Rationale

Plant water deficit occurs when insufficient moisture prevents a plant from growing
adequately and completing its life cycle. Insufficient moisture can be the consequence of a
shortage in rainfall (drought), coarse textured soils that retain little water in the root zone, or
drying winds (Swindale and Bidinger, 1981). Depending on the duration and extent of drought
stress, a range of plant processes occurring at molecular, biochemical, cellular, and whole-plant
levels may be altered. According to Neill and Burnett (1999), drought stress is one of the most
important environmental factors limiting the growth and productivity of agronomically important
plants.

Because land plants experience constant fluctuations in the availability of water, many
have evolved various adaptive features. Many species have evolved in ways that reduce the
potential for water stress. These drought ameliorating mechanisms are generally classified as
either drought avoidance (developmental and morphological changes that minimize water
shortages) or drought tolerance (physiological and biochemical adaptations that permit the plant
to function in spite of shortages). By such adaptations, it is possible for some plants to complete
their life cycle even in arid regions. In crop production, genetic improvement in drought
adaptation is addressed implicitly by selecting for yield stability over locations and years
(Nguyen et al., 1997). In addition to conventional breeding, advances in molecular approaches
hold promise for physiological and breeding research on drought avoidance and tolerance in crop
plants (Nguyen et al., 1997) Furthermore it might be possible to manipulate plants chemically

such that they are less drought sensitive.



Plant adaptation to drought stress can involve avoidance mechanisms in which
morphological changes in the roots and shoots occur. Reduced shoot growth and increased root
development could result in increased water absorption and reduced transpiration, thereby
maintaining plant tissue water status. In addition to such avoidance mechanisms, plant responses
to water shortages can involve changes in biochemical pathways and expression of genes
encoding proteins that contribute to drought adaptation. The proteins could be enzymes involved
in the synthesis of osmolytes, antioxidants, or hormones such as ABA and others. Such changes
can bring about drought tolerance, whereby plants continue to function at the low water
potentials caused by water deficit (Hall, 1993). A central response to water deficit is often
increased synthesis of ABA, which in turn induces a range of developmental (avoidance) and
physiological or biochemical (tolerance) mechanisms.

Maize is a popular crop in the semi-arid regions of the world where periodic droughts are
common. Under water stress, maize exhibits most of the responses mentioned, including both
developmental (morphological) and biochemical changes: increased root to shoot ratio;
accumulation of proline, glycine betaine, and soluble sugars; and increased antioxidant enzyme
activities. Genetic modification of maize plants by breeding to allow growth and yield under
water deficits is one approach to dealing with drought stress. This strategy has been employed
over the years to produce drought-resistant maize varieties. However, this approach is time
consuming and demands sustained effort. Growth regulators such as triazoles (paclobutrazol,
uniconazole, tetraconazole) have been used on other plants and reported to affect developmental
and physiological characteristics. This study will examine if such methods can be extended to

maize under drought stress.



In my home country, Botswana, maize is typically planted at the beginning of the rainy
season. However, in some years, the early rainfall pattern is sporadic such that plants will
emerge and then be severely stressed by water deficits. In worst-case scenarios, populations are
much reduced or plantings are entirely lost. If young maize seedlings could be made less
sensitive to early drought stress, they might be able to survive and take advantage of the general
rains when they finally do come. This study will look in a limited way at possible genetic
differences between maize seedlings in their sensitivity to drought stress, but its primary
emphasis will be on examining chemical manipulation of plants to see if that might help them
survive early drought stress. An optimal outcome would be finding an easily applied chemical
treatment that alters the early-season physiology of plants such that they could better withstand
drought.

1.2. Literature Review
1.2.1. Some Key Drought Stress Effects

The ultimate detrimental effect of drought stress is reductions in yield as reported in
crops such as rice (Oryza sativa) (Brevedan and Egli, 2003), wheat (7riticum aestivum)
(Cabuslay et al., 2002), soybean (Glycine max) (Kirigwi et al., 2004), and chickpea (Cicer
aerietum) (Khanna-Chopra and Khanna-Chopra, 2004). Various United States Department of
Agriculture (USDA) reports have identified drought as the most frequent yield-reducing factor
common in arid and semiarid regions, although water deficit may occur even in high rainfall
areas (Vamerali et al., 2003). Indian production of cereals and pulses dropped by about 30% in
1971 due to drought (Swindale and Bidinger 1981). In the Sahel in Mauritania and Ethiopia,

cereal production decreased by the same magnitude during the same period. The USDA reported



that drought of 1980, 1983, and 1988 significantly reduced U.S. maize and soybean yields (Taiz
and Zieger, 1998).

