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Abstract

The remarkably rich Australian native vegetation has developed some unique
morphological and genetic mechanisms to adapt to severe drought, salinity and water
logging.  However, the utilisation and significance of Australian native plant bio-
resources has been under-exploited, with relatively few dedicated studies, particularly in
comparison to crop plants such as rice, wheat or barley. This project mvestigated the
unique gene pool of certain Australian salinity-tolerant plants (three saltbushes- Atriplex
nummularia, A. semibaccata, A. amnicola and four Acacia species- Acacia victoriae, A.
salicina, A. pendula and A. stenophylla). The osmoprotectants glycine betaine (GB),
proline and trehalose known to impart salt tolerance were nvestigated in these plants.
Genes encoding the enzymes choline monooxygenase (CMO) and betaine aldehyde
dehydrogenase (BADH) mvolved in GB biosynthesis were identified in the three
saltbushes. In-silico analyses of their cDNA sequences and predicted proteins revealed
valuable predictive data pertaining to therr extremely conserved functional and
structural motifs, subcellular localisation and physico-chemical properties. Gene
expression analyses indicated that the saltbush genes for CMO and BADH were
differentially expressed in leaves and roots, with significant up-regulation (>1.5 fold
change) of CMO and/or BADH mRNA in the leaf tissues indicating that these genes
serve as ideal candidates in transgenic work to enhance salt tolerance in salt sensitive
plants. Chemical analyses indicated that Atriplex semibaccata and A. nummularia
produced high quantities of the compound GB in their leaves under salt stress relative to
reported low levels in cereals such as barley (2.5 to 10.6 fold change differences). The
Acacia species, on the other hand, did not produce any detectable levels of GB. Proline
production was enhanced by salt in both Atriplex (two fold) and Acacia species (four
fold). HPLC analysis for trehalose detection indicated its absence under salt stress,
signifying that trehalose accumulation may not be involved in salt tolerance of these
native plants. Another dimension of this study was the use of molecular phylogenetics
for assisting in identification of further salinity tolerant Acacia species. On the basis of
the comparative biology hypothesis that closely related species are most likely to share
traits, using DNA markers, a phylogenetic tree of 178 Acacia species including four
candidate salt tolerant species, ie., Acacia pendula, A. salicina, A. victoriae and A.

stenophylla used i the Kamarooka Iland reclamation project (Australia), was



constructed. Based on phylogenetic relatedness, their historically known potential in
agroforestry, and seed availability, 15 species were tested for salt tolerance under
controlled laboratory conditions. A method was developed for comprehensive analyses
of the datasets using three salt tolerance indices to rank the species. Two new highly
tolerant and three moderately salt-tolerant Acacia species were thus identified. These
will be further used for testing in field conditions (at Kamarooka). In summary, the data
on GB analysis, in light of reports from literature on GB-associated health benefits in
grazing animals, highlight the potential of saltbushes as sustainable, unseasonal mixed
fodder species. Further, the work provides strong rationale for the use of mitial
phylogenetic screening for large genera, such as Acacia, for identifying candidate

species for agroforestry and provides an experimental methodology for this purpose.
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Chapter 1 Introduction and literature review

1.1 Introduction

The main aim of this project is to provide an sight into the genetic and biochemical
basis of salt tolerance in two Australian native plant genera, Acacia and Atriplex, for
their potential i reclaiming salt-affected lands. Unravelling their biochemical
fingerprint can have translational applications, such as production of salinity tolerant
plants of agricultural, biodiversity and economic importance. This chapter discusses the
causes and mmpacts of salinity, its effects on plant physiology, a summary of the
mechanisms of salt tolerance exhibited by plants, the role of osmoprotectants, followed

by a discussion of molecular phylogenetics and its applications in this research area.

1.2 Definition of salinity

Soil salinity is a condition caused by high concentration of soluble salts and is measured
m terms of electrical conductivity (ECe) as decisiemens per metre (dS/m). Soil saturation
extracts with an ECe of 4 dS/m (equivalent to approximately 40 mM NaCl) or more, and
generate an osmotic pressure of 0.2 MPa, are classified as saline (USDA-ARS, 2008).
Saline soils are made up of different salts, such as NaClL Na;SO4, MgSO4, CaSOy,
MgCl, KCl, and Na,COj3, of which NaCl has been widely mvestigated as the principal
cause of salinity stress to date (Munns and Tester, 2008).

1.2.1 Types and causes of salinity

Salinity can be classified as primary and secondary salinity. Primary salinity refers to
the natural occurrence of high salt level over a long period of time, as seen in the salt
lakes of Central and Western Australia. Secondary salinity refers to the accelerated rise
of a water table, which in turn mobilises the salt n the soil to the surface. As shown n
Figure 1.1, native vegetation such as trees with deep roots help n maintaining the water
table at a lower level compared to pastures and plants with shallow roots. When these
plants are replaced by plants with shallow roots, the water table rises, mobilising the
salts to the surface and affecting the land and the water systems, such as rivers and
lakes.  Secondary salinity is mainly due to the impact of human activity such as
rrigation and removal of native vegetation for farming (Pannell, 2001). Furthermore,
irigation of crop land with water containing dissolved salts can leave behind

considerable quantities of salt on the soil surface after evaporation.
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This image cannot be reproduced online.

Please consult the print copy held in Swinburne Library

Figure 1.1: Rise in ground water level and salt content due to clearing of native

vegetation
(Source: DEPI, 2014)

1.2.2 Salinity: A global problem

Salinity currently affects around 400 milion hectares of land worldwide (FAO, 2006)
and is a widespread issue affecting at least half the world’s countries (Figure 1.2;
Corbishley and Pearce, 2007), necessitating immediate action. The current world
population of 7.2 billion is expected to rise to 8.1 billion in 2025 and 9.6 billion in 2050,
with most of the growth in developing countries (United Nations, Department of
Economic and Social Affairs, Population Division, 2013). Crops form an integral
component of human consumption and cereals contribute to almost 50% of global food
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production (Langridge and Fleury, 2011). In order to meet the demands of the growing
population, food production will need to increase by 38% annually (Tester and
Langridge, 2010). This trend places a particular emphasis on combatting abiotic
stresses such as salinity and drought that directly affect the agriculture industry.

This image cannot be reproduced online.

Please consult the print copy held in Swinburne Library

Figure 1.2: Global distribution of salinity affected lands
(Source: Corbishley and Pearce, 2007)

Soil salinity severely affects all aspects of plant physiology, leading to significant losses
of crop productivity and sustainability, due to the salt-sensitive nature of most cereal

' A reduction of up

crops. The yields of most crops are significantly reduced at 4 dS m’
to 25% in yield can occur in crop plants such as wheat, barley, oats, canola and rice
when the root zone soil salinity reaches 9.5, 13, 6.3, 11 and 5.1 dS/m respectively
(Yiasoumi et al, 2005). An increase in salt concentration to 13.4 dS m"' caused a
higher reduction i yield, by 29.6 % for cotton and 35.4% for wheat (Cullu, 2003). In
similar conditions, rice would not survive to maturity (Zeng and Shannon, 2000).
Barley, one of the most salt tolerant cereals, would not survive after extended periods of

salinity above ~ 25 dS m' NaCl (Munns et al., 2006).

In additon to its severe impacts on crop production and yield, salinity also has
detrimental effects on biodiversity and native flora and fauna. In Western Australia,
high salinity levels (>10,000 mg/L) lead to a decline in waterbird species inhabiting the
wheat belt was observed (Halse et al, 2003). Rahman et al (2011) highlights that

4
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mcreased salinity in Bangladesh reduced the number of indigenous rice varieties that

were cultivated forcing farmers to opt for a limited number of salt tolerant varieties.

1.2.3 The Australian landscape and salinity

The geology of the Australian landscape has vast reserves of salt beneath the surface.
Salt also enters the aquatic systems and terrestrial area through natural processes, such
as salt particles carried by the wind and rain from nearby seas and weathering of rocks
(Neilson et al., 2003). The perennial Australian native vegetation such as the eucalypts,
wattles and melaleucas, are well-adapted to these harsh conditions by utilizing the
available water, thereby maintaining the water table low (FAO, 2002). However,
dramatic changes in the landscape since the European settlement have led to the
replacement of deep-rooted perennials with shallow-rooted cereal crop plants and
pastures. This has led to the rise in water tables n many regions (Figure 1.1),
mobilizing salts to the soil surface and causing toxicity to plants and loss of significant
crop land and native vegetation. In Australia, dryland salinity has affected
approximately 3.3 million hectares of arable and farming lands, and could further
increase up to 5.7 million hectares if no action is taken (van Bueren and Price, 2004).
The damage that can arise due to dryland salinity may result in tremendous loss of
capital investments, vegetation, agriculture, wildlife and human settlement. The scale
of impact on almost one-third of the Australian landscape has prompted serious action
by the Australian government to implement programs such as the National Action Plan
for Salinity and Water Quality (now, Caring for our Country), through which A$1.4
billion was allocated to fund 1700 projects aimed at addressing salinity related issues
(Pannell and Roberts, 2010).

1.3 Effect of salinity on plants

Salinity can be detrimental to plants or render them less productive depending on their
ability to tolerate salt stress. The significant factors affected by salinity are growth,
water relations, ion concentrations, protein and lipid levels, enzyme activity, cell
metabolism and photosynthesis (Figure 1.3; reviewed in Parida and Das, 2005) and
have a combined effect on the viability of the plant.


http://www.fao.org/docrep/005/y4263e/y4263e0j.htm
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1.3.1 Plant growth, physiology and anatomy

The primary step towards establishing successful plant growth is seed germination.
Salinity stress affects seed germination by altering water imbibition (Khan and Weber,
2006), nucleic acid synthesis (Gomes- Filho ef al, 2008), protein metabolism (Dantas et
al,, 2007), hormone balance (Khan and Rizvi, 1994) and utilisation of storage nutrients
(Othman et al, 2006). As a result, salinity inhibits germmation (Acacia catechu;
Ramoliya et al, 2004), or delays the onset of germination and seedlng emergence
(Solanum lycopersicum; Kaveh et al, 2011), or decreases seedling vigor (Zea mays;
Khodarahmpour, 2012). Reduced plant height and biomass is the most significant
phenotypic effect of salt stress. Acacia auriculiformis (Patel et al., 2010), Glycine max
(Dolatabadian et al., 2011) and a halophyte Suaeda salsa (Guan et al., 2011), have
shown reduced shoot and root growth under salinity stress. Additionally, salt-sensitive
plants exhibit leaf mjury, chlorosis and wilting if the salt load in the leaf far exceeds the
plant’s ability to compartmentalise salt in to vacuoles (Munns et al., 2006). In addition,
salinity stress in plants leads to inhibition of root and hypocotyl growth (cowpea, Vigna
unguiculata; Pujari and Chanda, 2002), inferior produce quality (lettuce, Lactuca sativa,
Al-Maskri et al, 2010) and reduced biomass and water uptake (faba bean, Vicia Faba;
Tavakkoli ef al, 2010) (Table 1.1).

Changes in leaf anatomy have also been induced by varying levels of salinity, e.g.,
increase in thickness of mesophyll, epidermis and leaf succulence. This has been
observed in plants such as the salt sensitive bean (Phaseolus vulgaris), the moderately
tolerant cotton (Gossypium hirsutum), and a saltbush Atriplex patula (Longstreth and
Nobel, 1979). These changes affect vital processes such as transpiration and
photosynthesis (Meidner and Mansfield, 1968). Maintenance of a stable chloroplast
structure is linked to salt resistance (Xing et al, 2013). However, salnity stress
disrupts the chloroplast by dilation of the thylakoid membrane, near-absence of
chloroplast grana, larger starch grains and enlarged mesophyll cells (Keiper et al,
1998). Salt-stressed rice chloroplasts showed a significant disorganisation of thylakoid
membrane, decreased activity of chlorophyll enzyme and chlorophyll breakdown (Xing
et al., 2013).
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Accumulation of ions leading to toxicity
Decreased shoot growth

Leaf burn in sensitive species

Smaller, thicker and darker leaves
Interference in stomatal activity

Increased leaf succulence due to elongation

Shoot

of the palisade cells caused by chloride
accumulation

Decreased transport of kinetin from roots to

leaves

= Reduced cell expansion in root tips

Root

Figure 1.3: Effects of salinity on plant physiology

The figure above shows the effects of salinity on the shoot and root system as demarcated by a line.

1.3.2 Water relations

A positive correlation between water potential (potential energy of water per unit mass
of water in the system) and osmotic potential (the potential of water molecules to move
from a hypotonic solution to a hypertonic solution across a semi-permeable membrane)
in leaves is essential for maintaining stomatal conductance and leaf expansion (Cha-um
et al, 2010; Eisa et al, 2012). A negative correlation between water potential and
osmotic potential of plants, with increasing salinity, has been reported in several plants
such as Suaeda salsa, Chrysanthemum paludosum and Aster tripolium (Lu et al., 2002,
Matsumura et al, 1998). The accumulation of NaCl in leaves limits water availability,
affects the leaf water potential (Ghoulam et al, 2002) and turgidity of the cell (Katerji
et al, 1997) and also leads to the reduction of root hydraulic conductance (Fricke et al.,
2013).



Table 1.1: A summary of reported

effects of salinity stress on plant growth and other physiological parameters in some Acacia species

Pandey, 2008)

with increasing salt
stress.

compared to controls.

compared to controls.

. a;,el:;lsl:;t Level of Effects of salinity on growth parameters
Plant species -
and references e at the | salinity Germination/ 2 Water content 3
time of | stress . Biomass Plant growth Other observations
harvest Seedling emergence (WO
A. auriculiformis | Seedling [ 3.9-11.9 | Reduction in seed | Decrease (p<0.01) in | Decrease (p<0.01) in | Retardation (p<0.01) of | Root length was remarkably
(Patel et al., dS'm | germination (p< 0.01) | shoot and root DW | shoot and root WC | shoot and root length. higher than shoot length in
2010) with increasing salt | compared to controls. | compared to controls. control and stressed plants.
stress.
A. catechu Seedling | >10.1 Seeds did not | Reduction in DW (by | - Leaf emergence and [ Root/shoot DW ratio was
(Ramoliya et al., dS'm | germinate on soil | 50%) of plants at expansion were altered. | unaltered in control and
2004) with salinity greater | salinity levels of Seedlings grown on soil | stressed plants.
than 10.1 dS™'m. 119, 13.7 and 125 with salinity of 12.2 dS
dS'm. 'm were very ‘weak’.
A. longifolia 3 months {200 mM | - Decrease (p<0.01) in | - Reduced shoot and root | -
(Morais et al., DW  compared to length; roots were long,
2012) controls. thin with fewer root hairs
compared to control.
A. mangium 45 days | 34 mM | - Decrease (p<0.05) in | - - Growth  reduction (as a
(Nguyen et al., DW  compared to measure of DW) was less in
2004) controls. leaves compared to stems and
roots.
A. nilotica 9 months [ 15.5-60.9 | - - - Plants were well | Survival of plants became
(Shirazi et al., dS'm established after 9| stable after 2-3 months of
2006) months of transplantation | transplanting in saline soil.
in saline soil compared
to after 3 and 6 months.
A. senegal Seedling | 3.9-11.9 | Reduction in seed | Decrease (p<0.01) in | Decrease (p<0.01) in | Retardation (p<0.01) of [ Root length was remarkably
(Hardikar and dS'm | germination (p< 0.01) | shoot and root DW | shoot and root WC | shoot and root length. higher than shoot length in

control and stressed plants.

"Acacia species; * In terms of fresh weight (FW) and /or dry weight (DW); ° In terms of shoot and root length.
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1.3.3 Photosynthesis

The effects of salt stress on photosynthesis, as summarised in Figure 1.4, are primarily
manifested as changes in chlorophyll pigments composition, structural disorganisation
of chloroplasts, decreased rate of photosynthesis and transpiration, reduction of CO,
assimilation (Abogadallah, 2011; Biswal et al, 2011; Omoto et al, 2012; Xing et al.,
2013). Increases in Na" and CI ions in the leaves impair the process of photosynthesis

due to reduction of chlorophyll content and leaf area, leading to senescence (Parida and

Das, 2005).

[ Effects of salt stress on photosynthesis ]

A
[ |

[ Osmotic ] [ Ionic effects ]
¥ ¥
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Figure 1.4: Flow diagram showing the effects of salinity on photosynthesis
(Adapted from Jajoo, 2013)

1.3.4 Cellular and metabolic activities

The reactive oxygen species (ROS) are normally produced in photosynthesising plants
due to the ability of the generated oxygen to accept electrons. However, plants have the
natural ability to maintam equilibrum between the ROS and antioxidants
(Djanaguiraman and Prasad, 2013), although high levels of salt stress results in
oxidative stress due to the formation of ROS, such as, superoxides, hydroxy radicals,
singlet oxygen and peroxy radicals. These ROS lead to membrane dysfunction and

cellular damage through oxidation of macromolecules, including nucleic acids, proteins

and lipids (Parida and Das, 2005).
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Nitrogen uptake and metabolism are critical cellular activities also affected by salinity.
The antagonistic effect of chloride accumulation impacts nitrogen uptake, as seen in
several plants e.g Brassica oleracea (Lopez-Berenguer et al, 2009), Trigonella
foenum-graecum (Eveln et al, 2012). Nitrogen is a key element required for the
synthesis of nucleic acids and amino acids. Salinity has been reported to nhibit
nitrogen fixation by decreasing nodulation and nitrogenase activity in Cicer arietinum
(Soussi et al., 1999), decrease nitrate reductase activity, nitrogen and nitrate uptake in
the leaves of Bruguiera parviflora (Parida and Das, 2004) and durum wheat (Yousfi et
al., 2012).

Lipids are essential for maintaining cell membrane stability and regulating the
movement of solutes and essential ions within the cell and its environment (Schuler et
al., 1991). Changes in lipid levels of salt-stressed cells, particularly n the level of
sterols, phospholipids and fatty acids, have a significant effect on cell membrane
fluidity (Surjus and Durand, 1996). An increase in the level of salt accumulation in the
chloroplast membranes of leaves of barley seedlings, affected lipid-synthesizing
enzymes galactosyl transferase and acylase (Muller and Santarius, 1978).  Another
deleterious effect is the increase in lipid peroxidation, as reported in tomato (Mittova et

al., 2004), wheat (Sairam et al., 2005) and chick peas (Sheokand et al., 2008).

1.3.5 Ion concentration

When salt dissolves in water, dissociation of sodium and chloride ions occur. These
ions are then taken up by the roots and translocated to the leaves, which results in
impaired uptake of essential nutrient ions, such as K*, Ca®", Mg*" and NO*~ (Ashraf
and Foolad, 2007). Several studies have focussed on the mechanisms that contribute to
toxicity by Na' and CI' accumulation. Accumulation of high levels of Na" and CI’
disrupts several physiological processes, such as, but not limited to, photosynthesis (as
discussed above), protein catabolism (Parida and Das, 2005), ion homeostasis (Karimi
et al, 2005), stomatal regulation (Redondo-Goémez et al, 2007) and nitrogen uptake
(Evelin et al, 2012). Toxic levels of CI' also induce chlorotic toxicity symptoms such
as chlorosis (yellowing of leaf), due to disconcerted chlorophyll production (Slabu et
al, 2009). A significant consequence of Na* and CI” accumulation is the perturbation

in the ratio of Na* ions to essential nutrient ions, such as ratios of Na'/K*, Na'/Ca®",
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Ca**/Mg** and CI/NO*" (Munns and Tester, 2008; Nawaz et al, 2010; Shabala and
Munns, 2012).

For some plants Na" has been reported to be beneficial at low levels, e.g. in cotton (Ali
et al., 2009) and sugarbeet (Wakeel ef al,, 2009), to maintain the osmotic potential when
K" supply is limted. However, Na" competes with K and has been predominantly
reported to be toxic in many plants, such as wheat (Triticum aestivum; Munns et al.,
2006), faba bean (Vicia faba; Slabu et al, 2009) and Mexican redbud (Cercis
canadensis; N et al, 2010). Potassum is an essential cation required for tRNA-
ribosome binding in protein biosynthesis, and activates more than 50 enzymes
(reviewed in Todorova et al, 2013). Maintenance of high K"Na' ratio is thus
considered an important measure of salt tolerance in brassicas (Ashraf and McNeilly,
2004) and in salinity tolerant genotypes of barley (Shabala er al, 2010). The ratio is
crucial for sustaining cellular metabolism, enzyme activity, upholding membrane
potential and cell volume regulation (Munns and Tester, 2008).

Under salt stresses, high Na" concentrations not only displace K* ions but also Ca®"
ions. Calcium ions are vital for maintaining the structural rigidity of the cell wall and
its associated functional characteristics, such as membrane permeability (Hepler, 2005).
Calcium is also an initiator in signal transduction pathways under stress (Tuteja, 2007).
Salt stress perturbs the pectin-associated cross-linking of Ca”*, thereby disrupting
membrane stability (Essah et al, 2003). This disruption could have major
consequences, such as altering the K'/Na' selectivity, increasing Na' influx, or the

leakage of cytosolic K from the cell, as shown in rice (Wu and Wang, 2012).

1.4 Mechanism of salinity tolerance by plants: A summary

Certain plants have the nnate ability of adapting to salt stress. These plants, called
halophytes, have developed several physical, biochemical and molecular mechanisms to
combat salinity. =~ Many non-halophytes also have similar mechanisms to tolerate
salnity to some extent. They can either minimize the entry of salt into the plant or
minimize the level of cytoplasmic salt content (Munns, 2002). Figure 1.5 illustrates the
tolerance mechanism of plants which undergo a primary abiotic stress e.g. drought,

salinity, cold, heat and chemical pollution (Wang et al, 2003). These factors in turn
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contribute to secondary levels of damage to plants such as oxidative stress, osmotic
stress and ultimately cellular damage. However, the ability of some plants to perceive
these stresses at various levels and respond to them, via different mechanisms, helps the

plant to survive. Some of these mechanisms are discussed below.

[ Salt stress ]

( N\

Osmotic stress ] [ Oxidative stress

(. J

Osmotic/ion homeostasis disruption,
membrane damage, structural and
functional protein damage
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Signal transduction
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chemicals and mechanisms
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Osmoprotection Phytohormones
Salt exclusion

lon and water
regulation

p
Activation of stress responsive }

Antioxidative
enzymes

Changes in biochemical
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Repair of damaged
membranes and proteins

Salt tolerance/resistance

Figure 1.5: Schematic representation of the different tolerance mechanisms
triggered at the molecular level by plants in response to salt stress
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1.4.1 Salt exclusion

Salt exclusion is a process by which the plant cell reduces the rate of salt accumulation
(Munns, 2002). Three mechanisms have been proposed for salt exclusion from leaves:
(i) selective salt uptake by root cells based on their cell types (epidermis, exodermis or
endodermis); (i) preferential loading of the xylem with nutrient K" ions rather than Na"
ions, and (ii)) exclusion of salt from the upper parts of the root system and parts of the
shoot system such as stem, petiole or leaf sheaths (Munns, 2002). Halophytes have the
added advantage of excluding excess salts through specialised structures such as salt
glands which mainly exclude the salt to the leaf surface and bladder hairs which
compartmentalise salts in their central vacuoles (Pessarakli, 1999).

1.4.2 Transport of ions and regulation of ion concentration

Accumulation of Na' in the plant affects leaf water potential, requiring Na® removal.
Several transporter systems that are mvolved in the uptake, efflux, translocation or
compartmentation of ions such as Na", K" and CI have been studied in various plants
(reviewed i Tuteja, 2007; Yamaguchi et al, 2013). Sodium transporters can be
involved in the efflux of Na" ions or mediate the vacuolar sequestration of Na' ions.
The main Na“ transporters, ie. the Na'/H  exchanger (NHX), salt overly sensitive
(SOS) and histidine kinase transporter (HKT) transporters, have gained momentous
standing for their roles in salinity tolerance. Overexpression of genes encoding NHX,
SOS and HKT has conferred resistance to salinity stress in the model dicot plant,
Arabidopsis thaliana (Apse et al., 1999; Shi et al., 2003; Horie et al., 2009).