Water stress due to drought can lead to major physiological and biochemical disruptions,
such as reduced photosynthesis (Lawlor and Cornic, 2002, Tezara et al., 1999) and marked
changes in gene expression (Neill and Burnett, 1999: Pattanagul and Madore, 1999: Romo et al.,
2001). Physiological changes under drought stress are often reflected at the transcription level,
where the levels of mRNA related to key processes such as photosynthesis are down-regulated
(Bartels and Salamani, 2003). When plants experience water deficits, stomatal pores
progressively close (Lawlor and Cornic, 2002; Saccardy et al., 1996; Tezara et al., 1999). This
process is regulated largely by leaf water potential but can be mediated by ABA. Stomatal
closure leads to decreases in photosynthetic CO, assimilation due to restricted diffusion of CO,
into the leaf and altered CO, metabolism. Pelleschi et al. (1997) found that reduced CO,
diffusion during stomatal closure is mainly responsible for the decline in photosynthesis in C3
plants subjected to dehydration. However, Tezara et al. (1999) reported that, in sunflower
(Helianthus annuus) (Cs plant) under water stress, the photosynthetic rate is limited more by
altered CO; metabolism than by reduced diffusion. The lower CO, availability inhibits carbon
assimilation, and ultimately photosynthetic capacity is lost as a consequence of the reduced
stomatal conductance and/or direct damage to carbon metabolism (Bartels and Salamini, 2001:
Colom and Vazzana, 2003).

Closure of stomata as result of water deficit and consequent decrease in CO;
concentration in the leaf mesophyll results in the accumulation of NADPH in the chloroplasts.
Under such conditions, where NADP is limiting, O, acts as an alternative electron acceptor

resulting in the formation of super oxide radical (O, + ¢’ — O;") (Baisak et al., 1994; Gamble and



Burke 1984; Sairam et al., 1998). The super oxide radical (O;"), through a series of univalent
reduction reactions, produces hydrogen peroxide (H,O,) and hydroxyl radical (OH), (i.e. O, + ¢
+ 2H" — H,0,, H,0, + ¢ + H — OH + H,0) (Smirnoff, 1993). In addition to these species,
super oxide can also generate singlet oxygen ('O,), through the reactions: 1) O, + O, + 2H™ —
H,0, + '0,,2) 0, — ¢ +'0,, 3) 0,- + H,0, » OH + OH + OH + '0,, 4) 0, + OH — 'O, +
OH’, 5) H,0, + H,0, — 2H,0, + 'O, (Thomson et al., 1987). The molecules (O, , H,O,, OH,
'0,). are called reactive oxygen species (ROS). They are highly toxic and can damage important
cellular biomolecules such as lipids, proteins, nucleic acids and chlorophyll (Baisak et al., 1994;
Fu and Huang, 2001; Li et al., 1998; Moran et al., 1994; Thomson et al., 1987). According to
Zhang and Kirkham (1996), the harmful effects of ROS are due primarily to their ability to
initiate autooxidative chain reactions on unsaturated fatty acids leading to lipid peroxidation and
membrane destruction.

In pea (Pisum sativum) plants, levels of lipid peroxidation in leaves increased two to four
fold with an increase in drought stress, and this was highly correlated with protein peroxidation
(Moran et al., 1994). According to Fu and Huang (2001), production of malondialdehyde (MDA)
as a measure of lipid peroxidation, increased due to drought in tall fescue (Festuca arundinacea)
and kentucky blue grass (Poa pratensis). The MDA concentration of rice was reduced by
mulching, and this was attributed to reduced production of reactive oxygen species and the
subsequent lipid peroxidation (Chao et al., 2003). Similar results were observed in Phillyrea
angustifolia (Munne-Bosch and Penuelas, 2003). Quartacci and Navari-I1zzo (1992) observed that
sunflower seedlings under water stress had lower chlorophyll, soluble protein and total and polar
lipid content compared to controls. This positively correlated with free radical species (super

oxides). However, in this experiment, MDA levels did not change in the stressed seedlings.



1.2.2. Drought Avoidance Mechanisms.

Drought-avoiding plants have the ability to complete their life cycle without severe water
deficits developing. Some ephemerals have a very short life cycle that can be completed during a
brief rainy season. Other plants exhibit adaptations to increase water uptake and reduce water
loss and thereby avoid drought (Bartels and Salamini, 2001). It is an almost universal
observation that the root:shoot ratio increases with water stress. Increases in root weight may be
due to a greater density or depth of roots (Turner, 1979). Under water stress, new root growth
extends into moist soil zones. As water deficits progress, the upper soil layers usually dry first.
Thus shallower roots are common in wetter soils as opposed to deeper roots systems in dryer
soils layer (Taiz and Zeiger, 1998). Therefore, greater root growth into moist soil can result in
drought avoidance.

According to Hall (1993), reduced leaf area, deeper roots, and higher root:shoot ratios
account for drought avoidance in most species. Root length, density and diameter help determine
the ability of the plant to acquire soil water. Seedlings of Welwitchia mirabilis, a desert species,
can produce a 3.5-m tap root within 10 weeks of germination (Fitter and Hay, 2002). A well-
developed root system that provides for evapotranspirational demand from deep soil moisture is
considered a major drought avoidance trait in upland rice (Nguyen et al., 1997). Thick roots
persists longer, produce more and longer branches and thereby increase root length density and
water uptake capacity (Nguyen et al., 1997). In pea (Chiatante et al., 1999), new lateral roots
were produced during prolonged water stress. According to Ervin and Koski (1998), tall fescue
was able to avoid drought better than Kentucky bluegrass by developing a deeper and more
extensive root system. Thus, under low soil moisture, tall fescue was able to extract deeper soil

moisture compared to Kentucky bluegrass.



Development in shoots also plays an important role in water stress responses. At the
onset of dry seasons, a desert plant (Zygophyllum qatarense) responds to water stress by leaf
polymorphism in which it develops unifoliate, xeromorphic leaves. As the dry season progresses,
the plant tends to reduce its transpiring surface by substantial leaf loss (Sayed, 1996). Leaves of
crops frequently wilt and droop under water stress, and this movement reduces the interception
of radiation, thereby counteracting the increase in leaf temperature arising from stomatal closure
and preventing further development of leaf water deficit (Turner, 1979). Severe drought stress
may result in increased levels of ABA and subsequent leaf abscission, thereby reducing
transpirational demand.

These developmental changes within a plant during water stress are important
morphological drought-avoiding adaptations that maintain water potential.

1.2.3. Some Biochemical Drought Tolerance Mechanisms.

Drought tolerance is defined as the ability of plants to continue to function at lowered
tissue water potentials. Drought-tolerating mechanisms often involve the maintenance of turgor
(by accumulation of solutes) and/or desiccation tolerance (by protoplasmic resistance) (Jones et
al., 1981). Several classes of compounds have been observed to accumulate under drought stress.
Low molecular weight compounds, which would seem to act osmotically, include free amino
acids (FAA) like proline in tall fescue (Abernethy and McManus, 1998), common bean
(Gonzalez de Mejia, 2003), sugar beet (Beta vulgaris) (Gzik, 1995), wheat (Nayyar, 2003), and
cotton (Gossypium hirsutum) (Sawhney and Singh, 2002: Showler, 2002). In addition to proline,
wheat has been reported to accumulate the FAAs arginine, histidine, phenylalanine, threonine,
and valine (Showler, 2002). Other plant metabolites altered by water stress and appearing to act

as osmoregulators are carbohydrates, such as sugars and sugar alcohols (Pattanagul and Madore,



1999), and quaternary ammonium compounds (QACs), such as glycinebetaine and choline in
wheat (Nayyar, 2003).

As soil dries, its water potential becomes more negative. Accumulation of solutes
(osmolytes) by plant tissues lowers water potential, allowing plants to maintain turgor to lower
water potentials. This process is called osmotic adjustment (OA). By contributing towards OA,
osmolytes act as protectants for plants subjected to low water potential (Pandey et al., 2004).
Osmotic adjustment maintains cell turgor, which allows cell enlargement and plant growth
during water stress; and it can allow stomata to remain at least partially open and CO,
assimilation to continue at water potentials that would be otherwise inhibitory (Alves and Setter,
2004). Osmotic adjustment by osmolytes has been reported to be a cause of improved
productivity in wheat (Flower and Ludlow, 1987), sorghum (sorghum bicolor), barley (Hordeum
vulgare), chickpea, pigeon pea (Cajanus cajan) (Khanna-Chopra and Khanna-Chopra, 2004),
and rice (Lanceras et al., 2004).

In many plants that can adapt to water stress, a set of genes are transcriptionally
activated, leading to accumulation of new proteins in seeds and vegetative organs and greater
tolerance of drought. Proteins termed LEA (Late Embryonic Abundant), which were first
characterized in cotton, are a set of proteins that accumulate in embryos at the late stage of seed
development (Xu et al., 1996). These proteins were induced earlier in embryogenesis when
immature embryos were dissected and incubated in ABA solutions.

The LEA proteins have now been detected in plants, not just embryos, of maize, barley,
wheat, cotton, sunflower, soybean (Dure, 1993), rice, Brassica (Brassica napus) (Baker et al.,
1988), and dehydrated resurrection plants (Bartels and Salamini, 2001). These proteins have

been assumed to function not as enzymes but to protect the plant cell during dehydration. Their



hydrophilic nature and high solubility indicates that the proteins are maintained in the cytosol. A
lea gene, HVA1 from barley when over-expressed in rice led to improved growth under water
stress (Xu at al., 1986). The extent of growth in response to stress correlated with the amount of
protein. Baker et al. (1988) observed that, in many cases, the expression of the /ea genes can be
increased by desiccation and/or exogenous ABA at any stage of plant development.

The LEA protein sequences are related to two other groups of proteins, namely; the RAB
(responsive to ABA) proteins and the dehydrin (LEA D11 subgroup) proteins (Giordani et al.,
1999; Taiz and Zeiger, 1998). An association between tolerance to drought stress and these
groups of proteins has been observed in some crop plants. In blueberry (Vaccinium
corymbosum), the dehydrins were found to accumulate in response to changes in ABA levels
during drought stress (Panta et al., 2001). Mundy and Chua (1988) identified a water-stress-
inducible gene in rice called R4AB21. The RAB genes have been expressed in osmotically stressed
vegetative tissues of barley, wheat, and soybean (Plant and Bray, 1999). A RAB 17 gene from
maize overexpressed in Arabidopsis thaliana conferred osmoprotection in the transgenic plant
(Figueras et al., 2004).