In addition to sodium transporters, three unique proton pumps are mvolved in
establishing proton electrochemical gradients in plants: (i) the plasma membrane P-type
ATPase; (i) vacuolar H'-ATPase; and (iii) the vacuolar H'- pyrophosphatase. These
pumps establish the proton gradients required for the active transport and efflux of ions
and metabolites across membranes (plasma membrane, tonoplast) (Sze et al, 1999;
Xiong and Zhu, 2002). Accumulation of excess Na' ions in the vacuole regulates ion
homeostasis by maintaining the H' electrochemical gradient across the vacuolar
membrane. In Arabidopsis, the P-type ATPase is encoded by 12 genes and determines

the direction of ion movement and the extent of ion flow through ion-specific channels
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(Sze et al., 1999). 1t also plays an important role in salt tolerance in plants (reviewed in
Bartels and Sunkar, 2005).

1.4.3 Change in photosynthetic pathway

Some halophytic plants alter the mode of photosynthesis in order to maximise the use
of available water. Under salinity, Atriplex lentiformis shifts the C3 photosynthetic
pathway to C4 carbon fixation mode (Memnzer and Zhu, 1999), whereas,
Mesembryanthemum crystallinum shifts from the C3 mode to the crassulacean acid
metabolism (CAM) mode (reviewed in Cushman, 2001). These changes help the plant
in reducing transpirational water loss by opening their stomata at night rather than
during the day (reviewed in Cushman, 2001). Australia is colonised by both C3 and C4
lineages of Atriplex species (Kadereit et al., 2010). Also, Brownell and Bielig (1996)
suggest that sodum is small quantities is essential for the functional mtegrity of
mesophyll chloroplasts of C4 plants during conversion of pyruvate to phosphoenol

pyruvate.

1.4.4 Induction of stress-responsive proteins

Advances in proteome studies have enabled the analysis of differential responses of
plants to various stress treatments. Several proteins involved i processes, such as
stress signalling, energy metabolism, lipid metabolism and protein metabolism, are
expressed differentially under salt stress. Some of these proteins mnvolved are discussed

here.

The ‘late embryogenesis abundant’ (LEA) protems are group of proteins expressed at
high levels n plant seeds during the post-abscission stages of embryo development
(Tunnacliffe and Wise, 2007). Transgenic studies of certam LEA proteins have
conferred stress (drought, salinity and cold) tolerance to host plants. Expression of the
cDNA clone encoding Hordeum vulgare LEA3 protem i rice with a constitutive
promoter resulted in high accumulation of the protein and conferred salinity and
drought tolerance (Xu et al, 1996). Similar effects of tolerance were observed in
transgenic rice with the barley LEA3 encoding gene under the control of a stress
mnducible promoter, and i transgenic wheat plants under osmotic stress (Rohila et al,

2002, Sivamani et al, 2000). Another barley LEA encoding gene, HVAI, conferred
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dehydration tolerance in transgenic rice (Chandra Babu er al, 2004). Transgenic
Brassica campestris with Brassica napus group 3 LEA protein gene conferred tolerance

to water-deficit and salt-stress (Park ez al., 2005).

Another family of genes nduced, manly under heat stress but to a certain extent also by
osmotic stress are the ‘heat shock’ proteins (HSP) that act as molecular chaperones
mvolved in protein folding and protection of cells against denaturation. HSP70 was
found to be induced under high salt stress n Atriplex nummularia (Zhu et al., 1993).
Over expression of a low molecular weight HSP, HSP17, in 4. thaliana also conferred
salt and drought tolerance (Sun et al., 2001).

1.4.5 Induction of antioxidative enzymes

To counteract the effects of ROS and oxidative stress induced by salinity, plants
produce enzymatic antioxidants such as superoxide dismutase (SOD), catalase (CAT),
ascorbate  peroxidase = (APX), monodehydroascorbate  reductase = (MDHAR),
dehydroascorbate reductase (DHAR), glutathione reductase (GR), glutathione-S-
transferases (GST) and glutathione peroxidases (GPX) and non-enzymatic antioxidants
such as ascorbic acid (AA), flavones, carotenoids, anthocyanins and tocopherols
(Djanaguiraman and Prasad, 2013). Meloni et al. (2003) showed that an increase in
GR, SOD and peroxidase offered better protection against ROS i salt-tolerant cotton
plant varieties. Tang and Newton (2005) showed that an increase i polyamines
mncreased the activities of APX, GR, and SOD in salt-stressed Virginia pine plantlets

and defended against oxidative damage.

1.4.6 Modulation of phytohormones

Increased levels of plant hormones, such as, auxin, ethylene, cytokinins and absicisic
acid, and other substances that function as phytohormones (like jasmonic acid and
salicylic acid) play an important role i signalling in plants in response to external
stimuli (Staswick and Tiryaki, 2004). Pre-treatment of crops with the phytohormones
ndole acetic acid, gibberrelic acid and kinetin may help in salinity tolerance, as they
increase the efficiency of nitrogen fixation in salt-stressed plants (Chakrabarti and
Mukherji, 2003).  Although jasmonates function mainly in response to pathogen attack
and physical wounding (McConn et al, 1997), a significant increase in the

accumulation levels of jasmonic acid in plants under salt and osmotic stress, such as
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barley (Lehmann ef al, 1995) and tomato (Pedranzani et al, 2003), have also been
reported.  Exogenous application of salicylic acid on salt-stressed tomato showed an
increase in SOD, GPX and CAT that are involved in scavenging ROS (He and Zhu,
2008).

1.4.7 Synthesis and accumulation of compatible solutes

Osmotolerance or osmoregulation is one of the effective mechanisms by which many
plants and bacteria overcome salt toxicity. It mvolves the accumulation of non-toxic
organic solutes, commonly known as osmolytes or osmoprotectants. These include
polyhydroxylic compounds (sugars and polyols) and zwitterionic alkylamines
(quaternary ammonium compounds and aminoacids). Due to the accumulation of salt in
the vacuole or apoplast, the ionic and osmotic balance within the cell is altered. By
accumulating nontoxic osmolytes in the cytoplasm, the influx of water mto the cell is
regulated, thereby maintaining cell turgor pressure and water absorption.  This is
mportant for sustaining several essential activities such as photosynthesis, stomatal
opening, cell expansion and growth. The term ‘compatible solute’ was introduced by
Brown and Simpson (1972) to describe their non-toxic nature and non-mhibitory effect
on enzyme activities or metabolic processes of the cell (Wyn-Jones et al, 1977). Le
Rudulier et al. (1984) demonstrated that exogenous application of osmoprotectants to E.
coli cells under completely inhibitory levels of osmotic strength were capable of
exhibiting significant growth. They also serve to stabilise protein structure and function
(Yancey et al., 1982).

Osmoprotectants can be classified into three groups: amino acids (e.g prolne and
ectoine); quaternary ammonium compounds and tertiary sulfonium compounds (e.g.
glycme betaine (GB), dimethylsulfoniopropionate and choline-O-sulfate); and polyols
and sugars (e.g. glycerol, mannitol, sorbitol, sucrose and trehalose) (Ronten et al,
2002). Amino acids are vital in mitigating the effects of salinity by regulating K"
homeostasis (Cuin and Shabala, 2007). Many proteinogenic amino acids, such as
proline, arginine, alanine, glycine, serine, leucine, and valine, as well as some non-
proteinogenic amino acids, such as citrulline and ornithine are accumulated under
salnity stress (Rabe, 1990). Among these, proline has gained significant momentum, in

terms of research and transgenic applications. Proline accumulation occurs plays a
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substantial role in osmoprotection, protem and cell membrane stabilization and ROS
scavenging (Kavi Kishor et al, 2005). Another widely studied osmoprotectant, GB,
also plays a crucial role in ameliorating salinity and osmotic stress tolerance in plants,
especially in chenopods (Rhodes and Hanson, 1993). Exogenous application of GB
(Lutts et al, 1999; Habib et al, 2012), as well as expression of GB biosynthetic genes
transgenically (Bao et al., 2011; Zhang et al, 2011), has shown promising results in
mmparting stress tolerance to plants. Trehalose is an osmolyte, whose presence and
function in plants under stress is ambiguous. It has been predommantly reported in
desiccation tolerant plants, such as Myrothamnus flabellifolia (Drennan et al., 1993),
Sporobolus stapfianus (Albini et al., 1994) and Selaginella lepidophyla (Vazquez-Ortiz
and Valenzuela-Soto, 2004). Several plants have genes that encode enzymes mnvolved
in the biosynthesis pathway, but do not exhibit trehalose accumulation. However,
transgenic overexpression of trehalose 6-phosphate synthase (TPS) and trehalose 6-
phosphate phosphatase (TPP) has conferred salinity tolerance to plants and indicated
trehalose accumulation (Garg et al, 2002; Jang et al, 2003). Osmoprotectants of
particular interest to this project (Figure 1.6) are described below.

4 N\ N\ 4 N\ [
(FHS .-DH o oH OH
) 0 — 1 1 OH
| T+ 0']'{'---._.0[" /o’ N o |
CH, o OH OH
Glycinebetaine Proline Trehalose D-Mannitol

Figure 1.6: Chemical structure of some of the major plant osmoprotectants

1.5 Glycine betaine (GB) (MW: 117.15 g mol™")

Glycine betaine (N, N, N-trimethyl glycine) (GB) is a quaternary amine with a neutral
charge over a broad range of physiological pH values (Sakamoto and Murata, 2002). It
is termed a “compatible solute” because of its ability to accumulate in stressed plants
without interfering or inhibiting their enzymatic or metabolic activities (Wyn-Jones et
al, 1977). Accumulation of GB does not occur naturally n all plants under stress
(Arabidopsis and Tobacco, for example, do not produce GB naturally under stress), yet

they are the most abundant solute found to accumulate in many families of plants, as
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shown in Figure 1.7 (Rhodes and Hanson, 1993). Accumulation of GB can confer
abiotic stress tolerance by means of osmoregulation/osmoprotection, cell membrane and
organelle stabilisation, and induction of antioxidative enzymes and ROS scavengers

(reviewed in Wani et al., 2013).

Plumbaginaceae
Solanaceae

Leguminoseae

Chenopodiaceae
Glycine betaine

Compositas
accumulators

Amaranthaceae
Convulvulaceas

Avicenniaceae ;
Gramineae

Figure 1.7: Plant families capable of GB accumulation

1.5.1 Biosynthesis

Synthesis of GB occurs from two distinct molecules, choline and glycine (Figure 1.8).

a. GB biosynthesis from choline: The first step nvolves the oxidation of choline to its
hydrated form, betaine aldehyde. Although the reaction is conserved i plants and
bacteria, it is catalysed by different enzymes. In plants, this reaction is catalyzed by a
ferredoxin-dependent enzyme choline monooxygenase (CMO), while in bacteria, such
as Escherichia coli, Pseudomonas aeruginosa and Synorhizobium meliloti it 1s catalysed
by the enzyme choline dehydrogenase (CDH). The second step is the synthesis of GB
from betaine aldehyde, by the NAD" dependent enzyme betaine aldehyde
dehydrogenase (BADH).

b. GB biosynthesis from glycine: A novel pathway for the synthesis of GB from glycine
was identificd in two phylogenetically distant halophytes, Actinopolyspora halophila
and Ectothiorhodospira halochloris. It occurs via a three-step series of methylation
catalysed by glycine  sarcosine  methyltransferase  (GSMT) and  sarcosine
dimethylglycine  methyltransferase ~ with  partially overlapping substrate  specificity
(Nyyssold et al., 2000). This pathway (Figure 1.8) was also identified in a halotolerant
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cyanobacterium, Aphanothece halophytica (Waditee et al, 2003). The enzyme GSMT
catalyses the methylation of glycine to sarcosine, followed by the methylation of
sarcosine to dimethyl glycine. The DMT enzyme (sarcosine dimethylglycine
methyltransferase) methylates dimethylglycine to betaine.

—
FLANES CMO BADH
~—
—_— @ — Betaine aldehyde —_ GLYCINEBETAINE >
BACTERIA CDH BADH
ANIMALS T
~—
EXTREME GSMT SDMT
HALOPHYTIC N N- methyl glycine N,N- Dimethyl glycine
BACTERIA >

ANIMALS

Figure 1.8: Synthesis of glycine betaine from choline and glycine

CMO: choline monooxygenase; CDH: choline dehydrogenase; BADH: betaine aldehyde; GSMT: glycine
sarcosine methyltransferase; SDMT: sarcosine dimethylglycine methyltransferase. (Substrates are
highlighted in red, the intermediate products in green and the final product in blue)

1.5.2 Major enzymes and genes involved in GB biosynthesis

1.5.2.1 Choline monooxygenase (CMO; EC 1.14.15.7)

CMO is a soluble enzyme that is unique to plants (Rathinasabapathi et al, 1997). It is
localised in the chloroplast stroma in many plants (e.g. spinach, barley, and Oldman salt
bush). Partially purifitd CMO from spinach has an optimum pH of 8, and a native
molecular mass of 98,000 daltons (Rhodes and Hanson, 1993). CMO is a novel Rieske
type iron-sulfur enzyme, ie. coordinated by two Cys and two His ligands, and catalyses
the first step of oxidation of choline to betaine aldehyde. Iron-sulfur (Reiske) clusters
are mnvolved in vital processes, such as cell respiration and photosynthesis, due to their
ability to transfer electrons, and have other functions, such as centres of catalytic
activity, regulators of gene expression (in bacteria), and sensors of iron and oxygen
(reviewed in Balk and Lobreaux, 2005). Reiske proteins typically contain two Fe atoms
and two acid-labile sulfide groups, and the Reiske motif typically involves coordnation
of one Fe, by the sulfides of two Cys residues, and the other Fe by the o-nitrogen atoms
in the imidazole rings of two His residues (Fee et al, 1984). However, the Reiske-type
cluster (2Fe-2S) i plants has both ron atoms co-ordinated by the two Cys, making
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them ‘novel’ (Kimura et al, 2005), and the Cys ligands instead of Ser are suggested to
make them more stable (Cheng et al, 1994). The signature motif for the novel Reiske-
type cluster [2Fe-2S] is CXHXs5.17CX;H, and for the mononuclear non haeme cluster, it
is G/DX3.4DX,HX4.sH (Hibino et al, 2002). These regions constitute the putative
active site for CMO.

The biochemical characterisation of CMO is a difficult task, since purifitd CMO has
low activity and is labile (Burnet et al, 1995). Hence, comparative sequence analysis,
based on extant protein data, will provide an insight into protein characteristics with

bioinformatics tools such as Protparam (https//web.expasy.org/protparany/). This study

mtends to characterise GB biosynthetic proteins (using this tool) in order to assess their
potential as a genetic resource for osmoprotection, in genetic screening and for future

transgenic  studies.

1.5.2.2 Betaine aldehyde dehydrogenase (BADH; EC 1.2.1.8)

BADH is a pyridine nucleotide dependent enzyme. It has been cloned from several
plants, such as Spinacia oleracea (Weretinyk and Hanson 1990), Beta vulgaris (McCue
and Hanson 1992), Atriplex hortensis (Jia et al., 2002), Hordeum vulgare (Ishitani et al.,
1995), Sorghum bicolor (Wood et al., 1996), Oryza sativa (Nakamura et al, 1997),
Amaranthus hypochondriacus (Legaria et al., 1998), Avicennia marina (Hbino et al.,
2001), Atriplex centralasiatica (Ym et al., 2002), and Ophiopogon japonicus (Lu et al.,
2010). Although most of these plants have the functional genes for GB synthesis, their
level of expression varies. For example, Oryza sativa does not exhibit any detectable
quantity of GB accumulation (Nakamura et al, 1997, Nw et al, 2007), whereas
members of the grass family e.g. maize (Lerma et al, 1991), sorghum (Yang et al,
2003) and barley (Jagendorf and Takabe, 2001), accumulate much less GB, in
comparison to spinach and sugar beet, two members of the Chenopodiaceae family
(Rhodes and Hanson, 1993).

The enzyme has three major domains: a coenzyme binding domain, a catalytic domain
and an oligomerization domain (Johansson et al, 1998), as shown in Figure 1.9. In
addition, two functionally important residues characteristic of the Aldehyde

Dehydrogenase enzyme family ie. a glutamic acid (E) and a cysteine residue (C), have
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been implicated in the catalytic activity of mammalian aldehyde dehydrogenase and are
conserved in all enzymes of this family (http:/prosite.expasy.org/PDOC00068). The

consensus pattern of aldehyde dehydrogenases for the cysteine active site is [FYLVA]-
x-{GVEP}s-{DILV}-G-[QE]-{LPYG}-C-[LIVMGSTANC]-[AGCN]- {HE} -

[GSTADNEKR] (C is the active site residue), and for the glutamic acid active site it is
[LIVMFGA]-E-[LIMSTAC]-[GS]-G-[KNLM]-[SADN]-[TAPFV] (E is the active site

e

residue). The cysteine residue has been proposed to contribute towards substrate

specificity and the catalysis of BADH (Hempel et al., 1993 and Perozich et al., 1999).

Figure 1.9: 3D model of Atriplex centralasiatica BADH monomer showing major

functional domains

Atriplex centralasiatica BADH monomer was modelled against Pisum sativum AMADH2 (PDB model
3iwj, chain A), which showed sequence identity of 76.5%. The alpha helices are shown in green, the beta
sheets in blue, the conserved decapeptide VILELGGKSP in pink, the oligomerization domain in red,
NAD binding domain in dark blue and the active site Cysteine is labelled (modelled using CPHmodels-
3.0, Nielsen et al., 2010). The model was assessed using PROCHECK, which determined an overall G-
factor of 0.01 and had 86.4% ofall residues in the favoured regions.

In plants, the BADH-encoding gene homologue may exist singly or as two isozymes
and are reported as BADH1 and BADH2 (reviewed in Fitzgerald et al, 2009). The
BADH? homologue may not encode functional BADHs capable of reducing betaine
aldehyde to glycine betaine, if the BADH? transcripts are truncated leading to
incorrectly processed pre-proteins (N et al, 2007). Although these transcripts may
not be contributing to GB synthesis, they are mnvolved i the production of another
desirable trait.  Buttery et al (1983) reported that the fragrance of particular rice
21
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varieties 15 due to the accumulation of a chemical called 2-acetyl-1-pyrroline (2AP).
Over the last two decades, the genetic cause of the 2AP-based fragrance property i rice
was established to be caused by a non-functional allele of the BADH homologue,
BADH? (Bradbury et al., 2008). The proposed mvolvement of the recessive BADH?2
allele is in the accumulation of the substrate y-aminobutyraldehyde (GABald) which
undergoes spontaneous cyclisation on reaction with an acetyl group to form 2AP

(Bradbury et al., 2008).

1.5.2.3 Choline dehydrogenase (CDH; EC 1.1.99.1)

Choline dehydrogenase catalyses the oxidation of choline to betaine aldehyde. Glycine
betaine synthesis via CDH has been reported in Escherichia coli (Landfald and Strom,
1986), Pseudomonas aeruginosa (Russell and Scopes, 1994), Sinorhizobium meliloti
(Pocard et al, 1997), oysters (Perrmo and Pierce, 2000) and Halomonas elongata
(Canovas et al, 2000). In E. coli, synthesis of GB requires four genes encoding choline
dehydrogenase (betd), betaine-aldehyde dehydrogenase (betB), a putative regulator
(betl), and a choline transporter (betT); clustered in the bet operon (Andresen et al.,
1988). Transgenic tobacco plants, with E. coli betA and betB genes, showed improved
resistance towards salinity (Holmstrom et al, 2000). Although transgenic studies with
CDH culminated in GB production, the amount of GB produced was very low (less than
66 nmol g' fresh weight). This is a delimiting factor for CDH use in plants, since the
role of such low GB levels is questionable in terms of stress alleviation and

osmoprotection.

1.5.2.4 Choline oxidase (COX; EC 1.1.3.17)

Choline oxidase belongs to the glucose-methanol-choline (GMC) oxidoreductase
enzyme superfamily (Fan and Gadda, 2005). The enzyme was first reported in
Arthrobacter globiformis by lkuta et al. (1977). It has an isoelectric point around pH
4.5, an optimum pH of 7.5 (Ikuta et al, 1977) and a reported monomeric molecular
mass of 66 kDa (Ohta-Fukuyama et al., 1980). The enzyme contains covalently bound
flavin adenine dinucleotide (FAD) in a 8a-N(1)-histidyl linkage, and catalyzes the four-
electron oxidation of choline to GB through betaine aldehyde, with molecular oxygen as
primary electron acceptor (Gadda, 2003). Engneering plants with bacterial COX has
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the additional advantage of not mvolving a secondary enzyme or any additional soluble

cofactors, and does not interfere with other metabolic pathways (Lilius ef al., 1996).

1.5.3 Role of GB in salt stress

1.5.3.1 Effects of exogenous application of GB

GB is a metabolically inert osmolyte, capable of penetrating readily through the leaves
and then translocating to the other parts of the plant (Ladyman et al, 1980; Hanson and
Wyse, 1982). Exogenous foliar application of GB led to significant reduction in Na*
and maintenance of K" levels in salt-stressed perennial ryegrass (Lolium perenne, Hu et
al., 2012), enhanced seed oil quality and antioxidant activity under water stress in maize
(Ali and Ashraf , 2011), and GB pre-treated pepper seeds showed increased germination
under salinity (Korkmaz and Siricki, 2011). The applications of pure GB and sugarbeet
extracts to salt-stressed varieties of okra (Abelmoschus esculentus) led to alleviation of
effects of salinity stress on plant biomass and other parameters, including ion contents,
with some parameters showing greater improvement with pure GB compared to
sugarbeet extract, and vice versa (Habib et al, 2012). Hence, extraction of GB from
natural accumulators and its application on plants under stress can alleviate salt stress

may be economically feasible (Ashraf and Foolad, 2007).

1.5.3.2 Transgenic applications of GB biosynthesis genes

Accumulation of GB naturally in stress-responsive plants has been reported in barley,
sorghum, spinach, maize and other plants (Table 1.2). Certain plants, such as
arabidopsis, rice, mustard and tobacco, do not accumulate GB naturally, but on
mtroducing GB synthesising genes, they exhibited an increase in GB level (Rhodes and
Hanson, 1993). Many examples show transgenic overexpression of CMO and BADH
genes causatively leading to salinity tolerance (Tables 1.4 and 1.5). For example, the
biomass and seed cotton yield of cotton expressing CMO from Atriplex hortensis was
less affected by salinity compared to controls (Zhang et al, 2009). Transgenic tobacco
expressing Salicornia CMO was capable of rooting in medium with 300 mM NaCl (Wu
et al, 2010), and transgenic potato plants expressing spinach BADH were significantly
taller and heavier (Zhang et al, 2011). However, the overall level of GB in transgenic
plants is comparatively lower than natural accumulators (Tables 1.2 and 1.3). This
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justifies the quest to identify more natural accumulators, especially for the purposes of

saline land reclamation.