A common feature of the LEA, RAB and dehydrin proteins is that their production is
stimulated by desiccation of seeds or plant water stress. They are water soluble and hydrophilic
and have been proposed to function especially in the protection of membranes and other proteins
against desiccation damage, possibly by binding water tightly (Taiz and Zeiger, 1998). As
suggested by Baker et al. (1988) and Romo et al. (2001), they could be involved in the signal
transduction pathway that probably uses ABA as a signal transducer leading to gene expression
under drought conditions. Although the specific roles of the LEA proteins remain unclear, it is

clear that they are regulated by ABA and cellular water loss.



Another class of proteins that may be important for osmotic balance maintenance in
drought tolerance are the water channel proteins (aquaporins), which are present in all organisms
(Bohnert and Jensen, 1996). Hydraulic conductivity of cells and tissues could be regulated by
levels of the aquaporins translated and/or post translationally by phosphorylation of specific
amino acid residues (Johansson et al., 1996). Protein phosphorylation as observed in vivo in
spinach leaf plasma membrane by Johansson (1996) was dependent on water potential. Although
not well understood in relation to other physiological processes, ABA is also reported to be one
of the factors that induce the expression of aquaporins (Schaffner, 1998).

In plants, aquaporin proteins localized in the tonoplast are called tonoplastic intrinsic
proteins (TIPs), and those in the plasma membrane are called plasma membrane intrinsic
proteins (PIPs) (Smart et al., 2001; Tyerman et al., 2002). So far, aquaporins (PIPs and TIPs)
have been characterized from Arabidopsis thaliana, tobacco (Nicotiana tabacum), cowpea
(Vigna unguiculata), ice plant (Mesembryanthemum crystallinum), and spinach (Spinacia
oleracea) (Schaffner, 1998).

The rate of water flux into or out of a cell is determined by the water potential that acts as
the driving force for transport and by the permeability of the membrane. Aquaporins form water-
specific pores as an alternative to diffusion through the lipid bilayer, thereby increasing the water
permeability of the cell. There is accumulating evidence that aquaporins are involved in plant
responses to dehydration stress. Phosphorylation of PIP aquaporin in spinach decreased with
decreasing water potential, suggesting closing of plasma membrane water channels in response
to water deficits (Johansson, 1996). This protein may be dephosphorylated and water channel

inactivated under conditions of dehydration, perhaps to allow water conservation.
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In a recent study with tobacco plants, (Aharon, et al., 2003), an over-expressed
Arabidopsis PIP caused faster wilting under drought stress. The transgenic tobacco plants under
non-drought conditions had increased growth, transpiration rate, stomatal density, and
photosynthetic efficiency. According to Smart et al. (2001), in Nicotiana glauca, a plant well-
adapted to arid environments, MIP gene expression is down-regulated under drought stress. In
ice plant, as the leaves are rehydrated, transcript levels of the MIP proteins increase (Yamada et
al., 1995). However, these observations should be treated with caution, as aquaporin gene
expression can be induced by dehydration stress, which should result in osmotic water
permeability and loss. In Nicotiana excelsior, a moderate decrease in leaf water potential results
in down-regulation of PIP gene expression, but more drastic decrease was found after two days
of drought stress resulting in up-regulation (Yamada et al., 1997).

Although there may be conflicting reports on the effect of cell water potential on
aquaporins, regulating their concentration (expression of genes) and activity (phosphorylation
and dephosphorylation) may be additional mechanisms for responding to reduced water
availability and to increased drought tolerance.

Plant cells, including photosynthetic cells, are protected against the detrimental effects of
reactive oxygen species (ROS) by an antioxidant system that has been associated with stress
tolerance in plants. The system is composed of enzymatic and nonenzymatic detoxification
mechanisms, which mitigate and repair damage initiated by the reactive oxygen species (Fu and
Huang, 2001; Zhang and Kirkham 1996). The enzymatic system is made of the enzymes
superoxide dismutase (SOD), catalase (CAT), peroxidase (POD), ascorbate peroxidase (AP), and
glutathione reductase (GR) (Li et al., 1998). Primarily, SOD reacts with the superoxide radicals

to generate H,O,, H>O and molecular oxygen (O,). The H,O; so produced is disposed of by POD
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and CAT. Ascorbate peroxidase and GR take part in the ascorbate-glutathione cycle, where H,O»
is removed and ascorbic acid is regenerated (Li et al., 1998; Smirnoff, 1993; Thomson, 1987;
Zhang and Kirkham 1996). In addition, GR maintains a high ratio of reduced glutathione (GSH)
to oxidized glutathione (GSSG), which protects chloroplasts against oxidative damage (Gamble
and Burke, 1984). Wheat leaves exposed to mild water stress (-0.5 MPa) exhibited increased
activities of SOD, CAT, AP, and GR, which led to reduced lipid peroxidation. However, the
system was not effective at severe water stress (-1.5 MPa) (Baisak et al., 1994). These results
suggest that the degree of water stress is also important in the systems’ protection and that it may
represent a drought tolerance response.