Table 1.2: Levels of GB in some natural GB accumulating plants

-1
Plant species NaCl treatment GB content pmolg  FW
Control Stressed

Amaranthus tricolor 03M 2 10
Atriplex spongiosa 0.8 M 15 45
Gossypium hirsutum L. 0.15M 3.5 6.7
Hordeumvulgare L. 02M 1.5 5.5
Sorghum bicolor L. 0.1M 4 9

Spinacia oleracea 03M 5 25
Zea mays 0.15M 1 2.9

Adapted from Chen and Murata (2011); FW - Fresh weight of leaf tissue

Table 1.3: Levels of GB in transgenic plants overexpressing GB biosynthetic genes

(CMO and BADH)

Plant species

Gene

Gene source

GB level

Arabidopsis thaliana

CMO + BADH
(co-expression)

Spinacia oleracea

0.9 umol g FW

Nicotiana tabacum CMO Beta vulgaris 0.25 umol g FW
Oryza sativa CMO Spinacia oleracea 0.45 pmol g" DW
Nicotiana tabacum BADH Atriplex hortensis 7 umol g' DW

Daucus carota BADH Spinacia oleracea 101 pmol g ' DW
Lycopersicon esculentum BADH Atriplex hortensis 0.45 umol g' DW
Oryza sativa BADH Hordeum vulgare 56.4 ymol g" DW

Adapted from Chen and Murata (2011); FW - Fresh weight of leaf tissue
GB levels that are highlighted indicate accumulation in dry weight of tissue.
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Table 1.4: Expression of choline monooxygenase gene in transgenic species

Transgenic Gene source Method of Level of salt stress Observed effects Reference
plant trans formation
Lolium Spinacia oleracea | Particle Enhanced salt stress tolerance First report of dwarfism (height of | Bao et al., 2011
perenne bombardment transgenic plants was decreased by
63% compared to the control plants)
and enhanced salt stress tolerance by
coexpression of SoCMO  and
SoBADH genes in transgenic L.
perenne.
Nicotiana Salicornia Agrobacterium- 100-350 mM NaCl for 4 weeks Transgenic plants were capable of | Wu et al., 2010
tabacum europaea mediated rooting in a medium containing up to
transformation 300 mM NaCl, whereas the control
plants could not root in medium
containing more than 100 mM NaCl.
Gossypium | Atriplex hortensis | Agrobacterium- Field experiment, with the soil | Biological (biomass) and economic | Zhang et al,
hirsutum mediated containing 420 g kg total soluble | (seed cotton) yields of transgenic | 2009
transformation salts, 0.98% organic matter, 580 | cotton was less affected by salinity
mg kg' total N, 12 mg kg' | stress than those of non-transgenic
available P and 110 mg kg | cotton.
available K.
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Table 1.5: Expression of BADH in transgenic species

Transgenic | Gene source Method of Level of salt stress Observed effects Reference
plant trans formation
Solanum Spinacia Agrobacterium- 50 mM of NaCl mitially and | Transgenic plants were 0.4—0.9 cm taller and | Zhang et al., 2011
tuberosum oleracea mediated increased gradually by 50 | 17-29% heavier (fresh weight per plant)
transformation mM to a final concentration | compared to control plants.
of 500 mM.
Medicago Atriplex Agrobacterium 200 mM NaCl solution in | Survival period of transgenic line B203 was 8 | Liu ef al., 2011
sativa hortensis tumefaciens- an interval of 10 days for | months and other transgenic lines for about 45
mediated four times. months. Wild type plants did not survive after
transformation two weeks of the last salt water irrigation.
Nicotiana Ophiopogon Particle 400 mM NaCl for 48 h at | 2—2.5-fold mcrease of GB content and 60-85% | Liu et al., 2010
tabacum japonicus bombardment room temperature and then | increase in survival.
returned to normal growth
condition.
Lolium Zoysia Particle 300 mM NaCl for one | Transgenic plants had higher root length | Takahashi et al,
multiflorum | tenuifolia bombardment month compared with non transgenic plants with a [ 2010
relative root length of 5.6%
Nicotiana Oryza sativa | Agrobacterium 0, 171, and 342 mM NacCl | Transgenic seedlings showed a gradual | Hasthanasombut et
tabacum tumefaciens- was added every 2 days to | increase in the fresh and dry weights in the first | al, 2010
mediated two week old seedlings upto | two weeks and then significant increases in the
transformation 4 weeks. fourth week.
Zea mays Suaeda Pollen-tube 250 mM NaCl Hoagland | 73.9-100% of the transgenic seedlings | Wu et al., 2008
liaotungensis | pathway solution. survived and grew well, unlke the wild type

seedlings which had a survival rate of 8.9%.
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1.5.4 Role of GB in other abiotic stresses

Glycine betaine has been mmplicated in protective roles against other abiotic stresses,
such as drought (Wang et al, 2010), heat (Yang et al, 2005), cold (Karabudak et al.,
2014), osmotic (Chen and Murata, 2011) and oxidative stress (Park et al, 2007). The
photosynthetic machinery (chloroplast ultrastructure) is highly susceptible to abiotic
stress as mentioned earlier (section 1.6.2). Glycine betaine plays a pivotal role i
protecting the photosynthetic machmnery.  Transgenic tobacco plants with spinach
BADH gene enhanced the activity of the enzyme RuBisCo activase (Yang et al., 2005).
Under heat stress, RuBisCo activase associates with the thylakoid membranes,
mterfering with the activity of Rubisco and therefore reduces CO, assimilation. But GB
accumulation has been shown to prevent RuBisCo activase and thylakoid membrane
association (Yang et al., 2005). Wang et al. (2010) showed that transgenic wheat (with
Atriplex hortensis BADH) overexpressing GB appeared had better thylakoid membrane
stability and reduced structural damages, in comparison to the chloroplast, when
subjected to combined heat and drought stress (compared to control plants).

Arabidopsis engneered with bacterial choline oxidase was capable of GB production,
and this conferred protection against freezing temperatures (cold stress), via expedited
recovery of photosystem II (PSII) in the leaves (Sakamoto et al, 2000). Murata et al.
(2007) also suggest that GB is involved in limiting the production of ROS in plants
subjected to low temperature. Glycine betaine accumulating transgenic tomato plants
were also reported to have enhanced cold tolerance and survival rates (Park er al,
2004). Ahmad et al (2010) engineered GB-synthesizing transgenic potato plants, called
SSAC plants which were capable of GB production coupled with SOD and APX
expression, and showed decreased ion leakage when subjected to methyl viologen
mnduced oxidative stress (Ahmad er al, 2008; 2010) in comparison to wild type or
SOD+APX only expressing plants.

1.5.5 Role of GB in animal health

While the previous sections have clearly outlned the protective properties of GB to
plants (natural GB-accumulators and transgenics), the use of GB accumulators in
agroforestry related applications is yet to be explored. There are several reports that

show GB to play an essential role in maintaining the health of vital organs, such as liver,
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heart and kidney in humans (Craig, 2004; Likes et al, 2007). In humans, it has been
found to play essential roles as an osmolyte, a lipotrope and a source of methyl groups.
Glycine betaine reduces cardiovascular risk factors, and betaine and choline decrease
the risk of mnfant neural tube defects (Raman and Rathinasabapathi 2003). Glycine
betaine also plays a vital role in nutrition and health of pigs and poultry that consume
GB-rich fodder (Eklund ef al., 2005).

1.6 Proline (MW: 115.13 g mol ™)

Proline is a highly water soluble amino acid with no net charge at neutral pH. The
presence of a secondary amino group and no primary group makes proline an alpha
immno acid, rather than an ammno acid. Proline is one of the common solutes
accumulated in response to salt or drought stress in many bacteria and plants (reviewed

mn Verbruggen and Hermans, 2008).

1.6.1 Biosynthesis

Proline biosynthesis occurs from L- glutamic acid and involves two enzymes, pyrroline-
S-carboxylate synthetase (P5CS) and pyrroline-5-carboxylate reductase (PSCR). In
plants, proline is synthesised either through the glutamate pathway or argmnine/ornithine
pathway, though the latter is utilised under higher levels of nitrogen (Delauney and
Verma, 1993).

a. Glutamate pathway: Phosphorylation of glutamate, by glutamyl kinase, is an ATP-
dependent process that results in the formation of glutamyl phosphate. The enzyme,
gluitamyl semialdehyde dehydrogenase, reduces glutamyl phosphate to glutamyl
semialdehyde (GSA) which is then coupled with glutamyl kinase.  This enzyme
complex undergoes a spontaneous cyclic reaction to form pyrroline-5-carboxylate
(P5C), which on reduction by P5SCR yields proline (Yoshiba et al., 1997) (Figure 1.10)
b. Arginine/Ornithine pathway: This pathway involves the enzymatic conversion of
arginine to ornithine by argmase, folowed by conversion of ornithine to a-keto-o-
aminovalerate by o-aminotransferase (a-OAT); a-keto-6-aminovalerate then undergoes
a spontaneous cyclization to form pyrroline 2-carboxylate (P2C), which is then reduced
by P2C reductase to proline. Although this pathway has been established only in
bacteria, and not yet discovered in plants, GSA i the glitamate pathway can also be
directly obtained by the conversion of ornithne to GSA by ornithine 6-
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aminotransferase (0-OAT), which then follows the glutamate pathway of GSA reduction

(Yoshiba et al., 1997).

OAT

P5CS Spontaneous P5CR

—>  GSA P5C _— >
@ E [ e— E PROLINE
PSCDH PDH

Figure 1.10: Proline metabolism in plants

P5CS: pyrroline 5-carboxylate synthetase; PSCDH: pyrroline 5-carboxylate dehydrogenase; GSA:
glutamyl semialdehyde; P5C: pyrroline-5-carboxylate; PSCR: pyrroline-5-carboxylate reductase; PDH:
proline dehydrogenase; OAT: Ornithine-3-aminotransferase. (Substrates are highlighted in red, the
intermediate products in green and the final product in blue)

1.6.2 Major enzymes and genes involved in the biosynthetic pathway

1.6.2.1 Pyrroline 5-carboxylate synthetase (PSCS; EC not assigned)

Pyrroline 5-carboxylate synthetase is a bifunctional enzyme mvolved in the first two
steps of proline biosynthesis, through the glutamate pathway in plants (Hu et al, 1992).
The bifunctional property of P5CS is attributed to the presence of both y-glutamyl
kinase and glutamic-y-semialdehyde dehydrogenase activities. ~ However, in bacteria
and yeast, there are two separate enzymatic domains, ProB and ProA (in bacteria) and
PRO1 and PRO2 (in yeast) encoding y-glitamyl kinase and glitamic-y-semialdehyde
dehydrogenase (Lehmann et al, 2010). The P5CS gene has been isolated from many
plants such as Medicago truncatula (Strizhov et al., 1997), Arabidopsis thaliana (Fujita
et al, 1998), Medicago sativa (Ginzberg et al, 1998), Sorghum bicolor (Su et al.,
2011), Carica papaya (Zhu et al., 2012), Nitraria tangutorum (Zheng et al., 2014); and
in many of these species two copies of the gene (P5CS/ and P5CS2) resulting from
independent evolutionary duplication events have been reported (Turchetto-Zolet et al.,
2009). Although there is high sequence similarity between the two isoforms, they differ
substantially in therr functionality. The functions of P5CS/ isoform are confined to
being a ‘house-keeping’ gene (Verdoy et al, 2006) that is expressed is ubiquitously in
most organs (Fujita et al, 1998), induced by abiotic stresses such as salt, dehydration,
cold and abscissic acid and involved in proline production (Székely et al, 2008). The
P5CS2 isoform, on the other hand, is expressed in dividing cells (Strizhov et al., 1997)
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and is required for seed development (Sz¢kely et al, 2008). A recent study reports a
third P5CS gene, MtP5CS3 from Medicago truncatula, which shows sequence
homology to both MtP5CSI and MtP5CS2 except for the presence of an extra amino-
terminal segment (Kim and Nam, 2013). The M¢P5CS3 isoform plays a regulatory role
in salt and drought induced proline accumulation and during nitrogen fixation.
Increased P5CS enzyme activity has a positive correlation to increased proline content
m many plants such as Vigna aconitifolia (Hong et al., 2000), Gossypium hirsutum
(Parida et al., 2008) and Brassica juncea (Chakraborty et al., 2012) and plays a key role
n the rate-limiting step of proline biosynthesis via feedback ihibition of PSCS by
proline (Zhang et al., 1995).

1.6.2.2 Pyrroline-5-carboxylate reductase (PSCR or P5R; EC 1.5.1.2)

The enzyme P5SCR reduces pyrroline-5-carboxylate (P5C) to yield proline (Yoshiba et
al, 1997). The P5SCR gene has been isolated from in many plants including soy bean
(Delauney and Verma, 1990), Pisum sativum (Wiliamson and Slocum, 1992),
Arabidopsis thaliana (Verbruggen et al, 1993) and kiwifruit (Walton et al, 1998). A
single form of PSCR has been reported in these plants (arabidopsis, pea and soy bean),
however, there have been two P5CR isoenzymes reported in spinach (Murahama et al.,
2001). But, DNA hybridisation studies of the soybean and pea genome showed the
presence of two to three copies of the PSCR gene (Delauney and Verma, 1990;
Williamson and Slocum, 1992) and Szoke et al. (1992) showed that PSCR activity was
detected in cytosol and chloroplast fractions. The spmach P5SCR1 was purified from
mtact chloroplasts. Since the PSCR gene is not localised in the chloroplast genome, the
identification of PSCR2 m chloroplasts suggests a transport mechanism from the cytosol
to the chloroplast (Murahama et al, 2001). It was also reported that the level of PSCR2
is comparatively higher than PSCR1 under severe salt stress in spinach leaves, and it
was more heat stable at 40°C than PSCR1 i spinach (Murahama et al.,, 2001). P5CR is
suggested to be required during embryogenesis in Arabidopsis (Meinke et al., 2008) and
its activity has been up-regulated in salt-stressed rice (Nounjan et al., 2012).

1.6.2.3 Omithine o6- aminotransferase (6-OAT; EC 2.6.1.13)
Proline can be synthesised by transamination of ornithine, through P2C or PS5C,
followed by reduction to proline. Although reduction of P5C appears to be more
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prominent i proline synthesis, prolne synthesis from P2C reduction also occurs
(Delauney et al, 1993). Delauney et al. (1993) studied the expression of PSCS and 9-
OAT under varying levels of nitrogen and salt, and found that the mRNA transcripts of
P5CS was higher than 3-OAT levels, whereas the effect was reversed under low salt
concentration and high nitrogen concentration, suggesting that upregulation of the 6-
OAT gene and subsequent proline synthesis via the ornithine pathway occurs under high
nitrogen concentration. However, it may not be as effective as the glutamate pathway
independently. Yang and Kao (1999) demonstrated that rice plants subjected to water
stress and gabaculine treatment (a potent OAT mhibitor) showed 75% decrease m OAT
activity, but only 20% reduction in proline content, suggesting that the ornithine

pathway, in conjunction with the glutamate pathway, may enhance stress alleviation.

1.6.3 Role of Proline in abiotic stress

Accumulation of proline as an adaptive and protective mechanism has been observed in
plants subjected to a range of stresses such as drought (Capsicum annuum, Anjum et al.,
2012), salinity (Iris lacteal, Zhang et al., 2012), oxidative stress (Zea mays, Yang et al.,
2009), temperature stress (Carica papaya, Zhu et al, 2012) and heavy metals
(Nicotiana benthamiana, Ku et al, 2012). In addition, proline may also play an
important role in plant development (reviewed in Mattioli e al, 2009) and as a
signalling molecule, regulating the transcript levels of stress-related genes (Carvalho et
al., 2013).

1.6.3.1 Effects of exogenous application

Exogenous proline application on salt-stressed soybean cell cultures exhibited increased
antioxidant enzyme levels and contributed to a significant level of salt tolerance (Yan et
al., 2000). Application of proline to salt-stressed tobacco plants showed increased POD
and CAT enzyme activities and increased fresh weight (Hoque et al, 2008). Ahmad et
al. (2010) reported similar observations on application of prolne to long term salt-
stressed Olea europaea plants. Nounjan et al. (2012) also found similar benefits from
proline application on salt-stressed rice seedlings.  Additionally, increased transcript
levels of P5CS and P5CR, and endogenous proline levels were noted (Nounjan et al.,
2012). Although exogenous application of proline has been proved to be advantageous
in many plants for a long time (Yan et al, 2000, Hoque et al, 2008; Ahmad et al.,
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2010, Nounjan et al, 2012), some reports show there were no noteworthy benefits.
Exogenous application of proline on cucumber, a proline non-accumulating plant, failed
to provide stress resistance to the plant (Itai and Paleg, 1982). Foliar application of
proline to salt-stressed rice plants did not show any significant reductions in the levels
of Na” and CI ions (Krishnamurthy and Bhagwat, 1993). De Lacerda et al (2003)
suggested that proline accumulation in two salt-stressed sorghum genotypes occurred as

a response to salt stress and may not be attributed to salt tolerance.

1.6.3.2 Transgenic applications of proline biosynthetic genes

Transgenic expression of P5CS gene has been studied more predominantly compared to
P5CR and OAT genes and the transformants have shown better tolerance to salinity.
Some of the reported effects of proline biosynthetic gene expression under salt stress
mnclude increased RWC, relatively lower decrease in biomass (fresh weight), greater
recovery of transgenic seedlings when transplanted into normal soil conditions and
increased proline accumulation (Roosens et al, 2002; Ma et al, 2008; Kumar et al,

2010; Karthikeyan et al, 2011; Surekha et al., 2014) (Table 1.6).

1.6.4 Role of proline in other abiotic stresses

In addition to salt stress, proline accumulation in plants is induced by several other
environmental stimuli such as UV irradiation (Salama et al, 2011), heavy metal toxicity
(Theriappan et al., 2011), heat stress (Rasheed ef al,, 2011) and cold stress (Aghaee et
al, 2013). Rice plants subjected to drought showed increased proline content in leaves
(Hsu et al, 2003), transgenic ‘Carrizo’ citrange rootstocks over-expressing the Vigna
aconitifolia P5CS gene displayed a five-fold increase in proline content under drought
stress (Molinari et al, 2004). Transgenic ‘Swingle’ citrumelo plants over-expressing
the P5CS gene also showed proline accumulation and maintained a positive leaf
pressure potential contributing to drought tolerance (De campos et al, 2011). A critical
and advantageous ‘after-effect’” of stress mduced proline accumulation, 1is the
availability of free proline to be metabolised and yield energy molecules such as ATP
and NAD(P)H, which are critical in restoring the energy status of the plant during
recovery (De Ronde et al., 2004).
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Table 1.6: Effects of expressing proline biosynthetic genes (P5CS, PSCR and OAT) in transgenic species

Transgenic plant* | Gene | Gene source | Level of salt Observed effects Reference
stress
Cajanus cajan P5CS | Vigna 200 mM NaCl| Transgenic plants maintaned higher RWC, increased plant | Surekha et al.,
aconitifolia | for 7 days height, high proline levels and lower lipid peroxidation | 2014
compared to NT plants.
Oryza sativa (indica | P5CS | Vigna 200 mM NaCl | Transgenic plants showed lesser reduction in plant height, leaf | Karthikeyan
rice cultivar ADT aconitifolia | for 4 weeks growth and biomass, and grew to maturity with flowering and | et al., 2011
43) seed set while NT plants died within 10 days of salt treatment.
Oryza sativa (indica | P5CS | Vigna 150 mM NaCl | Transgenic plants showed lesser reduction in plant height, leaf | Kumar et al,
rice cultivar Karjat- aconitifolia | for 7 days growth and biomass compared to NT plants. They also| 2010
3) expressed four or more times of proline compared to NT
plants.
Arabidopsis thaliana | P5CR | Triticum Different Root growth of transgenic plants was less inhibited by NaCl| Ma et al,
aestivum concentrations of | treatment (upto 100 mM NaCl) and produced 2.5-4 times | 2008
NaCl (0, 50, 100 | higher levels of proline compared to control plants.
and 150 mM) for | Transgenic seedlings also showed greater recovery when
7 days transplanted into normal soil conditions.
Nicotiana OAT | Arabidopsis | 200 mM NaCl | Under salt stress, transgenic lines expressing OAT showed 3 | Roosens et al.,
plumbaginifolia thaliana for 6 weeks fold increase in proline accumulation compared to NT plants | 2002

and to OAT transgenic lines grown under normal conditions.
OAT transgenic lines also showed lesser fresh biomass
decrease under 200 mM NacCl stress.

*Method of transformation: Agrobacterium tumefaciens-mediated transformation; NT: ‘non transformed’ plants
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1.7 Trehalose (MW: 34231 ¢g mol ™)

Trehalose is a non-reducing alpha-D-glucopyranoside disaccharide made of two D-
Glucose molecules. It has a more stable structure than sucrose due to the low energy
glycosidic bond between the two sugars; hence, it is not easily broken mto its
constituent hexoses except in the presence of the enzyme trehalase. Trehalose is not
accumulated at high levels in most vascular plants. It is mainly accumulated in many
bacteria (Shimakata and Minatogawa, 2000), fungi (Nwaka and Holzer, 1998) and a few
dessication tolerant higher plants lke resurrection plants (Goddijn and van Dun, 1999;
Iturriaga et al., 2000) and a few others such as Botrychium lunarian, Echinops persicus,
Carex brunnescens, Fagus silvatica (Elbein, 1974), Glycine max (Miiller et al., 1992),
Sporobolus stapfianus, Ophioglossum vulgatum (Miller et al., 1995), Borya constricta,
Coleochloa setifera, Eragrostiella nardoides, Eragrostis nindensis, Microchloa kunthii,
Tripogon jacqemontii, Ramonda myconi, Sporobolus pyramidalis (Ghasempour et al.,
1998), Selaginella sartorii (Iturriaga et al., 2000), Arabidopsis thaliana (Miiller et al.,
2001), Selaginella lepidophylla (Miiller et al., 2001), Triticum aestivum (El-Bashiti et
al., 2005), Phaseolus vulgaris (Garcia et al., 2005), Lotus japonicus and Medicago
truncatula (Lopéz et al., 2006; 2009). Studies on the effects of validamycin A, a potent
trehalase inhibitor, indicated that most angiosperms are capable of trehalose

biosynthesis but because of its rapid degradation, it is not accumulated to detectable
levels (Goddijn et al., 1997).

1.7.1 Biosynthesis

Synthesis of trehalose can occur by at least five different pathways (Figure 1.11).
However, it predommantly occurs through the TPS/TPP pathway from uridine
diphosphoglucose and glucose-6-phosphate, with trehalose-6-phosphate formed as an
mtermediate.  This reaction was first studied in 1957 by Cabib and Leloir, who
performed partial purification of trehalose phosphate phosphatase and suggested the
dephosphorylation of trehalose 6-phosphate to a disaccharide (Cabib and Leloir, 1958).