The nonenzymatic antioxidants that might improve drought tolerance are lipophilic
vitamin E (a-tocopherol), hydrophilic vitamin C (ascorbic acid) and carotenoids. Vitamin E
reacts with O, as well as 'O,. Vitamin C can react directly with H,O, in a reaction mediated by
AP (Smirnoff, 1993). Glutathione is the substrate for the formation of vitamin C which has the
ability to react directly with free radicals such OH' (Pastori and Trippi, 1992). In addition to their
role in energy dissipation in plant tissues, the carotenoids, particularly B-carotene remove singlet
oxygen ('0,). According to Stuhlfauth et al. (1990), total carotenoids increased after one day of
stress in leaf disks of two oak species. At low water potential (-2.5 MPa), there was a 25%
increase in P-carotene, and this correlated with 'O, levels, suggesting protection against this
species (Stuhlfauth et al., 1990).

In summary, the ROS generated under water deficit can be counteracted in drought-
tolerating plants by the activation of the antioxioxidant systems to remove the species from the
affected cells. This however, depends of the degree of water deficit, as high levels of stress could

cause damage to the antioxidant system itself.
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1.2.4. The Role of ABA and other Hormones in Plant Drought Responses

Plants have complex physiological and biochemical sensing and response systems to
cope with the changing environment. Growth and development, which can be modified in
response to drought, is regulated by endogenous plant hormones. The hormones may be
produced to modulate secondary messengers important in cellular protection against stress
(Aroca et al., 2003). Ethylene, gibberellins, abscisic acid (ABA), cytokinins, and auxins are
regarded as the “classical” five hormones. Abscisic acid is perhaps the most frequently
mentioned in drought related studies. When plants are exposed to water stress, there is often an
increase in ABA content. Dehydrating plant roots produce increased amounts of ABA, which
acts as an important mediator between water-stress imposed changes and physiological
responses.

Potassium, which is present within plant cells as the cation K, interacts with ABA to
play an important role in regulation of the osmotic potential of plant cells (Taiz and Zeiger,
1998). In roots, applied ABA can cause a range of effects on K transport, such as increased
efflux or influx, depending of concentration of ABA, cell type, and tissue K" status (Ober and
Sharp, 2003; Robert and Snowman 2000). The hormone can also influence K" flux in guard cells
of stomata and hence stomatal apertures.

It has also been reported (Nieves et al., 2001; Vamereli et al., 2003) that proline
accumulation in water-stressed plants is under the partial control of ABA. This observation is
supported by a report from Carseller et al. (1999) that increased levels of ABA led to proline
accumulation. Similar observations were reported in rice (Yang et al., 2000) and in canola
(Brassica napus) leaf discs (Trotel-Aziz et al., 2003). Glycine betaine has also been reported to

increase in drought-stressed pear leaves treated with ABA, and this enhanced drought resistance

13



in the plants (Gao et al., 2004). In barley plants, glycine betaine synthesis is reported to be an
important response to drought and water deficit stress and it is induced by ABA (Jagendorf and
Takabe, 2001). These results have been supported through molecular studies on the effect of
osmotic stress and ABA on the synthesis of glycine betaine (Gao et al., 2004; Ishitani et al.,
1997).

Abscisic acid is involved in the expression of numerous genes and protective proteins
during water stress and in tissues undergoing desiccation (Alves and Setter, 2004; Bray et
al.1999; Bray, 1988). The role of ABA in the control of gene expression has been demonstrated
by using deficient mutants of maize and tomato (Borel et al., (2001). Genes that require ABA for
induction have been identified in tomato (Cohen and Bray, 1990), maize (Figueras et al., 2004),
and Arabidopsis (Lang and Palva, 1992). An mRNA (hisl-s mRNA) of a protein structurally
similar to HI histone was detected in petioles, stems, and tomato fruit pericarp after being
subjected to water deficit and application of ABA to detached leaves (Bray et al., 1999). The H1
histone proteins play a central role in plant drought resistance (Bartels and Iturriaga, 2004). The
RAB 17 (responsive to ABA) is a maize LEA protein, inducible by ABA during embryogenesis
and also by ABA and water stress in vegetative tissues (Figueras et al., 2004).

In addition to functions related to water stress, it is believed that ABA is involved in
other stress responses that induce other endogenous hormones such as ethylene, a major
hormonal factor promoting leaf senescence. In plants such as rice (Chen and Kao, 1990), pine
(Rajasekarana and Blake, 1999) and maize (Sharp, 2002), ethylene production is substantially
greater under water stress than in the control plants. In poplar (Liriodendron tulipifera) (Chen et
al., 2001) and citrus (Citrus sinensis) (Gomez-Cadenas et al., 1996), elevation of ABA

concentration promoted ethylene production after the onset of drought or ABA treatment. On the
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other hand, Sharp (2002) reported that, under water stress, ethylene production of ABA-deficient
maize seedlings was substantially greater, and exogenous application of ABA gave the opposite
results. These findings indicate that the concentration of ABA is important in control of ethylene
production under water stress. Water stress in rice markedly increased ABA accumulation,
whereas drought substantially decreased gibberellic acid (GA) contents in grains (Yang et al.,
2001).