TPS/TPP pathway: Trehalose 6-phosphate synthase (TPS) catalyses the formation of
trehalose phosphate by the transfer of gluicose from a glucosyl donor such as UDP-
gluicose or GDP-glucose to glucose 6-phosphate. Trehalose 6-phosphate phosphatase
(TPP) dephosphorylates trehalose 6-phosphate to form trehalose and organic
phosphate.
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Figure 1.11: Biosynthesis of trehalose via various enzyme pathways
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The figure illustrates the various substrates and pathways that are available for trehalose biosynthesis.
TPS: Trehalose 6-Phosphate Synthase; TPP: Trehalose 6-Phosphate Phosphatase; TS: Trehalose
Synthase; TreY: Maltooligosyl-Trehalose Synthase; TreZ: Trehalohydrolase; TreP: Trehalose
Phosphorylase; TreT: Trehalose Glycosyltransferring Synthase. (Substrates are highlighted in red, the
intermediate products in green and the final product in blue)

1.7.2 Major enzymes and genes involved in the biosynthetic pathway

1.7.2.1 Trehalose-6-phosphate synthase (TPS; EC 2.4.1.15)

With advances m genome sequencing, the number of TPS encoding genes being
identified varied significantly. Initially, Vogel et al. (1998) reported nine putative 7PS
genes within the rice genome and then this number was increased to 11 TPS encoding
genes by Zang et al. (2011). In the case of 4. thaliana, genome sequencing revealed 11
putative TPS genes within the genome (The Arabidopsis Genome Initiative, 2000;
Leymann et al., 2001). Later based on sequence analysis and ignoring TPS-TPP fusion
proteins, Avonce et al. (2006) reported eight TPS genes in A. thaliana; since in
prokaryotes, the TPS protein is formed by a single phosphatase domain, whereas in
most eukaryotes and the microaerophile Pyrobaculum aerophylum the TPS proteins are
fused to the TPP domain (Avonce et al, 2006). But many studies acknowledge the
presence of 11 TPS encoding genes (Vandesteene et al., 2010; Yang et al., 2012).
These 11 genes are divided into class [ (A¢tTPSI1-AtTPS4) and class 11 (A¢tTPS5-
AtTPS11) subfamilies (reviewed in Lunn et al, 2014). The 3D structure of the E. coli

TPS enzyme showed that the aminoacid residues involved in the binding of substrate
35



Chapter 1 Introduction and literature review

glucose 6-phosphate are Arg9, Trp40, Tyr76, Trp85 and Arg300; while Gly22, Asp130,
His154, Arg262, Asp361 and Glu369 are mvolved in the binding of UDP-glucose
(Gibson et al, 2002). These residues are reported to be conserved in organisms
exhibitng TPS activity or in organisms known to produce trehalose (Avonce et al.,
2006). Of the 11 TPS genes in the Arabidopsis genome, only AtTPS1-AtTPS4 (class I)
have the conserved residues for substrate binding of which only AtTPS1 has been
reported to have enzyme activity (van Djick et al., 2002; reviewed n Lunn et al., 2014).
AtTPS3 is possibly a pseudogene (Lunn, 2007; Vandesteene et al., 2010) whereas
AtTPS2 and AtTPS4 genes are expressed in developing seeds suggesting a role in plant
development (Schmid et al., 2005). Avonce et al. (2006) reported that the rice TPS-
encoding gene family did not have these conserved residues but were capable of
trehalose accumulation under salt stress (Garcia et al, 1997). The class I (A¢tTPS5-
AtTPSI11) subfamily have a phosphatase domain (Avonce et al, 2006). However,
Harthill et al. (2005) reported that no detectable TPP activity was observed in in vitro
assays of heterologously expressed AtTPSS, AtTPS7 and AtTPSS.

1.7.2.2 Trehalose-6-phosphate phosphatase (TPP; EC 3.1.3.12)

Trehalose-6-phosphate phosphatase is a magnesium-dependent enzyme that belongs to
the class of haloacid dehalogenase (HAD) superfamily, characterised by three highly
conserved motifs (Avonce et al, 2006). The first motif DXDX(T/V) has two aspartic
acid residues which are mvolved in the formation of a phosphorylated intermediate with
the substrate, and the second residue plays a role in catalysis. The second motif
(S/TYG/X) is required for formation of a hydrogen bond with the phosphate group of
the substrate. The third motif KX;6.30(G/S)(D/S)X3(D/N) is an important segment of the
active site and coordinates the magnesium ion required for catalysis. Two TPP genes
were mitially reported in Arabidopsis (4tTPPA and AtTPPB) (Vogel et al., 1998) and
rice (OsTPPI and OsTPP2) (Shima et al, 2007). But genome sequencing revealed 10
putative 7PP genes within the Arabidopsis genome (Leymann et al, 2001) and nine
putative 7PP genes within the rice genome. Although the function of the class II TPS
proteins/TPP encoding genes is unclear, rice 7PPs were induced transiently by salt, cold

and drought stress, as well as under exogenous ABA applications (Shima et al, 2007).
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1.7.3 Role of trehalose in salt stress

1.7.3.1 Effects of exogenous application of trehalose

External applications of trehalose were beneficial to salt-stressed rice plants based on
the concentration of trehalose used. When concentrations of up to 5 mM trehalose were
used, plant growth inhibition was reduced; whereas a concentration of 10 mM trehalose
stopped chlorophyll loss in leaf blades and conserved root integrity (Garcia et al., 1997).
Exogenous application (100 mM) was also shown to induce several other stress-
responsive genes e.g. ATPK19 (a salt and cold stress induced kinase), and increased
trehalose-6-phosphate levels and calcum and phosphorylation signalling proteins, based
on the microarray data of Schluepmann et al (2004). Zeid (2009) reported that pre-
soaking maize grains in 10 mM trehalose rendered the maize seedlings capable of
alleviating adverse effects of salinity stress on photosynthesis, nucleic acid
concentrations, total soluble sugars and protein as well as increased K /Na" ratio. Pre-
treatment of winter wheat with 1.5 mM trehalose increased endogenous trehalose
content by 150% under heat stress, and also protected the chloroplast ultrastructure,
thylakoid membranes, preserved cell membrane integrity and abridged ROS
accumulation from heat stress (Luo et al, 2010).

1.7.3.2 Transgenic applications of trehalose biosynthetic genes

Transgenic expression of microbial 7PS and TPP genes (Table 1.7) showed increased
stress tolerance in many plants. For example, transgenic rice with an E. coli TPS—TPP
fusion enzyme encoding gene imparted tolerance to drought, salt and cold stress by
accumulating trehalose up to 0.1% of the fresh weight no visible growth mnhibition (Jang
et al, 2003). However, pleiotropic effects such as stunted growth or dwarfism were
reported in transgenic potato (Yeo et al, 2000), tomato (Cortina and Culidfiez-Macia
2005) and tobacco (Almeida et al, 2005). Transgenic Arabidopsis plants
overexpressing A¢tTPS] showed a small increase in trehalose and trehalose-6-P levels
and dehydration tolerance, but displayed delayed flowering (Avonce et al, 2004). One
of the contributing factors to such phenotypical changes is in fact the accumulation of
trehalose-6-phosphate, an intermediate metabolite, rather than trehalose itself (Almeida
et al, 2005). However, transgenic plants such as rice (Garg et al, 2002; Jang et al.,
2003) and tomato (Lyu et al, 2013), expressing the TPS—TPP fusion enzyme did not
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show any pleiotrophic effects; hence, the TPS—TPP fusion enzyme may be better suited
for crop plants where plant biomass is a contributing factor to estimating its yield.

1.7.4 Role of trehalose in other abiotic stresses

Evidence on increased cycling of trehalose and its precursors has been reported in
osmotically stressed E. coli (Serrano, 1996) and S.cerevisiae (Parrou et al, 1997)
subjected to mild heat, osmotic and oxidative stress.  Transgenic alfalfa plants
expressing yeast 7TPSI-TPS2 fusion gene were capable of enduring extreme
temperatures, drought and salt stress (Sudrez et al, 2009). In rice, overexpression of
OsTPPI enhanced tolerance to salt and cold stress (Ge et al, 2008) and increased
trehalose accumulation and contributed to chilling stress (Pramanik and Imai, 2005).
Transgenic tomato plants overexpressing yeast 7PS/ gene endured 15 days of drought
and recovered well on subsequent rewatering (Cortina and Culiafiez-Macia, 2005).
Although these reports show the benefits of expressing trehalose biosynthesis gene(s),
research has been lLmited to a few plant species. Studies on agronomical and

environmentally important plants are still in its infancy.
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Table 1.7: Effects of trehalose accumulation in transgenic plants

Transgenic | Gene Gene Level of stress Observed effects Reference
plant* source
Lycopersicon | TPSI | Yeast SS: 100 mM NaClor 25 mM LiCl Higher trehalose content; altered phenotypes | Cortina and
esculentum (dwarfism and lancet shaped leaves); | Culiahez-
tolerance to drought, salt and oxidative stress | Macia, 2005
Medicago TPSP | Yeast SS: 50 to 300 mM NacCl for 2 weeks; FS: -5, 10, | Transgenic plants displayed a significant | Suarez et al.,
sativa and —15°C for 6, 12, 24, 48 and 72 h; DS: | increase in drought, freezing, salt, and heat | 2009
suspension of irrigation for 5, 10, 20 and 30 days | tolerance.
followed by re-watering
Nicotiana P Pleurotus | DS: suspension of irrigation for 10 days Higher trehalose content; no morphological | Han et al,
tabacum sajor-catu alteration; tolerance to water deficit 2005
TPS1 | A thaliana | OS: varying concentrations of mannitol (0, 0.25, | Tolerance to osmotic stress; plants smaller | Almeida et
0.5, 0.75 M) and sodium chloride (0, 0.07, 0.14, | than wild type; absence of lancet-shaped | al, 2005
0.20, 0.27 and 0.34 M) leaves
Oryza sativa | ots A, | E. coli SS: 100 mM NaCl stress for 4 weeks; DS: | Higher trehalose levels; sustained plant | Garg et al,
ots B periodic withholding of irrigation for 100 hours | growth, less photo oxidative damage and | 2002
followed by rewatering for 2 days; CS: 10°C for | favorable mineral balance leading to abiotic
72 h stress tolerance
TPSP | E. coli SS: 100 mm NaCl for 7 days Increased trehalose levels; absence of | Jang et al,
phenotypic alterations to growth; tolerance | 2003
to drought, salt and cold stress
Solanum TPSP | E. coli SS: 150 mM NaCl; DS: suspension of irrigation | Increased trehalose levels; absence of | Lyu et al,
lycopersicum for 10 days followed by re-watering phenotypic alterations to growth; tolerance | 2013
to drought and salt stress

*Method of trans formation: Agrobacterium tumefaciens-mediated transformation; SS: salt stress; DS: drought stress; FS: freezing stress; HS: heat stress; CS
osmotic stress; TPS: trehalose-6-phosphate synthase; TPSP: a bifunctional fusion (TPSP) of the TPS and TPP genes; TP: trehalose phosphorylase

: cold stress; OS:
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1.8 Management of dryland salinity through revegetation

Effective land and water resource management will help in reducing the effects of
dryland salinity.  Reclamation of saline degraded land through revegetation, replacing
annual pastures with perennial deep rooted trees, cultivation of salt tolerant plant species
such as wattles and salt bushes, and use of native vegetation and saline aquaculture, are
some of the potential alternatives (Pannell, 2001). As the water requirements of trees
are much higher than those of cereal crops, planting trees in salinity prone areas assists
in lowering ground water level and reduce the mobility of free salt (Niknam and
McComb, 2000). The amount of reforestation as high as 80% in catchment areas may
be required to have a pronounced decrease in water table levels and the incidence of
salnity (George et al, 1999). Additional economic incentives related to agroforestry
could also be facilitated, e.g. saline degraded lands may be suitable to grow native plants
that serve as sources of food, fuel, fodder, fibre, resin, essential oils, and pharmaceutical

products and for landscape reintegration.

1.8.1 Revegetation through native trees

From an Australian landscape perspective, native trees are expected to outperform
mntroduced species, as they are acclimated and selective species may be pre-adapted to
the available environments (bush fires, aridity and nutrient deficient soils).  For
example, some of the early tests indicated that some Eucalyptus species can survive salt
levels of ~1.8% e.g. E. calophylla, E. erythrocorys, E. incrassata, E. largiflorens, E.
neglecta and E. tereticornis (Blake, 1981). Van der Moezel et al. (1988) reported that
some species of Casuarina (C. cristata, C. glauca, and C. obesa) are salt tolerant as
well as well-adapted to grow m waterlogged conditions. A number of other Australian
native species have also been tested for therr ability to tolerate different levels of
salnity. In particular, species of Acacia (A. cyclops, A. stenophylla, A. ampliceps),
Atriplex (A rhagodioides, A. vesicaria, A. paludosa, A. amnicola, A. bunburyana, A.
cinerea, A. lentiformis, A. muelleri, A. nummularia, A. semibaccata, A. undulata),
Casuarina (C. glauca, C. obesa), Frankenia (F. ambita, F. brachyphylla, F. fecunda),
Melaleuca and Puccinellia (P. ciliata), have been reported to grow in extreme saline
soil conditions with ECe >16 dS/m, while several species of Eucalyptus have been
reported to grow on moderately saline (ECe 4-8 dS/m) soils (Department of Agriculture,
Western Australia, 2002). Recent reports on salinity tolerance of eight other species by
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Xianzhao et al. (2013) concluded that Tamarix chinensis had the highest level of
tolerance among the species tested, followed by Suaeda salsa. Sesbania cannabina
exhibited the lowest level of salt tolerance comparatively. The results were based on
seedling growth yield at seven NaCl concentrations (0, 50, 100, 150, 200, 250, and
300 mM) (Xianzhao et al., 2013). Australian based research project, Enrich, was
mitiated by the CRC for Plant-based Management of Dryland Salinity, RIRDC Jomt
Venture Agroforestry Program, Meat and Livestock Australia and Australian W ool
Innovation and screened more than 60 native shrub species (including Atriplex,
Rhagodia, Maireana, Acacia, Medicago, Drosophila and Kennedia) for ther suitability
in forage applications (Future Farm Industries Co-operative Research Centre Limited
and Enrich project, 2011). Revell et al. (2013) substantiated the latent prospects of the

above mentioned species as feed additives based on nutritive values and digestibility.

This image cannot be reproduced online.

Please consult the print copy held in Swinburne Library

Figure 1.12: Extent of utilisation of native species for forage applications
The figure illustrates that although there are more than 20,000 Australian plant species, current

knowledge and laboratory testing is limited only to 101 species.
(Source: Future Farm Industries Co-operative Research Centre Limited and Enrich project, 2011)

However, despite such efforts, native species are still under-investigated and
underutilized considering the number of species available (as shown in Figure 1.12),
and information on salinity tolerant species with agroforestry potential is especially
limited.  Also, there is no exhaustive data that demonstrates therr potentials and
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distinguish the upper and lower limits of tolerance. Testing these parameters would
provide mvaluable mnformation when combined with other data on aspects of economic

importance, weediness, phytochemical composition, forage and other characteristics.

1.8.2 The Kamarooka project

Kamarooka is located approximately 20 kilometres north of Bendigo, in Victoria,
Australia. Dryland salinity first became evident at Kamarooka in the 1950s. The level
of sub-soil salinity measured varied from about 2-4 dS/m (NUFG, 2013). The Northern
United Forestry Group (NUFQG), first established in the 1990s, comprised of a group of
people working towards sustainable farming systems and establishing low-ranfall farm
forestry (NUFG, 2013). The Kamarooka project was a successful land reclamation
program that established and managed halophytic vegetation (largely saltbushes) on the
most degraded salt-affected land, along with salt-tolerant native trees like acacias,
shrubs and grasses in adjacent land moderately affected by salinity (Figure 1.13)
(NUFG, 2013). The work of the NUFG highlighted the mmportance of native plants in
reclaiming salt-affected lands, and paved the way for this study to explore what makes
these plants salt-tolerant and devise a rapid method to identify new candidate species for
planting on saline lands. Of interest to this project are some of the species of the genus
Acacia and Atriplex used in the Kamarooka project and these are described in the

following section.
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Figure 1.13: Transformation of Kamarooka after saltbush and Acacia planting

(Source: NUFG, 2013)
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1.9 The genus A¢riplex (Common name: Salt bush)

1.9.1 Physical description and distribution

Salt bush is the common name given to plants of genus Atriplex (Chenopodiaceae
family). Salt bushes are deep-rooted perennial shrubs that can grow to three metres.
The leaves have a scaly coating that often gives species a silver grey colour. The leaves
mn this genus are typically 1-3cm long; however, there is considerable variation in leaf
shape, from elliptical to orbicular (ANBG, 2013). Salt bush flowers are usually small,
green, and terminal, and produce triangular, laterally compressed fruits (Aganga et al.,
2003).

The genus Atriplex has more than 250 species mainly found in sub-tropical and
temperate regions of the world. Australia is home to about 61 species (Figure 1.14).
Saltbushes are generally well adapted to areas with an annual ranfall of 250-600 mm
and grow in slightly acidic conditions and at alkaline soils. The most widespread
species in the mland semi-arid and arid regions of mainland Australia is Atriplex

nummularia, the Oldman saltbush.

This image cannot be reproduced online.

Please consult the print copy held in Swinburne Library

Figure 1.14: Distribution of saltbushes in Australia
(Source: ANBG, 2013)

1.9.2 Potential for revegetation and other applications

Halophytes have iherent physical, biochemical and/or molecular mechanisms (as
mentioned in Section 1.4) to combat salinity and can be used as a source of food,
fodder, forage, ornamentals and chemicals (Lokhande and Suprasanna, 2012). But
these groups of plants are seemingly under-utilised for these purposes. Only now
saltbushes are being considered as new economic opportunities, not only for perennial
revegetation but also as pastures (NUFG, 2013; Saltland Pastures Association). The
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Land and Water Australia ‘Options for the Productive Use of Salme Land” (OPUS)
promotes ‘Living with salt’, and the benefits of saltbush include availability of feed mn
autumn/winter, in addition to environmental benefits such as reductions in erosion,
surface salinity and groundwater recharge (salt loading) (LWA, 2004). Saltbushes are
among the Australian native vegetation most tolerant to drought and salt extremes
(Department of the Environment and Water Resources, 2007) and form salt-tolerant
forage, e.g., Oldman saltbush (Atriplex nummularia) and River saltbush (4. amnicola).
Many species such as A. semibaccata and A. prostrata, have been classified as highly
salt tolerant; while others such as A. cinerea and A. paludosa are classified as extremely
salt tolerant ie. capable of growth in saline soils with an ECe range > 16 dS/m (VRO,
2012). Research shows that at high salt concentration, the germination ability of some
species, such as A. centralasiatica (Lu et al, 2006), A. prostrata and A. patula
(Katembe et al, 1998), was not permanently mnhibited, confirming therr nherent ability
to withstand harsh environments. Furthermore, saltbushes such as A. nummularia can
live for up to 50 years (DEPI, 2009), making them an excellent candidate for
revegetation and recovery of saline soils. They also have the ability to recover well
after intense defoliation, making them very suitable for pruning. Saltbushes have been
used to reduce soil erosion, as they bind the topsoil and reduce winds, which enable the
protection of other plants and animals.  Additionally, they contain high levels of
nitrogen and phosphorous and do not alter the organoleptic properties (taste, colour,
odour, aesthetic appearance) of meat produced from cattle fed on saltbushes (Aganga et
al., 2003), making these plants an ideal feed crop. Further, grazing trials show that
saltbushes make a good mixed-fodder species (NUFG, 2013; SPA: Nutritional Value of
Plants growing On Saline Land; Saltland Pastures can sustain sheep during autumn;
opportunities and constraints to grazing saline pastures) as shown in many large animal
grazing trials n Africa and Australia (Ben-Salem et al, 2010). For example, sheep fed
on a mixed diet containing saltbush and hay showed increase live weight (Aganga et al.,

2003).

Another saltbush species under evaluation as drought fodder is Atriplex semibaccata
(Palmer and Ainslie, 2002, Harris et al, 2009). In the United States, it was introduced
as a supplementary forage crop and soil binder as early as 1888 (Tull, 1999). Atriplex

semibaccata has excellent potential as an animal feed with the ability to improve animal
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health and wool growth. This is due to high levels of sulphur, nitrogen, salt and vitamin
E in the foliage, and the potential to control internal parasites (Fancote et al., 2013).
The basis of its food functionality is not yet known; but it is noteworthy that most
chenopods produce betaines (CAS number 107-43-7) and several health benefits of

betaine and choline are now known (section 1.5.5; Likes et al, 2007).

Oldman saltbush (Atriplex nummularia), River saltbush (4. amnicola), and Creeping
saltbush (4. semibaccata) are of mterest to this project due to the benefits detailed
above.  Despite their numerous environmental and animal health benefits, little is
known as to whether the saltbushes have the genetic ability to synthesise GB, and if so,
whether it is in quantities superior to other fodder species. Addressing this gap is
essential if these species are to be fully exploited for environmental and economic

sustamnability on saline and/or drought-prone land.

1.10 The genus Acacia (Common name: Wattle)

1.10.1 Physical description and distribution

The genus Acacia, commonly known as Wattle (also acacia, when written with a lower
case initial letter and not italicised), was first described in 1754 by Philip Miller. The
genus is a legume (family Leguminosae), in the mimosoid legume group, which is
variously treated as a family, Mimosaceae, or subfamily, Mimosoideae. In 1842,
George Bentham restricted the genus name Acacia to mimosoid legumes that have
numerous free stamens. The majority of Australian Acacia spp. are defined by the
presence of phyllode, except a small number placed in sections Botrycephalae and
Pulchellae, which have compound leaves. Phyllodes function lke a leaf and are
capable of photosynthesis, but are thought to derive from expanded and flattened leaf
petiole tissue. Acacias in the broad sense are widespread, found mamly in dry and semi
dry regions of Australia, Africa, Asia and America (Figure 1.15). It is the largest genus
of vascular plants found in Australia. There are some 1350 species of Acacia found

throughout the world and close to 1000 found in Australia (reviewed in Murphy, 2008).
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This image cannot be reproduced online.

Please consult the print copy held in Swinburne Library

Figure 1.15: Distribution of Acacia worldwide
Dark grey represents the areas where acacias are mainly grown.
(Source: World Wide Wattle, 2013)

1.10.2 Potential for revegetation and other applications

Australian Acacia can thrive m a diverse range of habitats and environments, and many
species can tolerate high pH and waterlogged soils (Niknam and McComb, 2000).
Several salt-tolerant Acacia species, such as A. saligna, A. stenophylla, A. salicina and
A. ampliceps, have the potential to provide forage and fodder (Vercoe, 1987). Acacia
species harbor nitrogen-fixing rhizobia that can mmprove soil fertility (Hoque et al,
2011).  They provide edible fruits and seeds, gum arabic and timber for fuel,
construction and fencing (reviewed in Lokhande and Suprasanna, 2012). Species such

as A. dealbata are used in the production of base oils for perfumes (Panda, 2003).

Craig et al (1990) found that a range of acacias from naturally saline lands were
moderately tolerant of waterlogged and saline conditions n controlled greenhouse trials.
Species with good tolerance to waterlogging and salinity included Acacia aff. lineolata
and A. mutabilis subsp. stipulifera. Acacia stenophylla is also a very tolerant species
and A. auriculiformis, A. cyclops, A. ligulata, A. maconochieana and A. sclerosperma
are moderately tolerant for use in the revegetation of damaged agricultural catchments
(McComb et al., 1989; Sun and Dickinson 1995). The species of interest to this study
are Weeping myallboree (Acacia pendula), Wilow wattle (Acacia salicina), River
Cooba (Acacia stenophylla) and Bramble/Prickly wattle (Acacia victoriae) that were

utilised in the Kamarooka project.
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1.11 Molecular phylogenetics in identification of salt tolerant species

Another focus of this study is to identify Acacia species for sustainable agroforestry
applications in salinity prone areas. It is highly desirable to identify which species
would carry a favourable gene pool to combat salinity. The use of native salt tolerant
varieties could provide an ideal solution; as, such species may have the trait of salinity
tolerance i addition to having economic and agronomic benefits. The selection of
species, however, needs to consider key factors such as substantial mvestment, both

economically and time wise.

Comparative biology is based on the expectation that closely related organisms share
traits, such as salinity tolerance, that are less common in more distantly related
organisms (Cracraft, 2002). Therefore, clarifying molecular phylogenetic relationships
can aid in selecting candidate species for a particular trait. Miller et al. (2011) used
plastid and nuclear rDNA data to test whether invasiveness of species had a
phylogenetic component, across a broad phylogenetic framework of 110 Acacia species.
Although the mnvasive species did not form a monophyletic group, some evidence for
phylogenetic grouping of invasive Acacia species was found. The study also identified
sister species of known invasive species that may have increased potential for
mvasiveness. The need for phylogenetic data on the species of mterest in the present
study is to establish genetic relationships or interspecies similaritiess of the Acacia
species, as well as identify close relatives to the four species utilised in Kamarooka
mentioned earlier.  This information can subsequently be used to generate lists of
species that can be tested for salinity tolerance traits. In a very large genus, like Acacia,
this may reduce unnecessary field trials, prevent further expansion of salinity, and assist

in biodiversity conservation and sustainability.

Molecular phylogeny is a potential tool for comparative genomics and phylogenetic
classification. It is based on the principle that nucleotide sequences obtained from the
nuclear or chloroplast genomes are highly conserved in individuals within a species, but
differs among different species (Shneyer, 2009). These differences provide mnformation
about evolutionary relationships and by inference the potential sharing of traits between
taxa. The identification of DNA regions for phylogenetics can also be used for species

identification, by comparison of the target sequences against a known reference
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database - a technique known as DNA barcoding. Ideally, the DNA barcode region
should match certain selection criteria, which include (i) the barcode region should be
conserved in all species of a major taxon, (i) be of short length (not exceeding 700-800
bp) for efficient isolation from damaged samples, (i) be sufficiently divergent in
different and closely related species, (iv) exhibit high similarity in individuals within a
species, (v) be flanked by evolutionary conserved region for ease of primer design and
sequence amplification, and (vi) presence of indel sequences (insertions and deletions)
for ease of alignment (Shneyer, 2009). In animals, a 650 bp 5’ section of the
mitochondrial gene coding for cytochrome ¢ oxidase 1 (CO1 or coxl) serves as a
barcode region. However, in plants mitochondrial DNA has been found to be
unsuitable for DNA barcoding (Erpenbeck et al., 2006, Hellberg, 2006), and hence the
search for a suitable barcode region was confined to the nuclear and chloroplast
genomes. Several sections of the chloroplast genome, such as trnH-psbA, matK, rpoC,
rpoB, rbcL are now the preferred choice of chloroplast markers for phylogenetic studies
of closely related plant species. These are often combined with the internal transcribed
spacer (ITS) of 18S-26S rDNA and external transcribed spacer (ETS) of 185-26S rDNA

in the nuclear regions.

1.11.1 Nuclear ribosomal DNA spacers as molecular phylogenetic markers

Apart from DNA barcoding, the ITS1 and ITS2 regions of plant rRNA genes are used
most frequently to study phylogeny at genus and species levels due to advantages such
as high sequence variability, high copy number and ease of amplification (Kay et al,
2006; Mort et al, 2007). The ITS is adjacent to the conserved 5.8S rRNA gene region
and is flanked by the conserved 18S and 26S rRNA genes, and this entire region is
tandemly repeated thousands of times to make up the rDNA cistron. The ETS region of
18S-26S rDNA belongs to the same transcriptional unit. It may have evolved under
similar functional constraints and complements the ITS data to yield more characters for
significant phylogenetic inferences in angiosperms (Baldwin and Markos, 1998). The
ITS and ETS regions are currently the most commonly sequenced published loci for a
wide range of Acacia species and therefore provide the best available comparative

dataset.
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1.11.2 Role of chloroplast markers in molecular phylogenetics

Chloroplast markers (noncoding sequences: introns and spacers) based on chloroplast
genes are easy to isolate and abundant in the cell. However, a single gene may not have
sufficient variation, or may have low sequence divergence i closely related species,
and hence phylogenetic resolution at lower taxonomic levels may be unfavourable. A
more efficient way to apply these regions for phylogenetic analysis is to use a
combination of chloroplast DNA markers. Two combinations of chloroplast loci were
proposed as potential "official' plant DNA barcodes: rpoCIl+rpoB+matK and
rpoCl+matK+psbA-trnH (Chase et al., 2007). Of these rpoCl, rpoB and matK are
coding sequences and psbA-trnH is non-coding. The markers were tested for degree of
variability and phylogenetic usability and were determined to be of potential use (Chase
et al, 2007). Several other regions and combinations were also tested such as rbcL,
rpoB, rpoC, matK, accD, trnH-pshA and the universal plastid amplicon (UPA)
(Newmaster et al., 2008), (chloroplast rpoB, rpoCl, matK, accD, ycf3, ndhJ, trnH-
psbA, rbcL and nuclear ITS) (Kress and Erickson, 2007), matK-trnK, psbA-trnH, trnlL-
rpl32, trnL-trnF (Miller et al, 2003). The recent availability of many chloroplast
genomes has facilitated the identification of potential marker regions that have high

evolutionary rates which is critical to resolution in molecular phylogenetics study.

1.12 Summary and research aims

The above review of literature shows that salinity is a serious global issue that has
damaging consequences to agriculture, food security, land management and
biodiversity. While the effect of salinity on plants can be deleterious, some plants are
capable of tolerating salinity and exhibit various sensing, signaling and regulatory
pathways.  There is need for better crops capable of sustaining a growing human
population via high productivity, which requires the exploration of more genetic
resources. There is a lot of emphasis on improving salnity tolerance in crop plants by

transgenic technologies.

Much of the work on genetics of salt tolerance has been conducted in model plants and
crop species, but data related to native plants are very limited. Some possible
candidates for investigation are identified here and include the saltbushes and wattles.

Australian native flora, such as the saltbushes (Atriplex spp.) and wattles (Acacia spp.),
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are rich genetic and environmental resources yet to be utilised to the fullest. The

following chapters aim to explore the biochemical basis of salt tolerance of these plants;

and utilise phylogenetics as a molecular tool to identify salt tolerant Acacia genotypes.

1.13 Specific aims

>

To determine the presence of select osmoprotectant genes in the saltbushes
(Atriplex nummularia, Atriplex semibaccata and Atriplex amnicola) and wattles
(Acacia salicina, Acacia pendula and Acacia victoriae) by means of gene
isolation, amplification, cloning and sequencing and characterise the genomic and
protein sequences using bioinformatics tools.

To investigate if the saltbushes have the genetic and biochemical ability to
synthesise glycine betaine

To investigate other osmoprotectants (proline and trehalose) in salt treated against
control plant seedlings by biochemical and enzyme expression analysis.

To identify potential salt tolerant Acacia species using Bayesian and maximum
parsimony inference in phylogenetics as a predictive molecular tool.

To test growth and physiology parameters indicative of salt tolerance in putative

salt tolerant Acacia species.
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2.1 Equipment

Table 2.1: Equipment used in this study

Manufacturer Equipment Purpose
Bio-Rad, California, MyCyclerTM PCR
Usa Chemidoc XRS documentation station | Visualisation of agarose gels
under UV light

BMG LABTECH Pty.
Ltd, Offenburg,
Germany

Microplate reader

For reading absorbance of
reaction mixtures used in enzyme
assays

Eppendorf, Hamburg,
Germany

Mini spin plus

Centrifugation

General Electric (GE)
Healthcare,
Buckinghamshire, UK

Electrophoresis power supply-EPS301
Minnie Gel Unit, Gel tank

Agarose gel electrophoresis

GeneQuant™ Pro UV/Vis
Spectrophotometer

Quantification of nucleic acid
concentration, measuring
absorbance of microbial cultures

Grace Discovery
Sciences, Illinois, USA

Prevail™ Carbohydrate ES column
(250x4.6 mm)

HPLC

Prevail™ All-Guard™ Carbohydrate HPLC

ES Sum guard column (4.6x7.5 mm)
Thermo Scientific, Finnpipettes (1-10, 10-100, 100-1000 Dispensing liquids
Madison, USA ul)

Sorvall RC6 Centrifugation
Olympus, Tokyo, Japan | C3040 digital camera Taking images of UV exposed

gels

Ratek, Victoria, Orbital shaker/incubator Bacterial growth
Australia
Shimadzu, Kyoto, SCL-10A VP systemcontroller, FCV- High performance liquid
Japan 10AL VP pump, DGU-14A degasser, chromatography (HPLC)

SIL-10 VP sample auto injector, UV-
VIS detector SPD-10AD VP and a
CTO-10AC VP column oven

Thermoline, Victoria,
Australia

Plant growth cabinet (with light,
temperature and humidity control)

Propagation of plants

Varian, Victoria,
Australia

Varian Spectra AA220 atomic
absorption spectrophotometer

Quantitative analysis of cations
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2.2 Commercial kits, materials, reagents, solutions

Table 2.2: Commercial Kkits and materials used in this study

Manufacturer Kit/material/reagents/solution Purpose
Applied BDT (Big Dye Terminator) v3.1 Ready DNA sequencing
Biosystems, Mix
Australia
Bioline, Alexandria, | Biomix™ (2x) PCR
Australia BioScript™ MMLV RT(Moloney Reverse transcription

Murine leukaemia virus reverse

transcriptase)
dNTP set (4x25 pmol) dNTPs for reverse transcription
Hyperladderl™ DNA Molecular weight marker

for agarose gel electrophoresis

RNase Inhibitor

Inhibition of RNase activity

TRIsure™

RNA isolation reagent

Eppendorf, Hamburg,
Germany

®
Perfectprep Gel Cleanup Kit

Purification of DNA from gels

Merck, NJ, USA

Acetonitrile

Solvent for HPLC

Promega, Madison,
USA

Restriction endonucleases

DNA digestion

Wizard" SV Plasmid DNA Miniprep
Kit

Plasmid DNA isolation

RNase-free DNasel

Digestion of genomic DNA from
RNA samples

T4 DNA ligase

Ligation of DNA

2x Rapid Ligation Buffer

Ligation buffer

pGEM®T Easy Vector System 1

Gene cloning

RNase-free DNasel

DNA digestion during RNA
preparation

Qiagen, Victoria,
Australia

DNeasy Plant Mini kit

DNA extraction

Sigma,
Australia

Victoria,

Ethidium bromide (10 mg/mL)

Agarose gel electrophoresis

2.3 Preparation of solutions

2.3.1 Sterilisation

Solutions were sterilised by autoclaving (121°C for 20 min), or filter sterilised through a

0.22 pum syringe fiter (Millipore, Germany).

were also autoclaved as above.

All glassware and disposable plastic ware

The sterilisation methods used i the preparation of

buffers, media and solutions listed below are indicated with * (autoclaved) or ** (filter

sterilised).

2.3.2 Buffers and Solutions

All buffers and solutions were prepared using autoclaved MiliQ water (Millipore,

Germany).

to the instructions in Sambrook and Russell (2001).
*TAE buffer, 50X: 2.0 M Tris base, 6.5 M EDTA disodium salt, pH 8.0
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*Agarose gel electrophoresis loading dye, 6X: 0.25% (w/v) xylene cyanol, 0.25%
bromophenol blue, 30% (v/v) glycerol

**TB Buffer: 10 mM Hepes, 15 mM CaClL2, 250 mM KCIL, pH 6.7, then add MnCl; to a
final concentration of 55 mM

The following solutions used for DNA sequencing were prepared according to
mstructions by AGRF (Australian Genome Research Facilty Ltd, Melbourne,
Australia).

*BDT dilution buffer, 5X: 400 mM Tris pH 9.0, 10 mM MgCl,

Sequencing clean-up solution: 0.2 mM MgSO4 in 70% ethanol

The following solution used for plant growth was prepared according to Hoagland and
Arnon (1950).

*Hoagland’s solution: 7 mM Ca(NOs3),.4H,0, 5 mM KNO;, 2 mM KH;PO4, 2 mM
MgS04.7H,0, 45 uM H3;BOs3, 9 uM MnCL.4H,O, 0.7 uM ZnSO4.7H,0, 0.32 uM
CuS04.5H,0, 0.12 uM NaMoOy, 28 uM FeEDTA in 1 M KOH.

2.3.3 Media and Solutions for Microbial Growth

The media and solutions used for culturing bacteria were prepared according to
Sambrook and Russell (2001).

**Ampicillin: 20 mg/mL i sterile MilliQ water

*Luria-Betani (LB) medum: 10% (w/v) tryptone, 5% (w/v) yeast extract, 5% (W/v)
NaCl, 15% (w/v) agar (added for plates only)

X-gal (5-bromo-4-chloro-3-indolyl- B-D-galactopyranoside): 5% (W/v) n
dimethylformamide

**IPTG (isopropyl B-D-1-thiogalactophyranoside): 0.1 M in sterile MilliQ water
*2xYT: 16% tryptone, 10% yeast extract, 5% NaCl, pH 7.0

SOB: 0.5% yeast extract, 2% tryptone, 10 mM NaCl, 2.5 mM KCl, 10 mM MgCl,, 10
mM MgSO4*

2.3.4 Microbial Strains

Escherichia coli JM109 (Promega, USA), was used for general molecular cloning

procedures. The ‘competent’ cells were used for transformation of recombinant DNA.
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2.3.5 Plant propagation

Seeds of Atriplex nummularia, Atriplex semibaccata, Atriplex amnicola, Acacia
pendula, Acacia salicina and Acacia victoriae were purchased from AustraHort Pty Ltd.
(Queensland, Australia) and/or Nindethana Seed Services (Western Australia, Australia)
and germinated for 4-5 days on sterile filter paper moistened with sterile water.
Seedlings were then grown on vermiculite;perlite mixture (3:2) under controlled
conditions (25°C, 70% humidity, 16 h photoperiod) in a plant growth cabinet, wrrigated
with Hoagland’s nutrient solution every alternate day. Leaves of individual plants were
snap-frozen in liquid nitrogen and stored at -80 °C and used for RNA extraction for

cDNA synthesis.

2.3.5.1 Plant propagation for gene expression and biochemical analyses

For differential gene expression and biochemical analyses, six seedlings of uniform
growth were transferred to two pots (three plants in each) and grown as above for 8
weeks. Three of these were then exposed to salt stress in increments of 50 mM NaCl in
Hoagland’s solution every alternate day, to the final concentration of 300 mM NacCl (for
a total period of 13 days), while three other seedlings continued to be irrigated with
Hoagland’s solution (as controls). Salt tolerant plants favour low amounts of salt (up to
200 mM) and may need it for growth, hence a higher concentration is needed to
evaluate the effects of salt stress. Hence the salt concentration to be used was based on
several studies that utllised 300 mM NaCl to study effects of salinity stress in
saltbushes; e.g., Atriplex prostrata (Khan et al., 2003), Atriplex nummularia (de Araujo
et al., 2006) and Atriplex halimus (Ahmad et al., 2008; Bouchenak, 2012). The gradual
mcrease in salt is critical to avoid physiological shock that can result in the loss of
differential response (Peel et al., 2004). The leaves and roots of individual salt-stressed
plants were harvested after 48 h at 300 mM NaCl and snap-frozen and individual
control plants harvested simultaneously. One hundred mg of leaf and root tissue of each

plant was used for RNA extraction.

2.4 Methods specific to Chapter 3

2.4.1 Total RNA extraction

Total RNA was extracted using TRIsure reagent according to the manufacturer’s
protocol (Bioline, Australia). About 100 mg of plant leaf tissue was ground to a fine
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powder under liquid nitrogen and mixed with 1 mL of TRIsure (Bioline, Australia) and
incubated at room temperature (RT) for 5 minutes. To this mixture, 200 pL of
chloroform: isoamyl alcohol (24:1) was added and shaken vigorously for 15 seconds,
then incubated at RT for 3 minutes. The mixture was centrifuged at 12,000 rpm for 15
minutes at 4 °C. The upper, clear, aqueous phase was removed, mixed with 500 pL
isopropanol, incubated at RT for 10 minutes and centrifuiged as above for 10 minutes.
The RNA pellet was washed with 1 mL of 75% ethanol made in diethylpyrocarbonate
(DEPC)-treated water and centrifuiged at 7,500 rpm for 5 minutes at 4 °C. The pellet
was air-dried, re-suspended in 40 pL DEPC-treated water and incubated for 10 minutes
at 60°C. The quality of the total RNA extracted was assessed by running 4 pL of RNA

on an agarose gel

2.4.2 DNase treatment of total RNA

To ensure there was no contamination with genomic DNA, the RNA preparations were
treated with DNase. Total RNA was treated with RNase-free DNasel (Promega, USA)
according to the supplier’s instructions. Total RNA (50 pL) was incubated with 10 U of
DNase, 2 U RNase nhibitor and 10 puL of 10x reaction buffer in a total volume of 100
pL (made up with sterile DEPC-treated MilliQ water) for 1 hour at 37 °C. RNA was
precipitated by addition of 5.0 pL 3 M sodium acetate and 250 pL absolute ethanol and
incubated for 10 minutes at -80 °C, followed by centrifugation at 14000 x g for 10
minutes. The pellet was washed in 70% ethanol; airr dried and resuspended n 20 pL
sterile  DEPC-treated MillilQ water.  Concentration of purifitd RNA was assessed
spectrophotometrically (GeneQuant™ pro, GE Healthcare Biosciences) and stored at -
80 °C for further analysis.

2.4.3 Spectrophotometric quantification of RNA

Purified RNA was diluted 1:50 (RNA: DEPC-treated MilliQ water) and the absorbance
readings at 230 nm, 260 nm and 280 nm were recorded on GeneQuant™ Pro
Spectrophotometer (GE Healthcare, UK). The RNA concentrations were determined
based on 1A260 = 40 pg/mL of single-stranded RNA. An RNA to protein absorbance
ratio (A260/A280) between 1.8 and 2.0 was used as an indication of high purity
(Sambrook and Russell, 2001).
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2.4.4 cDNA synthesis

First strand complementary DNA (cDNA) was synthesised using the Bioscript MMLV
reverse transcriptase (Bioline, Australia) system. For each reaction 2 ug of each RNA
(made upto 11 pL with sterile DEPC-treated MilliQ water) was incubated with 1 uL of
0.5 pg/uL oligo d(T)18 primer (Invitrogen) at 70 °C for 5 minutes and then chilled on
ice. To this reaction mixture, 1 pL dNTPs (10 mM each), 10 U RNase mnhibitor
(Bioline, Australia), 4.0 pL Of 5% reaction buffer (Bioline, Australia), 2.5 pL of DEPC-
treated water and 50 U Bioscript (Bioline, Australia) were added and incubated at 37 °C
for 1 hour. The reaction was stopped by incubating the mixture at 70 °C for 10 mmnutes.
The quality of cDNA was assessed by PCR using 1 pL of the cDNA preparations and
the CMO F2-R2 or BADH F9-R3 intron-spanning primers (Figures 2.1 and 2.2, Table
2.3), using conditions of semi-quantitative reverse transcriptase PCR (sqRT-PCR) and
comparing the sizes of PCR products to those from gDNA.

2.4.5 Cloning of full-length ¢cDNAs

Multiple sequence alignments of all available plant CMO and BADH cDNAs from
GenBank were conducted using ClustalW (www.ebiac.uk/Tools/msa/clustalw2/) and
BioEdit v7.0.0 (http//www.mbio.ncsu.edwbioedit/bioedit.html). The alignments were

used to design exon-based primers (Table 2.3). One pL of first-strand cDNA was then
amplified with CMO F1-R1 and BADH F7-R1 to obtain full-length cDNAs (from start
to stop codons). The PCR conditions were: initial denaturation (94°C, 5 minutes), then
30 cycles of denaturation (94°C, 45 sec), annealing (temperature various, see Table 2.3;
45 sec), extension (72°C, 90 sec) and a final extension (72°C, 10 minutes). The PCR
products of interest were purified and cloned mto pGEM-T Easy vectors (Promega,
USA) following the manufacturer’s instructions. For each reaction 2.0 pL PCR product
was combined with 1.0 pL vector DNA, 5.0 pL 2% Rapid Ligation buffer (Promega,
USA) and 1.0 pL T4 DNA ligase (Promega, USA). Ligation reactions were incubated
at room temperature for one hour and then at 4 °C overnight. The ligation mixture (5.0
pL) was then mixed with 100 pL competent IM109 E. coli cells, incubated on ice for 20
minutes, heat-shocked at 42 °C for 50 seconds and incubated on ice for 2 minutes. This
reaction mixture was added to 1 mL of Luria Bertani (LB) broth and incubated at 37 °C
for 1 - 1.5 hours with shaking at 200 rpm. After incubation, the transformation mixture
was centrifuged at 1,000 xg for 3 minutes and 800 pL of the supernatant was discarded.
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An aliquot (50 pL) of the remaming transformation mixture was plated onto LB agar
containing ampicillin, IPTG and X-gal for identification of recombinant colonies
through blue/white screening. Colony PCR was conducted using vector-based primers
T7 and SP6 to identify colonies with recombinant plasmids. Six to ten such colonies
per ligation were cultured in Luria Bertani broth and used for plasmid extractions using
Wizard® Plus SV Minipreps system (Promega, USA). Plasmids were sequenced using
the BigDye® Termmator v3.1 (Applied Biosystems, USA) as per instructions of the
Australian  Genomic Research Facilty (Melbourne) (http//www.agrforg.auw/) and
analysed on a 3730xl DNA Analyser at AGRF.

2.4.6 Extraction of genomic DNA

Genomic DNA was extracted from frozen leaf tissues using DNeasy Plant Mini Kit
(Qiagen, Australia) according to the supplier’s protocol. ~About 100 mg of fresh leaf
tissue was pulverised into a fine powder under liquid nitrogen to which Buffer AP1
(400 pL) and RNase A (4 pL) were added. The mixture was vortexed briefly then
incubated at 65°C in a water bath for 10 minutes. Buffer AP2 (130 pL) was added to
the reaction components, mixed well and incubated on ice for 5 mnutes. The lysate
was centrifiged for 5 minutes at 20,000 x g The supernatant was transferred into a
QIAshredder Mini spin column in a 2 mL collection tube and centrifuged for 2 minutes
at 20,000 x g. The eluent in the collection tube was mixed with Buffer AP3/E (1.5
times the eluent volume). The solution (maximum of 650 pL) was loaded onto a
DNeasy mini spin column in a 2 mL collection tube and centrifuged at 6000 x g for 1
minute. This step was repeated if there was any remamning sample. The column was
washed with Buffer AW by centrifuigation at 20,000 x g for 2 mmutes followed by
DNA elution in 50 pL of Buffer AE.