Cytokinins promote cell division and can act in concert and in antagonism with ABA.
High levels of cytokinins in plants can delay senescence, whereas ABA accumulation has the
opposite effect. According to Yang et al. (2003), water stress increased ABA accumulation and
reduced cytokinins in wheat. Application of synthetic cytokinins [benzyladenine (BA) and
hydroxybenzyladenosine (HBA)] to substrate or sprayed on leaves of sugarbeet exposed to water
stress stimulated net photosynthesis rate, transpiration rate, and stomatal conductance (Vomacka
and Pospisilova, 2003). However, the recovery of water-stressed sugarbeet plants after
rehydration was not markedly and consistently improved by BA and HBA.

These findings suggest that ABA plays an important, perhaps central role in mediating
the primary responses of plants to drought stress. In addition, an increase in ABA concentration
in response to drought stress may act as a chemical signal to trigger a series of biochemical
reactions and physiological responses including the gene expression related to drought tolerance.
1.2.5. Some Maize-Specific Responses to Drought Stress

Maize is grown all over the world under a wide range of conditions. Wherever it is
grown, drought can cause yield reductions (Li and Van Staden, 1998; Maiti et al., 1994; Maiti et
al., 1996). Genotypic differences have been identified for a range of morphological and

physiological characteristics and responses of maize to water stress. An increase in root growth
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and increased root:shoot ratio by plants growing in conditions of water stress may be an
important adaptive feature (Fitter and Hay, 2002; Hall 1993; Nguyen et al., 1997). At water
potentials that completely inhibited shoot growth, the primary root continued to grow in maize
(Sharp and Davies 1979; Sharp et al., 1988). In some cases, the roots of drought stressed plants
were thicker and more cylindrical (Sharp et al., 1988). Thickened roots could results in lowered
resistance to water flow within the roots and between the roots and the shoots (Turner, 1979).

Accumulation of ABA under water stress has been reported to maintain root growth and
inhibit shoot growth in maize seedlings (Saab et al., 1992). This observation was supported by
Maiti (1996), who showed a significant negative relationship between the rate of leaf expansion
and concentration of ABA in xylem of maize under drought stress.

Saccardy et al. (1996) reported in maize, which is a C4 plant, that inhibition of net
photosynthesis by water stress was due more to stomatal closure and reduced CO; diffusion than
to inhibited CO, metabolism. This depended on the speed of dehydration, as rapid dehydration
led to inhibition of CO, metabolism due to down regulation of the Calvin cycle enzymes namely
phosphoenolpyruvate, malate dehydrogenase, and malic enzyme (Saccardy et al., 1996).

Sucrose is the transported sugar in most higher plants. Sucrose, as it cannot be used
directly for most metabolic processes, must be cleaved into hexoses (glucose and fructose) by
invertase and sucrose synthase (Pelleschi et al., 1997). Maize under water stress has increased
invertase activity resulting in hexose accumulation in leaves (Kim et al., 2000; Pelleschi et al.,
1997). It has also been observed that invertase (/vr2) gene expression was enhanced by ABA
supply in maize leaves (Trouverie et al., 2003). This behavior was also previously noted by Kim
et al. (2000). The increase in soluble sugars under water stress has been reported in orchids

(Stancato et al., 2001) and coleus (Pattanagul and Madore 1999). In both studies, the sugars were
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suggested to play a role in osmotic adjustment. Therefore the accumulation of glucose and
fructose in maize experiencing drought may be involved in a signal transduction pathway or an
increase in osmotic pressure leading to drought stress tolerance.

Maize often accumulates solutes besides sugars that are important in osmotic adjustment
under water stress. Proline, glycine betaine, K, and carbohydrates have been reported to
accumulate as stress responses in maize. The source of proline production in maize is reported to
be mature chloroplasts (Ibarra-Cabalero et al., 1988) and endosperm of germinating seedlings
(Raymond and Smirnoff, 2002).

Drought increases proline accumulation in maize (Carceller et al., 1999; Ibarra-Cabalero
et al., 1988; Voetberg and Sharp 1991). Proline in maize is important in osmotic adjustment and
therefore drought tolerance. According to Ibarra-Cabalero et al. (1988), addition of ABA to
maize tissues did not result in proline accumulation. However, Ober and Sharp (1994), working
with maize seedlings grown in vermiculite under water stress, concluded that increased ABA is
required for proline accumulation in the growing region of maize roots. Similar results were
reported in canola leaf discs (Trotez-Aziz et al., 2000; Trotez-Aziz et al., 2003). Wei and Qi
(2000) observed that ABA-treated maize had double the amount of proline and increased
osmotic adjustment and greater drought tolerance. These findings suggest that, in maize under
drought stress, ABA could be required for proline accumulation. Perhaps this might depend on
the experimental tissue or its stage of development.

Glycine betaine accumulation has been reported in plants under water stress such as pear
(Gao et al., 2004) and barley (Jagendorf and Takabe, 2001), where it has been reported to play a
role in osmotic adjustment in tissues and organs experiencing osmotic stress. Glycine betaine has

been reported in maize as an osmoprotectant. However, there are significant genotypic
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variations, with some genotypes not accumulating glycine betaine at all (Brunk et al., 1989). This
variation across genotypes is due to genetic differences, whereby the deficiency is caused by a
single gene in the homozygous recessive condition (Brunk et al., 1989). The betaine-
accumulating genotypes have been found to be more salt tolerant than the non accumulating lines
(Yang et al., 2003).