2.4.7 Amplification, cloning and sequencing of genomic copies of CMO and BADH
genes

Alignments of all putative plant CMO and BADH cDNAs and putative proteins
available n GenBank were performed using ClustalW
(www.ebi.ac.uk/Tools/msa/clustalw?2/) and edited using BioEdit
(http//www.mbio.ncsu.edwbioedit/bioedit. html). Based on these, several exon-based

degenerate primers were designed to amplify various overlapping sections of the genes
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from gDNAs (Figures 2.1 and 2.2, Table 2.3). Since the BADH genes typically contain
many and large introns (Yin et al., 2002), a nested PCR approach was applied using
primer pairs F7-R6, F8-R6, F1-R3, F4-R4, F5-R4 and F5-RI1; for CMO, the primer
pairs F3-R3, F4-R4, F6-R5, F7-R4, F7-R5 and F8-R3 were used. The reactions were
conducted in 50 pL volumes containng 25 pL Biomix (Bioline, Australia) (which
contains dNTPs and Taq polymerase), 100 ng of each primer and 100 ng of gDNA
templates. The cycling conditions used for PCR amplifications were mitial denaturation
(94 °C, 5 minutes), followed by 35 cycles of denaturation (94°C, 45 sec), annealing (at
5°C lower than the lowest Tm of the primer in a pair, 45 sec) and extension (72°C, 1
minute), then a final extension (72°C, 10 minutes). The products of expected size (or
larger, possibly due to presence of introns) were purified from gels using Wizard® SV
Gel or PCR Clean-Up Systems (Promega, USA and cloned into the pGEM-T Easy
vectors (Promega, USA). To test for the presence of inserts, colony PCR was
conducted using the vector-based primers T7 and SP6 (Table 2.3), except for annealing
temperatures of 45°C. At least 6-10 recombinant (white) colonies per ligation were
cultured individually overnight n Luria Bertani (LB) broth and used for plasmid DNA
extraction using Wizard® Plus SV Miipreps DNA Purification System (Promega,
USA). Plasmids were sequenced using the T7 and SP6 primers and the BigDye®
Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, USA), using the protocol
provided by the Australian Genomic Research Facilty (AGRF), Melbourne
(http//www.agrforg.au/).
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Table 2.3: Primers used for gene cloning and expression analyses

Primer Sequence (5’-3')° Primer location, region | Tm |Expected amplicon | Ta
name’ in putative protein® (°C) size (bp)® (°C)
Primers used for amplification and cloning of full-length cDNAs
*CMOF1 ATG GCA GCAAGT GCA ACA AC Exon 1, MAASATT 47 1269 45
*CMOR1 TCA CTT CAA WACTTG GTG TAA CC | Exon 10 CWLHQVLK 47
BADHF7 ARAATG GCGTTY CCW ATK YC Exon 1, KMAFPMP 61 1503 57
BADHR1 GGAGACTTG TACCRKCCC CTG A Exon 15, GWYKSP 59
Additional primers used for amplification and cloning of GB genes from Acacia gDNA and cDNA
CMOF3 CAT GCW TTT CAC AAT GTT TGY Exon 3, HAFHNVC 59 1062 52
CMOR3 GTAKYCATC CTA GKK CCATACC Exon 8 RYGPWMDT 56
CMOF4 CTT GGTAYACYG AACCTGC Exon 1, WYTD/EP 55 1783 50
CMOR4 CAG TGG AARTGG TGRATTCC Exon 10, PMHHFH 59
CMOF6 GTTTYG TNT GCC CTT AYC Exon 3, CFVCPY 52 1048 47
CMORS5 ART AGT CCA CCA CTARTTTGC Exon 8, CKVVFD 54
CMOF7 SNTAYCATGTTCCITATG C Exon 6, YHYPYYA 50 1394 50
CMOR4 CAG TGG AARTGG TGRATTCC Exon 10, PMHHFH 59
CMOF7 SNTAYCATGTTCCTITATG C Exon 6, YHYPYYA 50 455 45
CMORS5 ART AGT CCA CCA CTARTTTGC Exon 8, CKVVFD 54
CMOF8 CAA GYG CWACMA CMA TGTTGC Exon 1, SATTML 58 1645 54
CMOR3 GTAKYC ATC CTA GKK CCATACC Exon 8 RYGPWMDT 56
BADHF1 ACT GGAAACCCT TGATTCTGGA Exon 3, LETLDSG 57 1498 50
BADHR3 GCA GCAGAAGCC ATAATC Exon 7, KIMASA 54
BADHF4 AGT KTG TAA HGAAGT GGG AC Exon 6, VCNEVG 52 2195 49
BADHR4 CCA RACARYTCCAACTTC Exon 14, EVGAVW 51
BADHF5 CGR CTT GGT CCT GTT ATC Exon 10, RLGPVI 54 1298 46
BADHR4 CCA RACARYTCCAACTTC Exon 14, EVGAVW 51
BADHF5 CGR CTT GGT CCT GTTATC Exon 10, RLGPVI 54 1076 52
BADHR1 GGCTTCATCTTCAGTWYTA Exon 12,S/KTEDE 57
BADHF7 ARAATG GCG TTY CCW ATK YC Exon 1, KMAFPMP 61 2119 56
BADHR6 TCC AGA ATCAAG GGTTTCCAG Exon 3, LETLDSG 61
BADHF8 GCA ACT GCAGAG GATGTRG Exon 2, ATAEDV 55 1727 52
BADHR6 TCC AGA ATCAAG GGTTTCCAG Exon 3, LETLDSG 61
Primers used for gene expression studies
*CMOF2 ATG CCT TTCACAATGTTT GC Exon 3, HAFHNVC 59 506 55
*CMOR2 ACC ATT GTTTGA AGT CCC AG Exon 7, GTSNNG 57
BADHF9 GCGTGCTATTGCTGCTAAG Exon 2, RAIAAK 57 539 51
BADHR3 GCA GCAGAAGCC ATAATC Exon 7, KIMASA 54
ActinF ATG GTS AAG GCTGGD TTTGC NA 47 900 52
ActinR GGG AACATRGTK GAH CCACCAC NA 52
Primers used for amplification of inserts from clones
T7 GTAATA CGACTC ACTATAGGGC pGEM-T Easyvector- 51 Insert-specific 45
SP6 ATT TAG GTG ACA CTATAG specificprimers 35
'F: forward primer, R: reverse primer.

2R=A+G; Y=C+T; M=A+C, K=G+T;

V=G+A+C;

N=A+C+G+T.

S=G+C;, W=A+T;

H=A+T+C; B=G+T+C; D=G+A+T;

3Estimates based on the Arabidopsis thaliana CMO and Atriplex centralasiatica BADH gene structures

(Figures 2.1

and 2.2).

*Estimates and primer sequence based on Atriplex nummularia CMO cDNA (AB112481.1). NA: not

applicable.

Ta: Annealing temperature (C) used
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Figure 2.1: Primer design for cloning of cDNAs and differential gene expression analyses of CMO gene

A) CMO gene structure deduced from Arabidopsis thaliana genomic copy (AT4G29890.1) and CDS (NM_119135.4).*Positions and sequences of
primers are based on Atriplex nummularia CMO cDNA (AB112481.1). Boxes labelled E represent exons, lines between represent introns, ‘F’ denotes
forward primers and ‘R’ denotes reverse primers. Dash-and-dot arrows indicate PCR products analysed for differential gene expression of saltbush
cDNA; plain arrow indicates PCR for obtaining full length saltbush cDNA (excluding introns). Green dotted lines indicate additional primer pairs
attempted for CMO amplification from gDNA and cDNA of Acacia species. Lines drawn to scale.
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Figure 2.2: Primer design for cloning of cDNAs and differential gene expression analyses of BADH gene

BADH gene structure deduced Atriplex centralasiatica genomic copy (AY093684.1) and CDS (AY093682.1). Boxes labelled E represent exons, lines
between represent introns, ‘F° denotes forward primers and ‘R’ denotes reverse primers. Dash-and-dot arrows indicate PCR products analysed for
differential gene expression; plain arrow indicates PCR for obtaining full length ¢cDNA (excluding introns). Green dotted lines indicate additional primer
pairs used for BADH amplification from gDNA and cDNA of Acacia species. Lines drawn to scale.
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2.4.8 Sequence analyses, alignments and phylogenetic trees
The cDNA  sequences were subjected to BLASTN (nr  database)
(http//www.ncbinim.nih.gov/Blast.cgi), and the c¢DNAs and deduced amino acid

sequences also compared to those of A. thaliana (for CMO) and S. oleracea and
Atriplex centralasiatica (for BADH). Percent identity with all putative plant CMO and
BADH proteins in Genbank was calculated using Sequence Identity Matrix in BioEdit
v7.0.0. Phylogenetic trees were produced based on amino acid alignments using the
Neighbor-Joining algorithm n MEGA4
(http//www.megasoftware.net/mega4/mega.html) with a bootstrap replication value of
1000.  The following bioinformatics tools were also used: SIM4 (https/pbil.univ-
lyonl.fi/members/duret/cours/mserm2 10604 /exercise4/simd.html) to align cDNA and

genomic sequences and predict splice junctions; GSDS (gene structure display server)

(http/gsds.cbipku.edu.cn/) for drawing gene structure schematics; ProtParam

(http//web.expasy.org/protparam/) for analysing the putative mature proteins for

biochemical parameters (molecular weights, pl, amino acid composition, instability
index, aliphatic index, and GRAVY (GRand AVerage of hYdropathicity)); Conserved
Domain Database Search (CDD-Search),
(http//www.ncbi.nlm.nih. gov/Structure/cdd/wrpsb.cgi); WOoLF PSORT
(http//wolfpsort.org/) and TargetP (http//www.cbs.dtu.dk/services/TargetP) to predict
subcellular locations and ChloroP (http//www.cbs.dtu.dk/services/ChloroP/) to predict

chloroplast transit peptides (cTP) and potential cleavage sites.

2.5 Methods specific to Chapter 4

2.5.1 Glycine betaine quantitation by HPLC

2.5.1.1 Preparation of solutions

Betaine anhydrous was purchased from Sigma, absolute ethanol from Ajax Finechem
(Rowe Scientific Pty Ltd, Australia) and acetonitrile from Merck (Australia). All
solvents were of HPLC grade and all other chemicals were of analytical grade.
Acetonitrile and MilliQ water were vacuum-filtered using a 0.45 pm membrane filter
and sonicated for 20 minutes before use. A standard (stock) solution of 5 mg/mL
Betaine was prepared in 50% ethanol and diluted to six standard GB solutions ranging
in concentrations from 50 pg/mL to 1000 pg/mL.
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2.5.1.2 Sample preparation

Plant extracts for betaine analysis were prepared based on a modified protocol by
Ahmad et al, 2008. Extracts were prepared in triplicates for each condition- three
control plants (grown in no salt condition) and three salt-stressed plants (grown in 300
mM NaCl condition). Frozen powdered leaf tissues weighing 50 to 80 mg was mixed
with the solvent- methanol: chloroform: water (60:25:15) at a ratio of 2 pL of solvent
per 1 mg sample. The mixture was vortexed for 30 seconds. An equal volume of sterile
Milli-Q water was added and the resultant homogenate was shaken gently for 20
minutes. The samples were then centrifuiged at 570 x g for 10 minutes at room
temperature. The upper clear methanol-water phase was obtained and freeze dried. The
concentrated sample was dissolved in 1 mL of 50% ethanol and filtered through a 0.45
um membrane fitter. The filtered extracts were transferred to HPLC vials for GB
quantitation. An injection volume of 10 pL per extract was used for each run of 15
minutes. Each sample and standard was injected three times and the average peak area

was used for GB estimation.

2.5.1.3 HPLC instrumentation and chromatographic conditions

A Shimadzu model HPLC system equipped with SCL-10A VP system controller, LC-
10AT VP liquid chromatograph, FCV-10AL VP pump, DGU-14A degasser, SIL-10 VP
sample auto mjector, UV-VIS detector SPD-10AD VP and a CTO-10AC VP column
oven was used. The chromatographic column used was Prevail™ Carbohydrate ES
column (250 x 4.6 mm) along with a Prevail™ All-Guard™ Carbohydrate ES 5 pm (4.6
x 7.5 mm) guard column. The typical conditions used for chromatography were-
temperature: 30°C, flow rate: 1 mL/minute, injection volume: 10 pl, pressure (Ppax) —
2200 psi, UV wavelength: 190 nm and a run time of 15 minutes. The mobile phase
used for separation was a mixture of Acetonitrile and MiliQ water in the ratio 75:25.
Peak area was calculated using Shimadzu’s CLASS VP chromatography analysis

software.

2.5.1.4 HPLC method optimisation and validation
Based on the standard protocol provided with the column, various adjustments using
betaine standard were made in order to optimise the elution of GB. Some of the

parameters that were optimised include solvent concentration (ratio of acetonitrile:
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water; 80220, 75:25), percentage of ethanol for preparation of extracts (40%, 50%, 60%,
70%), time of elution (20 minutes, 15 minutes), and UV wavelength for detection (190
nm, 200 nm) (results not detailed). The HPLC method developed for the quantitation of
GB was validated based on five of the parameters detailed by the International
Conference on Harmonisation (ICH) guidelines for validation of analytical procedures.
These include linearity, intraday and inter day precision as percent relative standard

deviation (% RSD), limit of detection (LOD) and limit of quantitation (LOQ).

Linearity was determined based on linear regression (R?) of six standard GB solutions
ranging from 50 pug/mL to 1000 pg/mL. To establish precision of method, 10 pL of
three standard GB solutions each (50, 300 and 500 pg/mL) were mjected into the HPLC
system three times on a single day (intraday precision) and on three different days (inter
day precision). Percent relative standard deviation (RSD) was calculated for the three
standard GB solutions as % RSD= 100*(c/average peak area), where o denotes standard
deviation. The following definitions are stipulated by the ICH for LOD and LOQ: (i)
limit of detection can be defined as ‘the lowest amount of analyte in a sample which can
be detected but not necessarily quantitated as an exact value’ (ICH, 1996); (i) limit of
quantitation can be defined as ‘the lowest amount of analyte in a sample which can be
quantitatively determined with suitable precision and accuracy’ (ICH, 1996); (i) limit
of detection and limit of quantitation was calculated based on the standard deviation (o)
of response (average peak area). LOD= 3.3*(c/S) and LOQ= 10*(c/S) where S is the

slope obtained from the standard curve.

2.5.1.5 GB quantitation

Identification of GB in the leaf extracts was based on the retention time of standard GB.
The amount of GB in the leaf extracts of control and salt-stressed Atriplex and Acacia
samples was determined from the slope and mtercept values projected in the standard
curve of glycine betame. The amounts were expressed as pg of GB per mg FW of leaf

tissue.
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2.5.2 Proline quantitation by Ninhydrin Assay

2.5.2.1 Preparation of standards

Quantitation of proline from standards as well as plant samples was optimised by
modifications of a protocol by Bates et al (1973). Proline (Sigma Aldrich, Australia)
was used to prepare a 1 M stock solution in 3% sulphosalisylic acid (Sigma Aldrich,
Australia) and standards (100 - 400 uM) were prepared from it. Toluene was used as a
blank (Bates et al., 1973).

2.5.2.2 Sample preparation and proline quantitation

Fresh tissue (around 50 mg) was powdered i liquid nitrogen and homogenized in 1.5
mL 3% sulfosalicylic acid and centrifuged at 12000 x g for 7 minutes. Then, 2 mL 1%
ninhydrin in 60% acetic acid and 500 pL distilled water was added to the 500 uL of
supernatant. The solution was incubated in boiling water bath (100°C) for an hour and
the reactions stopped by placing the tubes on ice. Two mL toluene was added to each
sample and the solutions mixed well. The absorbance of the toluene phase was
determined in 518 nm and proline content was estimated as nmol mg' FW. Standards
were processed in the same way as the plant samples. Toluene was used as a blank. A
standard curve with absorbance (AU) plotted against concentration (nanomoles per mL)
was used to estimate the quantity of proline in the sample. Any dilution used was

considered in determining the proline quantity.

2.5.3 Trehalose quantitation by HPLC

2.5.3.1 Preparation of solutions

Trehalose dihydrate (o,0-Trehalose) was purchased from Sigma, absolute ethanol from
Ajax Finechem and acetonitrile from Merck. All chemicals used were of analytical
grade and solvents of HPLC grade. Acetonitrile and MilliQ water used for HPLC were
vacuum filtered using a 0.45 pm membrane fiter and sonicated for 20 minutes before
use. A standard solution of 5 mg/mL trehalose was prepared in 50% ethanol. The stock

solution was diluted to standard trehalose solutions with concentrations ranging from 1

mg/mL to 5 mg/mL.
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2.5.3.2 Sample preparation

Samples prepared for GB determination were also used for Trehalose analysis with
some modifications. An aliquot of the GB extracts together with an equal volume of 10
mM sulphuric acid were boiled for 1 hour at 100°C i order to break down sucrose, as
typically carried out for estimation of trehalose in plant tissues (El-Bashiti et al, 2005;
Ahmed et al, 2013; Li et al, 2014), due to sucrose having the same retention time as
trehalose on a HPLC column.

2.5.3.3 HPLC instrumentation and chromatographic conditions

A Shimadzu model HPLC system equipped with SCL-10A VP system controller, LC-
10AT VP liquid chromatograph, FCV-10AL VP pump, DGU-14A degasser, SIL-10 VP
sample auto injector, RID-10A Refractive index detector, and a CTO-10AC VP column
oven was used. The chromatographic column used was Prevail™ Carbohydrate ES
column (250 x 4.6mm) along with a Prevail™ All-Guard™ Carbohydrate ES 5 pm (4.6
x 7.5mm) guard column. The typical conditions used for chromatography were-
temperature: 30°C, flow rate: 1 mL/minute, mjection volume: 20 pL, pressure (Pmax) —
2200 psi, RID mode: analytical, polarity: + and a run time of 15 minutes. The mobile
phase used for separation was a mixture of fitered Acetonitrile and MilliQ water in the
ratio 7525. Peak area was calculated using Shimadzu’s CLASS VP chromatography

analysis software.

2.5.3.4 HPLC method optimisation and validation

Based on the standardised protocol provided with the column, the method for HPLC
analysis using standard trehalose was optimised. The HPLC method developed for the
quantitation of trehalose was validated based on five of the parameters mentioned by the
International Conference on Harmonisation (ICH, 1996) guidelines for validation of
analytical procedures. The parameters include linearity, intraday and inter day precision
as percent relative standard deviation (%RSD), lmit of detection (LOD) and lLmit of
quantitation (LOQ) as described under GB quantitation using HPLC. Precision of
method, percent relative standard deviation (RSD), lmit of detection, lmit of
quantitation and linearity was determined using three standard trehalose solutions

ranging from 1, 3 and 5 mg/mL as described for GB estimation.
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2.5.3.5 Trehalose quantitation

Identification of trehalose in leaf extracts was based on the retention time of standard
trehalose. The amount of trehalose in the leaf extracts of control and salt-stressed
Atriplex and Acacia samples was determined from the slope and intercept values
projected in the standard curve of trehalose. The amounts were expressed as pg of

trehalose per mg of leaf tissue.

2.5.4 Enzyme assays

2.5.4.1 Total protein extraction for assay of Betaine aldehyde dehydrogenase
activity (BADH) enzyme activity

Total protein from leaf tissues of three control plants and three salt-stressed plants were
extracted according to the method described in Zhang et al. (2008). About 100 mg of
freeze dried leaf material was homogenised in 200 pL of protein extraction buffer (50
mM HEPES-KOH (pH 8.0), 1 mM EDTA, and 5 mM DTT). The mixture was
centrifuiged at 10,000 x g for 10 mmnutes at 4°C in a cold room. The supernatant was

used for estimation of total protein concentration using Bradford assay.

2.5.4.2 Total protein extraction for assay of proline biosynthetic enzymes

Leaf extracts of three control and three salt-stressed plants were prepared from snap-
frozen powdered leaf tissue by extracting with a buffer containing 100 mM Tris-HC1 pH
7.5, 10mM MgCh, 1 mM EDTA, 10 mM B-mercaptoethanol, 4 mM DTT, 2 mM
phenylmethylsulfonyl ~ fluioride (PMSF) and 2% polyvinylpolypyrrolidone (PVPP)
(Chilson et al, 1992). Briefly, 200 pL of buffer was added to the leaf material and
homogenised.  The extracts were centrifuiged at 10,000 x g for 20 mmnutes. The
supernatants were transferred to pre-chilled microcentrifuge tubes and further clarified
by centrifugation at 10,000 x g for 20 mnutes at 4°C i a cold room. The supernatant

was used for estimation of total protein concentration by Bradford assay.

2.5.4.3 Quantitation of total protein content by Bradford Assay

Protein estimation using Bradford assay was done on 96-well microtitre plates
according to the supplied protocol (http//www.bio-
rad.com/webroot/web/pdf/isr/literature/41 10065 A.pdf). The Bradford reagent was
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brought to room temperature and mixed well before use. Suitable dilutions of protein

standards were prepared as shown in Table 2.4.

Table 2.4: Estimation of protein quantity based on serial dilutions of standard BSA
protein with 2000 pg/mL concentration

Diluent Final Total Available
T:(:)e BSA (SJSI dard buffer* Concentration volume volume
(uL) (ng/mlL) (uL) (uL)
1 15 5 1500 20 10
2 10 10 1000 20 10
3 10 (from tube 2) 10 750 20 10
4 10 (from tube 3) 10 500 20 10
5 10 (from tube 5) 10 250 20 10
6 10 (from tube 6) 10 125 20 20
7 - (Blank) 5 0 5 5

*Diluent buffer refers to the buffer used for total protein extraction.

250 pL of Bradford reagent was added to 5 pL each of the above standards and plant
extracts. The mixture was incubated for 5 minutes at room temperature and the
absorbance measured at 595 nm using a plate reader (protein dye complex is stable for
60 minutes). The net absorbance against the protein concentration of each standard was
plotted. The protein concentrations of the plant extracts were determmed using the

standard curve.

2.5.4.4 Assay for BADH activity

The reaction mixture for assaying BADH activity was prepared according to Zhang et
al, 2008. To 100 pL of reaction mixture (20 mM Tris-HCIL, 0.5 mM NAD', 5 mM
DTT) n a 96 well microplate, 20 pL of enzyme extract prepared for BADH assay
(prepared as described above) was added. The reaction was initiated on addition of the
substrate betaine aldehyde (1 mM). The absorbance of the mixture was read at 340 nm
at 0 minute and then after 25 minutes at 25°C. The assay was repeated twice under
identical conditions. One unit of BADH activity can be defined as 1 pmol/minute of
NAD" consumed per mg protein (Zhang et al.,, 2008).

2.5.4.5 Assay for PSCS activity

A 100 pL reaction mixture (Zhuang et al, 2011) containing 100 mM Tris-HCI (pH 7.5),
25 mM MgCh, 75 mM Na-glutamate, 5 mM ATP and 0.4 mM NADPH was used for
assaying the activity of P5CS i 20 pL of plant extract (prepared for proline
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biosynthetic enzymes, see above). The reaction was mitiated by addition of NADPH.
The assay was conducted in a 96 well microplate and monitored on a microplate reader
at Asgo at 37°C mmediately (Ty) and thereafter at 15 minutes (T;s), the consumption of
NADPH measured as a decrease in absorbance at Asso. One unit of PSCS activity can
be defined as 1 pmole of NADPH oxidised per minute per mg protein (Zhuang et al.,
2011).

2.5.4.6 Assay for PDH activity

To 100 pL of reaction mixture (Rucinska-Sobkowiak et al, 2013) (0.15 M Na,CO3;—
HCI buffer (pH 10.3), 1.5 mM NAD", 15 mM L-proline) in a 96 well microplate, 20 L
of plant extract (prepared for proline biosynthetic enzymes, see above) was added. The
reduction of NAD" to NADH was monitored at 340 nm at 37°C immediately (To) and
then after 30 mmutes (T3p). The PDH activity was expressed as nanomoles of NAD
consumed per minute per mg of protein. The extinction coefficient of NAD" was 6.2

mM/cm. The reaction mixture (without NAD") and enzyme extract was used as a blank.

2.5.4.7 Data analysis

Data obtained for the amount of GB and proline in control and stressed plants was
analysed using one-way analysis of variance (ANOVA) i SPSS v. 20 (Statistical
Package for the Social Sciences). The Least Significant Difference (LSD) and Tukey’s-
b post-hoc tests was carried out to compare group means with the significance level set
at 0.05. Mean differences were significant if p<0.05 and not significant if p>0.05. For
assaying the activity of BADH, P5CS and PDH, specific activity of enzyme was
calculated per mg protein in the frozen tissue sample and subjected to the same

statistical analyses as above.

2.6 Methods specific to Chapter 5

2.6.1 Plant Tissue Sampling for Genomic DNA Extraction

The thirty species to be analysed were mitially selected based on species groups
morphologically related to the salt tolerant species (A. pendula, A. salicina, A.
stenophylla and A. victoriae), as described in Flora of Australia (Orchard and Wilson,
2001a; b). The phyllode or leaf tissue (20 mg) was removed from herbarum sheets

held at Royal Botanic Gardens, Melbourne (herbarium voucher numbers given in Table
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2.5) and used for genomic DNA extraction using the DNeasy Plant Mmni Kit (Qiagen
Australia).