Like other plants, maize under water stress accumulates proteins. Abscisic acid (ABA)
was found to increase synthesis of unidentified proteins in both water stressed and non-water
stressed maize seedlings (Heikkila et al., 1984). In the same study, water stress also caused
reduction in overall protein synthesis, which recovered to normal levels upon rewatering if the
stress had not been severe. Water stress and ABA induced the RAB17 LEA protein in maize
embryogenesis and vegetative growth (Figueras et al., 2004). According to Vilerdell (1990),
ABA induced the synthesis of RAB17 mRNA and protein in maize calli and embryos, where
protein phosphorylation was found only in the maize embryos. Thus maize under water stress
has altered protein synthesis, which in this case is the RAB (Responsive to ABA) protein. The
other unidentified proteins that were induced under water stress (Heikkila et al., 1984) are likely
to be water channel proteins (aquaporins).

Water stress in maize has been found to cause oxidative damage and to elicit the
counteractive enzymatic and non-enzymatic antioxidant system. When drought-tolerant (PAN
6043) and sensitive (SC 701) hybrids were exposed to water stress (-0.5 MPa), H,O, and MDA
levels increased, and their values were higher in the sensitive than the tolerant genotype (Li et
al., 1998). In this study, the activities of the antioxidant enzymes (SOD, CAT, AP, POD, and
GR) increased, and the values were higher in the drought tolerant than the sensitive cultivar. The

ascorbic acid and carotenoid levels were reduced by water stress. Similar results were reported
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by De Longo et al. (1993), where the enzyme activities were higher in the drought tolerant
(LIZA) than the sensitive (LG 11) genotype, with apparent damage to chlorophyll and
carotenoids in both cultivars. The increased oxidative stress and the enzyme responses exhibited
by maize due to water stress (-0.5MPa) are similar to plants such as wheat (Baisak et al., 1994;
Sairam et al., 1998), other grasses (Fu and Huang, 2001), and sunflower (Quartacci and Navari-
1zzo, 1991). Therefore the enzymatic antioxidant system appears to be one of the most important
water stress tolerance mechanisms in many plants, including maize.

In summary, when maize is experiencing a water deficit, morphological, physiological,
and biochemical changes occur. In almost all the cases, the changes are mediated by or appear to
be related to changes in ABA levels.

1.2.6. The Effects of Some Triazoles on Plants: Development and Potential for Drought
Stress Alleviation.

Triazoles are a group of fungicides and plant-growth-retarding chemicals, which contains
three conserved nitrogen atoms within a five-member ring. Various of these compounds,
including paclobutrazol, uniconazole, tetraconazole, and triadimefon, cause remarkable growth
responses in plants. Changes caused by triazoles are mediated through cytochrome P-450 group
of enzyme inhibition (Sopher, et al., 1999; Taiz and Zeiger, 1998; Zhu et al., 2004). Plant
cytochrome P-450 enzymes catalyze oxidative processes in hormone, sterol, oxygenated fatty
acid and phenylpropanoid biosynthesis pathways (Chappel, 1998; Rademacher, 2000).

The primary plant-growth-regulating properties of these chemicals are mediated through
inhibition of GA biosynthesis and ABA degradation pathways. Recently, brassinosteroid
synthesis inhibition in Arabidopsis seedlings by brassinazole was reported (Asami et al., 2000).

In GA biosynthesis, oxidation of ent-kaurene to ent-kaurenoic acid is inhibited, causing
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reduction in GA accumulation (Kalil and Rahman, 1995; Ozmen et al., 2003; Sopher et al.,
1998). It has also been shown that triazoles stimulate the accumulation of ABA in plant leaves in
a similar way to drought (Asare-Boamabh et al., 1986; Ronchi et al 1999; Zhu et al., 2004). This
is probably due to the prevention of ABA degradation to phaseic acid by hydroxylation. Fletcher
and Arnold (1986) reported that treating cucumber (Cucumis sativus) seedlings with triadimefon
increased cytokinin levels. These observations were indirectly attributed to higher root growth,
and roots are considered to be the predominant site of cytokinin synthesis. This is due to the fact
that, there is no metabolic link between triazole action and cytokinin synthsis (Rademacher,
2000). The inhibition of GA and brassinosteroid syntheses, ABA degradation and cytokinin
accummulation could cause changes in proportional concentration of these phytohormones
associated with regulation of plant development.

The secondary characteristic changes observed in triazole treated plants include
morphological changes such as, reduced shoot growth and increased root growth (Asare-Boamah
et al., 1986; Ronchi et al., 1999; Zhu et al., 2004). In addition, other biochemical and
physiological alterations have been reported, which include; enhanced antioxidant system (Gilley
and Fletcher, 1997; Ozmen et al., 2003; Senaratna et al., 1988), increased levels of proline and
chlorophyll contents and photosynthetic efficiency (Mackay et al., 2002 and Senaratna et al.,
1988). Partial closure of stomata and reduced transpiration has been reported. Treating peas,
wheat and soybean with triadimefon caused reduced transpiration (Fletcher and Nath, 1984).