2.6.2 Amplification and Sequencing of ITS and ETS Markers

A dataset of ITS and ETS sequences was constructed using data from Brown, et al.
(2012).  Paraserianthes lophantha (voucher MEL2057862; GenBank accessions: ITS:
EF638203; ETS: EF638105.1) was used as the out-group, based on Brown et al., (2008)
who concluded that it is sister to Acacia. The ITS region was amplified from the
genomic DNAs using the primer pair S3 (5’-AACCTGCGGAAGGATCATTG-3") and
26SE (5’-TAGAATCCCCGGTTCGCTCGCCGT-3’) (Murphy et al, 2003). The ETS
region was amplified using the primer pair 18S-1GS (5°-
CACATGCATGGCTTAATCTTTG-3") and AcR2 (5-
GGGCGTGTGAGTGGTGTTTGG-3’) (Murphy et al, 2010) (Figure 2.3). The 50 pL
reaction mixes contained 2mM dNTPs, 25 pmol of each primer, 10-50 ng of DNA
template, 1U Tag DNA polymerase and 5 pL 10 X reaction buffer (New England
Biolabs, USA). The reaction cycle for amplifying the ITS region was an nitial
denaturation at 95°C for 15 minutes followed by 30 cycles of 94°C for 30 seconds,
63.8°C for 30 seconds and 72°C for 20 seconds and then a final holding temperature of
72°C for 5 mmutes. The reaction cycle for amplifying the ETS region was an initial
denaturation at 94°C for 3 minutes followed by 30 cycles of 94°C for 1 minute, 55°C
for 1 mmnute and 72°C for 2 minutes and then a final extension temperature of 72°C for
7 minutes. The PCR products were purified using QIAquick PCR kit (Qiagen) and used
for DNA sequencing in both directions for each sample, using the Prism Ready
Reaction Dye Deoxy Termmator Cycle Sequencing Kit or Prism Big Dye Termmator

Cycle Sequencing Kit (Perkin-Elmer Applied Biosystems, Australia) and the supplier’s

protocols.
S3 26S
—> <
IGS | ETS SSU ITS | 5.8StDNA | ITS LSU IGS
> <

AcR2 18S IGS

Figure 2.3: Primer design and structure of the ribosomal DNA cistron

S3 denotes the forward primer and 26SE denotes the reverse primer used to amplify the ITS region.
AcR2 denotes the forward primer and 18S-IGS denotes the reverse primer used to amplify the ETS region
(figure not drawn to scale).
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Table 2.5: Identification of species morphologically related to A. pendula, A.
salicina, A. stenophylla and A. victoriae

Morphologically Key indicator(s) of plausible References Voucher
related species relationship number
Species of interest: A. stenophylla MEL 2312528
A. coriacea Long phyllodes and growth habit 2 MEL 2313071
resembling A. stenophylla.
A. sibilans Closely related to A. coriacea in 2 MEL2327552
phyllode morphology.
A. calcicola A. coriacea sometimes confused with 2 MEL 2233895
A. calcicola.
Species of interest: A. salicina MEL 2286869
A. bivenosa A. salicina belongs to the A. bivenosa 3 MEL 2306646
group.
A. ligulata A. salicina was often confused with 1,3 MEL 2326226
A. ligulata and A. ampliceps.
A. ampilceps A. salicina was often confused with 1,3 MEL 2306643
A. ligulata and A. ampliceps.
A. cupularis Belongs to the A. bivenosa group. 3 MEL 2278496
A. didyma Belongs to the A. bivenosa group. 3 MEL 2283488
A. rostellifera Belongs to the A. bivenosa group. 3 MEL 2319042
A. sclerosperma Belongs to the A. bivenosa group. 3 MEL 2042807
A. startii Belongs to the A. bivenosa group. 3 MEL 2297013
A. telmica Belongs to the A. bivenosa group. 3 MEL 710783
A. tysonii Belongs to the A. bivenosa group. 3 MEL 2137099
A. xanthina Belongs to the A. bivenosa group. 3 MEL 2327555
Species of interest: A. pendula MEL 2233883
A. omalophylla A. pendula closely related to A. 2 MEL 2328341
omalophylla.
A. melvillei* Very  closely related to A. 2 MEL 2034608
omalophylla, and in Queensland,
both are known as Yarran.
Species of interest: A. victoriae* MELU SRA 260
A. alexandri* A. victoriae with long and linear 2,4 MELU SRA 148
phyllodes may be confused with A.
alexandri.
A. aphanoclada* Belongs to the A. victoriae group. 2,4 MELU SRA 224
A. chartacea Belongs to the A. victoriae group. 2,4 MEL 721448
A. cuspidifolia* Belongs to the A. victoriae group. 2,4 MEL SRA 115
A. dempsteri* Belongs to the A. victoriae group. 2,4 MEL 2096892
A. pickardii Belongs to the A. victoriae group. 2,4 MEL 2067966
A. ryaniana Belongs to the A. victoriae group. 2,4 MEL 721629
A. synchronicia In the absence of flowers, A. victoriae 2,4 MEL 2252506
may be confused with A.
synchronicia.
A. marramamba Belongs to the A. pyrifolia group. 2,4 MEL 2313077
A. strongylophylla | Presence of spinose stipules. 2,4 MEL 2287670

"Sequences available in GenBank: A. melvillei: FJ868397.1; FJ868438.1; A. victoriae: DQ029275.1,
DQ029316.1; A. alexandri: DQ029264.1, DQ029306.1; A. cuspidifolia: DQ029261.1, DQ029302.1; A.
dempsteri: DQ029259.1, DQ029300.1. References: 1: Maslin (2001); 2: Orchard and Wilson (2001b); 3:
Chapman and Maslin (1992); 4: Ariati ef al., (2006).
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2.6.3 Phylogenetic Analyses

The ITS and ETS sequence datasets generated in this study were edited using
Sequencher v3.0 (Gene Codes Corporation), concatenated manually using BioEdit
v7.0.0  (http//www.mbio.ncsu.eduwbioedit/bioedit.html)  and  then aligned using
ClustalW  (http//www.ebi.ac.uk/Tools/msa/clustalw2/) and manually adjusted where

necessary. The combined dataset was analysed using Maximum Parsimony (MP) via
the software Molecular Evolutionary Genetics Analysis (MEGA) v4.0 (Tamura et al,
2007), and Bayesian methods using MrBayes v3.2.1 (Ronquist and Huelsenbeck, 2003).
For the MP analysis, the ClustalW alignment file was converted nto a .meg file on
MEGA 4. The phylogenetic trees were generated using the Maximum Parsimony
criterion.  Bootstrap support statistics were calculated using 1000 replicates. The
‘Complete Deletion’ option, to eliminate all positions containing gaps or missing data
from the dataset, was used. Insertion/deletion (indel) events were scored as multistate
characters.  Of the total 782 positions i the final dataset, 118 were parsimony-
mformative. These datasets, analysed using MEGA, will be henceforth referred to as

‘parsimony’ results.

For the Bayesian analysis, the sequence dataset obtained for the 19 species was
combined with previous data (Brown ef al, 2012) and subjected to Bayesian analysis
using MrBayes v3.2.1.  Insertion/deletion (indel) events were scored as multistate
characters. The combmed ITS and ETS data were divided into six partitions: ITS1,
5.8S, ITS2, LSU, SSU and ETS. An evolutionary model, GTR (Generalised Time
Reversible) substitution model with gamma-distributed rate variation, was applied to
each partition. A Markov Chain Monte Carlo (MCMC) search was run for § million
generations, with trees sampled every 100 generations. Starting from different random
trees, the analyses were performed twice simultaneously (Nruns = 2) with four Markov
chains (N chains = 4) for each tree. Burn-in was set to 25001 (ie. the first 25001 trees
were discarded from each run). A Bayesian consensus phylogram was generated and
for each node posterior probability (PP) values were calculated. The phylogenetic tree
was visualised and coded for display using FigTree (Rambaut and Drummond, 2008).
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2.7 Methods specific to Chapter 6

2.7.1 Species selection for salt tolerance evaluation

The selection of species was primarily based on molecular phylogenetic trees developed
earlier based on ribosomal DNA markers (Chapter 6), to determine the species closely
related to four species (4. pendula, A. salicina, A. stenophylla, A. victoriae), found to be
able to grow in salinity affected land (section 1.8.3). The list of 20 Acacia species
found to be closely related to the four salt tolerant species of interest was reduced to 15
based on any reported unique properties and/or economic value, and seed availability of
required quality and quantity for replicate studies of various plant physiological
parameters. The 15 species thus selected were: 4. papyrocarpa, A. enterocarpa, A.
eriopoda, A. rigens, A. sclerophylla (related to A. pendula), A. oswaldii (related to A.
stenophylla), A. cupularis, A. rostellifera, A. ligulata, A. xanthina (related to A.
salicina), and A. synchronicia (related to A. victoriae) (Chapter 6). Seeds of species of

interest were purchased from AustraHort Pty Ltd and Nindethana Seed Services.

2.7.2 Acacia seed pre-treatment, plant culture and application of salt stress
(specific to Chapter 6)

Selected Acacia seeds were surface sterilised using 5% sodium hypochlorite solution
(commercially available bleach). Briefly, seeds were soaked i 95% ethanol for 10
seconds to remove any waxy substances present. The ethanol was then drained off and
5% sodium hypochlorite solution was added enough to submerge the seeds, swirled and
left as such for 15 minutes. The solution was then drained off and the seeds were
washed six times with sterile distilled water. In addition to surface sterilisation, Acacia
seeds require pre-treatment to overcome natural inhibitors of germmation. The presence
of a thick seed coat makes it impermeable to water preventing imbibition. The most
common pre-treatment methods are the use of boiling water, smoke water or abrasion
(http//asgap.org.aw/seed.html). In this study, boilng water was added to surface
sterilised seeds and allowed to cool down naturally. The seeds were left in the boiling

water overnight. Seeds that were swollen and appeared larger than the initial size were
sown on vermiculite. Seeds that floated (infertile seeds) were discarded and those that
did not swell were re-treated with hot water. The sterilised viable seeds were sown on a

bed of vermiculte:perlite mixture (3:22) under controlled conditions (25°C, 70%
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humidity, 16 h photoperiod) m a plant growth cabinet. After the seedlings emerged,

they were transferred to pots as mentioned in section 2.3.5.1 for salnity testing.

2.7.3 Determination of effects of salt stress on plant physiological parameters

Shoot and total root lengths were measured in centimetres. Each plant was separated
mto shoot and root and the fresh weight (FW) of each component was measured on a
digital scale. The root and shoot samples were then oven-dried at 70°C for three days
and re-weighed to determine the dry weight (DW). The tissue water content (TWC)
was calculated as per Jha et al. (2010), as TWC (%) = (FW-DW) / FW X 100. For the
determmation of leaf relative water content (LRWC) (Yamasaki and Dillenburg, 1999),
ten leaves were excised and their fresh weight (FW) noted. They were then submerged
in distilled water in a petri dish, covered with a filter paper and the ld closed, and
mncubated at 22°C for 24 h i order to reach full saturation. The RWC was determined
after 24 h to avoid variations in the values (Yamasaki and Dillenburg, 1999). The leaves
were then blotted dry and weighed on a digital balance to determine turgid weight
(TW). The turgid leaves were dried in an oven at 70°C for three days and re-weighed to
determine their dry weight (DW). The leaf relative water content (LRWC) was
calculated as per the formula of Yamasaki and Dillenburg (1999) as LRWC (%) = (FW-
DW)Lear / (TW-DW)rear X 100. The root water content (RWC) was determined as per
Vysotskaya et al. (2010), as RWC (%) = (FW-DW)root / DWRroot X 100.

2.7.4 Physiology indices

The data obtained to evaluate the effects of salinity on plant physiological parameters

were used to ascertam a ‘physiology index’. The mdex for each parameter reflects the

effect of salinity stress on the plants. The following indices were calculated (Kausar et

al., 2012):

@ Salt tolerance index Ttotal Growth (STlg): Height of control plant (shoot+root)/ Height of
stressed plant (shoot+root):

iy Salt tolerance index Total Fresh weight (STIrw): Fresh weight of control plant (shoot-+root)/
Fresh weight of stressed plant (shoot-+root)

iy Salt tolerance index Total Dry weight (STIpw): Dry weight of control plant (shoot+root)y/ Dry
weight of stressed plant (shoot+root)
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Gv) Salt tolerance ndex root water Content (TIRwc): Root Water Contentstressed/Root Water

Content(controt)

2.7.5 Element analysis using Atomic Absorption Spectrometry (AAS)

2.7.5.1 Preparation of standards

Sodium: 0.051 g of NaCl was dissolved in 200 mL 0.5 N nitric acid containing 2
mg/mL potassium (from KNOs3) to give a stock concentration of 100 pg/mL sodium.
Sodium standards from this stock (with concentrations ranging from 0-1 pg/mL sodium)
and tissue samples were prepared in a solution contaming 2000 pg/mL potassium (from
KNO3) to suppress the ionization of sodium in the air-acetylene flame.

Potassium: 0.038 g of KCI was dissolved m 200 mL 0.5 N nitric acid containing 1
mg/mL cesum (from CsCl) to give a stock concentration of 100 pg/mlL potassium.
Standards ranging from 0-1 pg/mL potassium and tissue samples were prepared in a
solution containing 1 mg/mlL cesim (from CsCIl) to suppress the ionization of
potassium i the air-acetylene flame.

Magnesium: 0.203 g of Mg(NO3), was dissolved in 200 mL of 0.5 N nitric acid to give
a stock of 100 pg/mL magnesium. Standards from this stock (with concentrations
ranging from 0-1 pg/mL sodium) and tissue samples were prepared in 0.5 N nitric acid.
Nitrous oxide-acetylene flame was used in order to suppress the ionization of
magnesium.

Calcium: 0.05 g of CaCO;3; was dissolved m 200 mL 0.5 N nitric acid containing 2
mg/mL potassium (from KNO3) to give a stock of 100 ug/mL calcium. Standards (0-1
pug/mL calcium) and tissue samples were prepared in a solution containing 2000 pg/mL
potassum (from KNOs3) to suppress the ionization of calcium m the nitrous oxide-

acetylene flame.

2.7.5.2 Preparation of plant samples

The plant material used for physiological parameters study was also used for cation
analysis.  After recording the dry weights, the dried shoot and root tissues were
separately digested with 0.5 N nitric acid (I mL of acid/10 mg of tissue) held in a water
bath at 80°C for 3 days. The tubes were centrifuged at 14000 x g for 10 minutes. A
dilution of either 10 pL or 100 pL aliquot of the supernatant was used for analysis.
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Samples were prepared similar to the corresponding ion standards (see above) under

mvestigation.

2.7.5.3 Cation determination

A suitable method with parameters shown in Table 2.6 was set on a Varian AAS
mstrument. Standards were injected at least three times and the readings plotted as a
calibration graph. The biological triplicates of control and salt-stressed shoot and root
samples were each mjected three times. Samples were diluted suitably when the
absorbance values were ‘over range’ ie., exceeded the detection range and the dilution
factors (DF) considered when calculating the concentration of each element using the
following equation:

mg/g DW of tissue = Concentration (mg/l.) X DF X Sample volume (L)

DW of tissue (g)

In order to express the values as millimole/gram of dry weight of tissue, for enabling
comparisons with the reported levels of other plants, the molecular weight of each ion
(Table 2.6) was used in the formula:
mmole/g DW of tissue = Concentration (mg/L) x DF x Sample volume (L)
DW of tissue (g) X Molecular weight of ion

Table 2.6: Recommended instrument parameters used for AAS analysis of plant
tissues

.. |Optimum
N!oleculz.lr Standard | Lamp AT Wavelength S.ht working
Ion | weight of ion . Fuel Support Suppressant width
) material |Current added (nm) i) range
_ (ng/mL)
Na |  22.989 Sodium |5 A | Acetylene Air 2000 pg/mL. 589.0 02 | 0.15-0.6
chloride potassium
K 39.008 | Potassium | s 1 Acetylene Air 1000 pg/mL. 766.5 05 | 0520
chloride cesium
Mg 40.077 Mfftnr:leum 3mA | Acetylene| Nitrous oxide none 285.2 0.5 | 0.1-04
ca®*| 24305 Caleium |54 | Acetylene| Nitrous oxide | 2000 H&/mL 422.7 05 | 013
Carbonate potassium

*amu- Atomic mass units.

2.7.6 Data analysis

Data were analysed using one-way analysis of variance (ANOVA) in SPSS v.21 (IBM

SPSS Statistics for Windows, v21.0).

The Least Significant Difference (LSD) post-hoc

test was applied to compare group means (where p < 0.05 means the group means are

significantly different from each and p > 0.05 means not different).

representations were created using Microsoft Excel
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Chapter 3 GB biosynthetic genes in Australian native plants

3.1 Abstract

This chapter details the identification and in-depth characterisation of genes encoding
the enzymes choline monooxygenase (CMO) and betaine aldehyde dehydrogenase
(BADH) involved in the biosynthesis of glycine betaine (GB) in three native Australian
saltbushes- Atriplex nummularia, Atriplex semibaccata and Atriplex amnicola; and three
Australian wattles- Acacia pendula, Acacia salicina and Acacia victoriae. All three
saltbush CMO cDNAs were 1317 bp long, encoding full-length proteins of 438 aa
predicted to be localised in the chloroplast. The sequences exhibited the Reiske-type
motif (CXHX;6CX;H) and mononuclear non-heme Fe motif (DX3DX3;HX4H) consistent
with all GB accumulating plant CMOs. The putative saltbush BADH cDNAs were 1503
bp long, encoding full-length proteins of 500 aa with a predicted cytoplasmic
localisation. The putative BADH proteins showed conservation of active site residues
with functional and structural roles (e.g. the ALDH Cys-active site, Glu-active site,
NAD-binding sites). The saltbush CMO genes showed notable up-regulation relative to
Actin i salt-stressed leaf and root tissues compared to control plants, whereas the
BADH genes were up-regulated in the leaf tissues only. On the other hand, CMO and
BADH cDNA isolations of all three Acacia species were unsuccessful, hence in order to
determine if the genes are actually present in the selected Acacia spp., gene isolation
from genomic DNA was performed. Amplification of partial CMO gene from Acacia
pendula and Acacia victoriae was successful, but no amplifications were obtained for
Acacia salicina CMO and all three Acacia spp. BADH. The predicted open reading
frames of Acacia victoriae CMO was closely related to CMOs of typical GB non-
accumulators whereas Acacia pendula CMO was related to CMOs GB accumulators.
The high degree of conservation in key amino acid residues of saltbushes CMO and

BADH indicate their potential to breed salt tolerant plants via transgenic technologies.
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3.2 Introduction

Glycine betaine (GB) is one of the most abundant solutes found to accumulate in many
genera of plants. Rhodes and Hanson (1993) classified plants nto two groups - GB
accumulators and GB non-accumulators based on ther abilty to accumulate GB.
Families outlined as GB accumulators are shown in Figure 1.7. However, not all genera
in these families are accumulators e.g among the genera listed in the family
Legummoseae -  Lycium, Medicago and Trifolum are GB accumulators whereas
Aegialitis, Armeria, Lycopersicon, Nicotiana, Acacia, Goodia, Kennedia, Lotus and
Pultanea are listed as non-accumulators. Blunden et al (2005) determined the
widespread occurence of betaines (glycine betaine, trigonelline, proline betaine, trans-4-
hydroxyproline and pipecolatebetaine) in 143 species of angiosperms, of which 123
species contained at least one type of betaine (Blunden et al, 2005). In spite of its
widespread occurrence, some plants that have the genetic and biochemical pathway do

not accumulate GB.

As mentioned in sections 1.5.3 and 1.5.4, GB, is proven to aid in salt and drought
tolerance in plants, and, interestingly, other independent reports showed livestock fed
on GB supplemented diet displayed health benefits such as reduced cardiovascular risks
(Raman and Rathinasabapathi 2003; Eklund et al., 2005). However, the missing link is
to find a plant that can have both functions — salt/drought tolerance and function as a
nutritious feed crop. The Australian acacias and saltbushes have both adapted to similar
edaphic conditions in Australia. It would be advantageous to investigate species that
have been successfully trialled in land management programs (lke the species used in
this study previously trialled at Kamarooka). Identification of GB genes will provide
conclusive results and validate native species cultivation for revegetation and as

perennial fodder in salinity and drought-affected areas.

3.3 Experimental design

Few studies have been reported as yet that have systematically tested for agronomical
candidate species for their genetic predisposition to stress tolerance. To this end, this
study investigated the Australian native saltbushes, ie., Atriplex species, which are
historically known for extreme salt tolerance and longevity and recently shown to

impart health benefits to grazing animals (Raman and Rathinasabapathi 2003; Eklund et
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al., 2005) and native wattles (Acacia species). This study investigated whether the three
selected native saltbushes and wattles (i) have the genes for GB biosynthesis; if so, ii)
are they expressed; (i) are they functional, ie., is the final product, GB, made? This
chapter provides insights into answering the first two questions- Do the native
Australian plants under investigation encode glycine betaine biosynthetic genes and are
they transcriptionally active. Gene identification was done using complementary DNA
(cDNA) from normal plants (unstressed) followed by gene expression studies under
control and salt conditions. But when amplifications failed to occur, they were tried

from cDNA of salt-stressed leaf tissues and genomic DNA of normal plants.

3.4 Results — Section A (Gene identification from saltbushes)

3.4.1. Cloning of CMO and BADH from saltbushes

Multiple sequence alignments of the plant CMO and BADH c¢DNAs and putative
proteins available in GenBank were conducted using ClustalW
(www.ebi.ac.uk/Tools/msa/clustalw2/) and edited using BioEdit v7.0.0
(http//www.mbio.ncsu.eduw/bioedit/bioedit.html). Based on these, several exon-based

degenerate primers were designed to amplify the CMO and BADH genes from cDNAs
(Figure 2.1, Table 2.3). Size of the PCR products were predicted based on the
alignment of Atriplex nummularia CMO cDNA (AB112481.1) and Atriplex
centralasiatica BADH cDNA (AY093682.1) sequences. All amplificd PCR products
that showed a single band on agarose gel, possibly denoting a single product, were
directly purified and cloned (Figure 3.1). When a primer pair yieldled more than one
product close to the predicted size, PCR products close to the expected size were
purified from select bands excised from agarose gels and cloned. The amplification of
products smaller than expected suggests non-specific binding, possibly because of the
degenerate nature of the primers used. The recombinant clones were screened for
mserts by colony PCR with T7 and SP6 primers. Positive clones with the expected

product were sequenced.
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Figure 3.1: CMO and BADH PCR products (from cDNA) for cloning and sequencing

Lanes 1, 3, 5, 7, 9, 11: DNA Hyperladder 1 marker; Lanes 2, 4 and 6: CMO cDNA from Atriplex
nummularia, Atriplex semibaccata and Atriplex amnicola; lLanes 8, 10 and 12: BADH cDNA from
Atriplex nummularia, Atriplex semibaccata and Atriplex amnicola.

3.4.2 Sequence characteristics of the putative CMO enzymes of saltbushes

The sequencing of clones indicated that all three cDNAs were 1317 bp long (GenBank
accession- AsCMO: JX486549; AnCMO: KC785451; AaCMO: KC785452). BLAST
results showed the AnCMO, AaCMO and AsCMO cDNAs had highest identity to the
Genbank sequences of Atriplex nummularia (AB112481.1; 97%, 99% and 99% identity
for AnCMO, AsCMO and AaCMO respectively), Atriplex hortensis (AF270651.1; 97%,
97%, 97%) and Atriplex prostrata (AY082068.1; 86%, 96%, 96%). The saltbush
cDNAs also had a high identity (84%, 84%, 85%) to CMO cDNA (EF362838.1) of
Spinacia oleracea (spinach), a known GB accumulator (Rhodes and Hanson 1993).
The cDNAs encoded full-length proteins of 438 amino acids and mature proteins of 380
amino acids (Figure 3.3; Table 3.2). The phylogenetic tree (Figure 3.2) constructed
using the alignment of all the plant putative CMOs available in Genbank (Appendix II)
grouped AnCMO, AsCMO and AaCMO with other members of Amaranthaceae such as
spinach, sugar beet (Beta vulgaris), Suaeda spp, Amaranthus tricolor and Haloxylon
ammodendron, reported to be GB accumulators (Rhodes and Hanson 1993). The only
monocot related to this group was the turf grass Ophiopogon japonicus, ts CMO was
previously reported to be phylogenetically related to S. oleracea (Wu et al., 2010). The
low or non-accumulators formed a distinct clade, comprising all other monocots.
Appendix IV also indicates that putative CMO proteins from specific genera, such as
Atriplex and Suaeda have the highest percentage of sequence identity (>90%) within

that group followed by broader relationship among their respective families,
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Chenopodiaceae (Atriplex spp, Beta vulgaris, Salicornia europaea, Spinacia oleracea)
and Amaranthaceae (Suaeda spp, Amaranthus tricolor, Haloxylon ammodendron).
Likewise, members of the Poaceae family (Hordeum vulgare, Oryza sativa and Zea
mays) are closely related based on their sequence identities. These results suggest few
evolutionary changes in CMO among species within a genus and the possibility of

members of an entire genus having a functional/non- functional CMO.