Among the various triazoles developed as plant growth regulators are paclobutrazol
([2RS, 3RS]-1-[4-chlorophenyl]-4,4-dimethyl-2-[1,2,4-triazol-1-yl]pentan-3-ol) and uniconazole

([E-1-[4-chlorophenyl]-4,4-dimethyl-2-[1.2.4-triazol-1-yl]penten-3-o0l) (Arteca, 1996; Ronchi et
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al, 1987). Tetraconazole (+)-2-(2,4-dichlorophenyl)-3-(1H-1,2,4-triazole-1-yl)-propyl,1,1,2,2-
tetrafluoroethyl ether) is used as a fungicide (Gilley and Fletcher, 1997).

There is evidence that triazoles applied to plants could be a means to alleviate water
stress. In fact, plant responses such increased ABA, proline, antioxidants and stomatal closure
observed after triazole treatment appear to mimic some drought avoidance or tolerance
mechanisms. This has been reported in wheat (Berova and Zlatev, 2003;Gilley and Fletcher,
1997), tomato (Lycopersicon esculentum) (Still and Pill, 2004), perennial rye grass (Lolium
perenne) (Jiang and Fry, 1998), and silver maple (Acer saccharinum) (Marshall et al., 2000).

Maize treated with uniconazole increased the antioxidative system (Li et al., 1998).
Tetraconazole produced maize with shorter, thicker leaves, higher relative water content, as well
as increased anthocyanin and and secondary metabolite (flavonoid) levels (Ronchi et al., 1997).
Paclobutrazol depressed shoots and roots and resulted in more chlorophyll and carotenoids
(Sopher et al., 1999; Kalil and Rahman, 1995). In another report, paclobutrazol retarded shoot
growth, enhanced lateral root growth, produced darker green leaves, and resulted in a more
extensive root system (Lin and Zhang, 1999). Although these characteristics developed, drought
stresss was not imposed in most cases. Due to the physiological changes affected by the
mentioned plant growth regulators in maize and other plants, especially those mediated by ABA,
it might be possible to extend this knowledge and apply it in drought stress situations. This could
be a means of crop improvement, as the chemicals can positively affect the biochemical,

physiological, and morphological responses to water deficit.
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1.2.7. The Effects of Paclobutrazol, Tetraconazole and Uniconazole on Seed Germination
and Early Seedling Growth.

During germination and early seedling growth, the stored food reserves such as starch of
the endosperm are broken by amylases to soluble sugars. The soluble sugars fuel respiration of
the embryo for growth. The cereal embryo regulates mobilization of its food reserves through
secretion of GA, which activates amylase synthesis. In addition GAs may be required for
activation of the embryo vegetative growth (Taiz and Zeiger, 1998). Absiscic acid has been
reported to inhibit the synthesis of amylases that are essential for breakdown of storage reserves
(Fosket, 1994; Taiz and Zeiger, 1998). According to Skriver and Mundy (1990), application of
ABA to germinating cereal seeds reduces GA gene expression necessary for germination. The
roles of GA and ABA on seed germination processes imply that treating seed with triazoles may
have effects on germination and early seedling growth. The growth retarding activities of
triazoles could also be through repression of enzymes responsible for remobilization of food
storage reserves. This is supported by (Hathout, 1995; Prusakova et al., 2004), who found that
treating seeds with uniconazole and paclobutrazol inhibit amylase and proteinase activities.

Increasing paclobutrazol concentrations reduced germination in marigold, geranium and
tomato (Pasian and Bennett, 2001). Similar results were obtained when paclobutrazol was used
on seeds such as silver maple (Marshall et al., 2000), peach (Prunus persica) (Gianfagna and
Rachmiel, 1986), tomato (Still and Pill, 2004) and maize (Khalil and Rahman, 1995). The
germination inhibition by paclobutrazol was accompanied with reduced root, shoot, primary leaf
and internode elongation (Gianfagna and Rachmiel, 1986; Marshall et al., 2000; Pasian and
Bennett, 2001). In addition to retardated growth caused by paclobutrazol, maize seedlings

appeared greener than the controls (Khalil and Rahman, 1995), which suggest that paclobutrazol
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treated seedlings had more chlorophyll. Uniconazole has also been reported to reduce
germination in rice, as well producing short seedlings (Matsunaga and Yamaguchi, 1993).
Uniconazole has also been demonstrated to affect seedling development without any effect on
germination. This was found in pea, where leaf number, leaf area, seedling fresh and dry weights
were decreased without total germination reduction (Hathout, 1995). Li et al, (1998), also found
that maize seed treated with uniconazole had increased antioxidant system responses in a drought
tolerant cultivar, and this did not affect the drought sensitive cultivar. The growth regulating
activities of tetraconazole are similar to those of paclobutrazol and uniconazole. However,
tetraconazole was found to be effective in causing root morphological changes such as shorter
root systems and thickened primary and secondary roots in maize (Ronchi et al., 1997).
Tetraconazole has also been found not 