The CDD search revealed the two signature motifS of plant CMOs, ie., the novel
Rieske-type iron-sulfur cluster and the mononuclear non-heme Fe cluster.  The
consensus for the Rieske motif mn AnCMO, AsCMO and AaCMO was
CTHRASILACGSGKKSCFVCPYH (i.e., CXHX;6CX;H), which is identical to spinach
and sugar beet motifs and highly conserved to the plant consensus (CXHX;s.17CX,H)
(Figure 3.3; Table 3.2). The mononuclear non-heme Fe cluster in the salt bushes CMO
exhibited DNYLDSSYHVPYAH, ie., DX3;DX3HX4H, consistent with all plant CMOs
(G/DX;3.4DX,HX4.5H).  The sequences also exhibited a number of other functionally
important sites/motifs proposed by CDD search ie., an active site, a substrate-binding
site, a Fe-binding site and an o-subunit interface (or polypeptide binding site) (Table
3.2). Prediction of subcellular localisation by WoLF PSORT suggested that AnCMO,
AsCMO and AaCMO are localised in the chloroplast, and is supported by the putative
N-terminal chloroplast targeting peptide (cTP) of 58 residues seen in the protein
sequence alignment on comparison with spmach CMO (Figure 3.3). TargetP indicated
a chloroplast transit peptide with a reliability class of 1 for AnCMO and AsCMO, and 2
for AaCMO. ChloroP predicted the cTP to be 72 residues for AnCMO, 91 residues for
AsCMO and 67 for AaCMO. Other biochemical properties of the putative mature
AnCMO, AsCMO and AaCMO were construed using ProtParam and compared with the
CMOs from spmach, a dicot GB accumulator, A. thaliana, a dicot non-accumulator, and
a monocot, Ophiopogon japonicus (Table 3.2). The results indicated similarity in
predicted molecular weights, theoretical pl and aliphatic index. However, the instability
values, varied, suggestive of non-monomeric functionality for proteins and the need for
additional amino acids, such as, a transit peptide, to prevent premature post
transcriptional processing for proteins with the instability values >40. A difference
noted in the transit peptide length of A. thaliana compared to the other CMOs
(Appendix IT) may also be indicative of its non-functional CMO.
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61 Atriplex nummularia

*Atriplex semibaccata
91

*Atriplex nummularia
84

*Atriplex amnicola
100

Atriplex hortensis

96 Atriplex prostrata

Spinacia oleracea

100 L———— Ophiopogon japonicus

. Haloxylon ammodendron

o7 Salicomia europaea

90 —— Suaeda liaotungensis

100 L——— Suaeda salsa

Beta vulgaris

Amaranthus tricolor

56 Lycium barbarum

60 ——— Ricinus communis

Arabidopsis thaliana

100 Zea mays

100 —— Hordeum vulgare

79 L———— Oryza sativa Japonica

0.05

Figure 3.2: Phylogenetic relationships of saltbush CMOs to other full length plant

CMO proteins

The phylogenetic tree was constructed using the alignment from Appendix II in MEGA4 with a boot strap
replication value of 1000. Numbers at each branching node represents the bootstrapping support value.
The branch distance of 0.05 is indicative of the proportion of amino acid changes (a distance of 0.05 =5
changes per 100 amino acids). *Indicates predicted protein from experimentally obtained cDNA
sequences in this study. All other full length protein sequences were obtained from GenBank. Spinacia
oleracea, EF362838.1; Arabidopsis thaliana, BAC21260.1; Amaranthus tricolor, AB303389.1; Atriplex
hortensis, AF270651.1;  Atriplex nummularia, AB112481.1; Atriplex prostrata, AY082068.1, Beta
vulgaris, AF023132.1; Haloxylon ammodendron, GQ379204.1; Hordeum vulgare, AB434467.1; Lycium
barbarum, FJ514800.1, Ophiopogon japonicus, DQ645889.1; Oryza sativa Japonica, AJ578494.1,
Ricinus communis, XM _00251821; Salicornia europaea, AY849925.1; Suaeda liaotungensis,
AF354442.1; Suaeda salsa, DQ656523.1; Zea mays, DQ864498.1).
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Figure 3.3: Alignment of the deduced amino acid sequences of saltbush CMOs
Amino acid sequence alignment of the CMO proteins deduced from cDNAs of Atriplex nummularia,
Atriplex semibaccata and Atriplex amnicola isolated in this study (indicated by asterisk) with the reported
sequences of Spinacia oleracea (GenBank EF362838.1), Arabidopsis thaliana (AEE85689.1), Atriplex
hortensis (AF270651.1), Atriplex nummularia (AB112481.1) and Atriplex prostrata (AY082068.1). The
alignments were created in ClustalW in BioEdit. A dot (.) indicates a conserved residue when aligned
with S. oleracea CMO. A dash (-) indicates a gap introduced to optimally align the sequences, or a
missing residue. The over-line at N-terminal denotes the predicted chloroplast transit peptide and the
downward arrow indicates the predicted start of mature CMO corresponding to that of mature spinach
(Spinacia oleracea) CMO (from A69). The light-grey shaded box indicates the Rieske iron-sulfur center
[2Fe-2S] (CXHX;cCX,H), with the key cysteine (positions C173, C192) and histidine (H175, H195)
residues, marked with asterisks. The dark-grey shaded box illustrates the conserved mononuclear non-
heme Fe binding motif (DX;DX3HX,4H), with the key aspartic acid (D296, D300) and histidine (H304,
H309) residues, marked with asterisks. The bold and italicized “M™ at the start of the sequence denotes
the start codon. The “/” symbol denotes the stop codon at the end of the sequence.
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Table 3.1: Results of Conserved Domain Database (CDD) search for the putative

CMOs and BADHs isolated from saltbushes

NCBI-
CcDD
Residuesinvolved Conservedfeature search
source
domain
AnCMO
N281, Y282, 5285, S286, H288, V289, H293, Q332, A333,Y335, A343, E345, . .
T352, M354, 1383, G386, V393, Q394, D397 Rutative active site 176892
N281,Y 282, S285, S286, H288,V289, H293, Q332, A333, Y335, A343, E345, Putative substrate binding 176892
T352, M354, 1383, G386, V393, Q394 site
H288, H293, D397 Specific Fe binding site | 176892
E272, S273, 1277, D280, N281, S285, Y287, H288, A292, R362, K363, V399, Putative alpha subunit
L400, C401, S403, V404, Q405, K406, G407, Y418,V419, 420, P421, 1426, | . terface 176892
F429, L433 inter
*CTHRASILACGSGKKSCFVCPYH Reiske-type cluster -
*DNYLDSSYHVPYAH Mononuclear non-heme j
cluster
AsCMO
N281, Y282, 5285, S286, H288, V289, H293, Q332, A333,Y335, A343, E345, Putative active site 176892
T352, M354, 1383, G386, V393, Q394, D397
N281, Y282, S285, S286, H288, V289, H293, Q332, A333,Y335, A343, E345, | Putative substrate binding 176892
T352, M354, 1383, G386, V393, Q394 site
H288, H293, D397 Specific Fe binding site 176892
E272, S273, 1277, D280, N281, S285, Y287, H288, A292, R362, K363, V399, Putative alpha subunit
L400, C401, S403, V404, Q405, K406, G407, Y418,V419, M420, P421, 1426, | . terface 176892
F429, 1433 e
*CTHRASILACGSGKKSCFVCPYH Reiske-type cluster -
*DNYLDSSYHVPYAH Mononuclear non-heme }
cluster
AaCMO
N281,Y282,5285,5286,H288,V289,H293,Q332,A333,Y 335,A343,E345,T352, . .
M354.1383, G386,V 393,0394,D397 Putative active site 176892
N281,Y282,5285,5286,H288,V289,H293,Q0332,A333,Y335,A343,E345,T352, | Putative substrate binding 176892
M354,1383,G386,V393,Q394 site
H288,H293,D397 Specific Fe binding site 176892
G272,S273,1277,0280,N281,5285,Y 287,H288,A292,R362,K363,V399,L400,C | Putative alpha subunit 176892
401,5403,V404,Q405,K406,G407,Y 418, V419,M420,P421,1426,F429,. 433 interface
*CTHRASILACGSGKKSCFVCPYH Reiske-type cluster -
*DNYLDSSYHVPYAH Mononuclear non-heme }
cluster
AnBADH
N162, E260, G291, C294 Specific catalytic residues | 143428
1158, S159, P160, W161, N162, W170, K185, S187, E188, F236, T237, G238, | Specific NADP-binding 143428
S239, T242, K245, 1246, E260, L261, G262, C294, E393, F395, L421, W459 site
N Aldehyde dehydrogenases
FWTNGQICSATS cysteine active site 143428
N Aldehyde dehydrogenases
VILELGGKSP glutamic acid active site 143428
AsBADH
N162, E260, G291, C294 Specific catalytic residues | 143428
158, S159, P160, W161, N162, W170, K185, S187, E188, F236, T237, G238, | Specific NAD(P) binding 143428
S239, T242, K245, 1246, E260, L261, G262, C294, E393, F395, L421, W459 site
. Aldehyde dehydrogenases
FWTNGQICSATS cysteine active site 143428
N Aldehyde dehydrogenases
VTLELGGKSP qutar'r)ﬁc acid gllctivgeJ site 143428
AaBADH
N162,E260,G291,C294 Specific catalytic residues | 143428
1158,5159,P160,W161,N162,W170,K185,5187,E188,F236,T237,G238,5239, Specific NAD(P) binding 143428
T242,K245,1246,E260,L.261,G262,C294,E393,F395,L.421,W459 site
N Aldehyde dehydrogenases
FWTNGQICSATS cysteine active site 143428
*VTLELGGKSP Aldehyde dehydrogenases 143428

glutamic acid active site

*Conserved feature identified based on multiple sequence alignments of available plant CMOs and

BADHs (Appendices 2 and 3)
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Table 3.2: Physicochemical characteristics of the putative mature CMO and full length BADH proteins of saltbushes

Parameter® | AnCMO | AsCMO | AaCMO | SoCMO | OjCMO | AtCMO AnBADH AsBADH |AaBADH |[SoBADH JOjBADH AMBADH
Number of 380 380 380 379 379 375 500 500 500 497 500 501
amino acids

Molecular 42,67 | 4254 | 4253 | 4288 | 4296 | 4232 | 5465 | 5456 | 5474 | 5427 | 5463 | 54.43
weight (kDa)
Theoretical pI 5.87 5.77 6.06 5.49 5.49 5.76 5.29 5.4 5.30 5.29 5.45 5.18
Transit peptide # 4 # # # #

length’ 58 58 58 60 59 47 - - - - - -
Instability index | 45.15 | 43.87 | 4235 | 47.15 | 47.15 | 3138 | 31.75 31.97 | 32.93 3141 | 32.85 | 31.96
Aliphatic index | 76.18 | 7542 | 75.16 | 7227 | 7124 | 7843 | OL.12 | OL12 | 89.56 91.07 | 90.54 | 90.18
Grand average
of 0308 | -0288 | -0294 | -0.405 | -0.417 | -0.233 | -0.019 | -0.023 | -0.045 | -0.023 | -0.052 | -0.025

hydropathicity

(GRAVY)

*Deduced using ProtParam (http://web.expasy.org/protparany)
"Transit peptide length for CMO was deduced based on sequence homology with experimentally reported chloroplast transit peptide (Rathinasabapathi et al., 1997).
As the reported AVA start site for the mature CMO polypeptide was absent in A. thaliana (At) CMO, the cTP length was obtained from UniProt database

(http://www.uniprot.org/uniprot/Q9SZRO0).

Transit peptide length for BADHs could not be determined, as plant BADHs lack a typical N terminal transit peptide

(Nakamura et al., 2001) and no experimental evidence is available. The only reported signal peptide is the ‘SKL’ at the C terminal which targets the peroxisomes
(Nakamura et al., 2001); this motif was not found in AnBADH, AsBADH, AaBADH, SoBADH, OjBADH or AtBADH. Genbank Accession numbers: AAB52509.1
(SoCMO), ABG34274.1 (OjCMO), AEE85689.1 (AtCMO), AAA34025.1 (SoBADH), ABG34273.1 (OjBADH), AAM64944.1 (AtBADH).

¢ 11dey)

syuerd 9ATIRU UBI[RI)SNY UI SOUAS ON)OYUASOIq go


http://web.expasy.org/protparam/
http://www.uniprot.org/uniprot/Q9SZR0

Chapter 3 GB biosynthetic genes in Australian native plants

3.4.3 Sequence characteristics of the putative BADH enzymes of saltbushes

The BADH cDNAs isolated from Atriplex nummularia, Atriplex semibaccata and
Atriplex amnicola were 1503 bp long (AnBADH: KC785453; AsBADH: KC785454;
AaBADH: KC785454). The BLAST search results showed 96-99% identity with
cDNAs from other saltbushes and also Ophiopogon japonicus (DQ645888.1; 96%), but
much more limited identity (90%, 89%, 90%) with spinach BADH (M31480.1). The
cDNAs encoded full-length proteins of 500 ammno acids (Figure 3.5; Table 3.2). Plant
BADHs lack a typical N-terminal transit peptide (Nakamura et al, 2001) and no
experimental evidence for such a signal is available. Alignment of all available putative
full-length plant BADH sequences from Genbank (Appendix III) was used to construct
a phylogram, which showed close evolutionary relationship of AnBADH, AsBADH and
AaBADH with other members of Chenopodiaceae and Amaranthaceae (Figure 3.4).
However, O. japonicus BADH, like its CMO, resolves in this Azriplex clade, suggesting
the grouping was based more on similarity pertaining to BADH function and sequence
similarity, rather than a separation of dicots/monocots. This observation is further
supported by the percentage sequence identity between O. japonicus BADH and
BADHs from Atriplex species (>90%; Appendix V). Unlke the CMOs which have
variations at the N-terminal region, the BADHs are much more conserved (Appendix
III). Nonetheless, based on identities, the Atriplex BADHs do form a highly conserved
group, like their CMOs.

The saltbush cDNAs encoded putative proteins of 54.65 kDa (4nBADH), 54.56 kDa
(4sBADH) and 54.74 kDa (4aBADH) (Table 3.2) similar to sizes of other BADHs
determined experimentally, e.g., Zoysia tenuifolia (55.5 kDa; Oishi & Ebina, 2005), and
rice (55 kDa; Mitsuya et al., 2009). The CDD-search showed the three putative proteins
belonged to the aldehyde dehydrogenase (ALDH) family and exhibited several key
features, e.g., residues involved i catalytic activity, the NADP-binding site, ALDH
Glu-active site and ALDH Cys-active site (Table 3.2). Additionally, the ten most
conserved motifs in ALDHs proposed by Perozich et al, (1999) were also identified.
Therr roles m mantaining the structure and functionalty of BADH enzymes are
summarised i Table 3.3 and the relative positions in the multiple alignment are
displayed mn Figure 3.5.
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Figure 3.4: Phylogenetic relationships of saltbush BADHs to other full length plant

BADH proteins

The phylogenetic tree was constructed using data from Appendix III in MEGA4 with a boot strap
replication value of 1000. Numbers at each branching node represents the confidence value of
bootstrapping. The branch distance of 0.02 is indicative of the proportion of amino acid changes (a
distance of 0.05 = 5 changes per 100 amino acids). An asterisk ‘*’ indicates predicted protein from
experimentally obtained cDNA sequences in this study. All other full length protein sequences were
obtained from GenBank. Amaranthus hypochondriacus, AABS58165.1; Arabidopsis thaliana,
AAMO64944.1; Atriplex centralasiatica, AAMI19159.1; Atriplex hortensis, CAA49425.1; Atriplex
micrantha, ABM97658.1; Atriplex prostrata, AAP13999.1; Atriplex tatarica, ABQ18317.1; Avicennia
marina 1, AF170094.1; Avicennia marina 2, BAB18544.1; Brassica napus, AAQS55493.1; Chorispora
bungeana, AAV67891.2; Chrysanthemum lavandulifolium, AAY33872.1; Halostachys caspica,
ABO45931.1; Haloxylan ammodendron, ACS96437.1; Helianthus annus, ACU65243.1; Hordeum
brevisubulatum, AAS66641.1; Hordeum vulgare, BAAO05466.1; Jatropha curcas, ABO69575.1;
Kalidium foliatum, ABI95806.1; Lycium barbarum, ACQ99195.1; Ophiopogon japonicas, ABG34273.1;
Oryza sativa, ABB83473.1; Oryza sativa Indica, ACF06149.1; Panax ginseng, AAQ76705.1; Populus
trichocharpa, XP_002322147.1; Solanum Ilycopersicum, ACI43573.1; Sorghum bicolour, AAC49268.1;
Spinacia oleracea, AAA34025.1; Suaeda liaotungensis, AAL33906.1; Suaeda salsa, ABG23669.1;
Triticum aestivum, AAL05264.1; Zea mays, AAT70230.1; Zoysia tenuifolia, BAD34957.1.
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Figure 3.5: Alignment of the deduced amino acid sequences of saltbush BADHs
Sequence alignment of putative saltbushes BADH protein deduced from cDNA (indicated by underline)
with reported Genbank BADH protein sequences of Spinacia oleracea (AAA34025.1), Atriplex hortensis
(CAA49425.1), Atriplex prostrata BADH1 (AAMO8913.1), Atriplex prostrata BADH 2 (AAMO08914.1),
Atriplex micrantha (ABM97658.1), Atriplex centralasiatica (AAMI19159.1), Atriplex tatarica
(ABQI18317.1), Arabidopsis thaliana BADH 1 (AEE35649.1) and Arabidopsis thaliana BADH2
(AEE78376.1). An asterisk “*’ indicates predicted protein from experimentally obtained cDNA
sequences in this study. The alignments were created in ClustalW in BioEdit. A dot (.) indicates the
presence of conserved amino acid at the position aligned with Spinacia oleracea BADH protein. A dash
(-) indicates a gap introduced to align sequences or represent a missing amino acid. The F marked with
an asterisk at position 146 denotes the conserved Phe residue implicated in the binding of substrate
betaine aldehyde (Hibino, 2001). The grey region shows the decapeptide VITLELGGKSP that is found
conserved among plant aldehyde dehydrogenases (Weretilnyk, 1990) and contains the catalytic Glu (E)
residue. A circle ‘¢’ at position 297 indicates the highly conserved catalytic Cys residue. The ten motifs
found to be conserved across all aldehyde dehydrogenases are underlined and numbered. The three hash
symbols (###) over the terminal tripeptide ‘SKL’ represent the peroxisomal targeting peptide. The bold
and italicized “M” at the start of the sequence denotes the start codon. The “/” symbol denotes the stop
codon at the end of the sequence.
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For ALDHs, the consensus for the Glu-active site is [LIVMFGA]-E-[LIMSTAC]-[GS]-
G-[KNLM]-[SADN]-[TAPFV], and that for the Cys-active site as [FYLVA]-x-
{GVEP}-{DILV}-G-[QE]-{LPYG}-C-[LIVMGSTANC]-[AGCN]-{HE} -

[GSTADNEKR], based on alignment of 145 ALDHs from diverse organisms including
mammals, plants, fungi and bacteria (Perozich et al, 1999). All three saltbush BADHs
exhibited residues that contributed to these domains. The Glu-active site domain in
AnBADH, AsBADH and AaBADH comprised of L-E-L-G-G-K-S-P (Motif 5)
consistent with the consensus previously identified in other plants (Weretinyk and
Hanson, 1990). In plants, this domamn is part of the conserved decapeptide V-T-L-E-L-
G-G-K-S-P (Weretinyk and Hanson 1990). The ALDH Cys active site in the saltbush
BADHs (Motif 6) was F-W-T-N-G-Q-I-C-S-A-T-S, exhibiting a few changes compared
to the consensus (given above). The third residue {G/V/E/P} was replaced by T, the
fourth {D/I/L/V} by N, the seventh {L/P/Y/G} by I and the eleventh {H/E} by T.
However, these changes were also noticed in spinach and other GB accumulators
(Appendix III), suggesting evolutionary variations between mammalian and plant
ALDHs. The Cys of the ALDH Cys-active site in AnBADH, AsBADH and AaBADH
was at 28 residues from the decapeptide, as in the other GB accumulator plants (Figure
3.5; Appendix III). Motif 4 n AnBADH, AsBADH and AaBADH was GSSATG, very
similar to the signature sequence GxGxxG suggested to be involved in the NAD-
binding turn of the Rossmann fold (Hempel et al, 1993), the S instead of the second
Gly faling within the consensus [Vil]-[Astvl]-[FI]-[T]]-G-S-[stdgvity]-[Atpe]-T-G
(Table 3.3). Motif 8 was also highly conserved in AnBADH, AsBADH and AaBADH
as per the consensus [Ed]-E-V-F-G-P-V. The fith Gly in Motif 4 along with the
mvariant Phe n Motif 8 are integral for binding the nicotnamide ring of NAD (Hempel
et al, 1993). Absence of the C-terminal SKL, the peroxisomal signal characteristic of
monocot BADHs translocating to microbodies, suggests the saltbush BADHs may not
be translocated to peroxisomes.  Supporting this is the prediction of cytoplasmic
localisation by WoLF PSORT. However, it is important to investigate the localisation

experimentally.
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Table 3.3: Conserved sequence motifs present in plant BADHs and their proposed roles

[mqarelnskghdpt]-[Stm]-[Gfls]-[Ifntimygshrvqg]-
[Gdnhrsy]-[Rdpsagkte]

[Gm]-FGR

Motif Motif Motif pattern in ALDHs’ Corresponding motif ?attern Proposed role of motif’ Relative
no. length in plant BADHs position2
1 5 [Past]-[WFy]-[Ne]-[FYgalv]-[P1l] PWNYP Most conserved motif. Contains an asparagine | 163-167
(N) nearest to the catalytic thiol and is proposed
to stabilize the carbonyl oxygen of the aldehyde
substrate during catalysis.
2 14 [Apncil]-[LiamV]-[Avsicim g]-[ACtim vgf]-G-[Ncdi]- [Asv]-L-A-[AsV]-[Gs]-C-[TAs]- PF 178-191
[Taves pgl-[Vaimfcltgy]-[Vil]-[Lvmiwathcy]-[Kh]- [At]-[VI]-L-[Ke]-P-S-[Eq]
[Ptvghms]-[ASdhp]l-[Epsadqgili]
3 10 [Grkpwhsay]-[FLeivgnarmhk]-[Pg]-[Plakdievsrf]- G-L-P-[Pas]-G-[Vai]-[Lf]-[NS]- PF 208-217
[Gnde]-Miat]-[VLifyac]-[Nglgshat]-[VIlyaqgfs{]-[I[Vims] [IV-[Lwi]
4 10 [Mgfy]-[SAtmnlthq]l-[Fyla]-[Tvil]-G-[Sgen]- [Vil]-[As t]-[FI]-[TI]-G-S- Involved in NAD-binding turn of the Rossmann | 237-246
[Tsvrindepaqk]-[EAprqgktvnidh]-[VTiasgm]-[Gafi] [stdgvity]-[Atpe]-T-G fold. The fifth glycine G) along with the invariant
phenyl alanine (F) in motif 8 is integral for
binding the nicotinamide ring of NAD.
5 16 [Lamfgs]-[Enlgf]-[Ltmcagi]-[Gs]-[Ga]-[KnImgshiv]- [Lm]-E-L-G-G-K-S-P-[LIV]-[IV]- | General base for catalytic reaction. 260-269
[SNadc]-[Pahftswv]-[cnIfmgivahst]-[IMyfa]-[Viamt]- [Vmit]-[Fs]-[Ed]-[De]-[vni]-
[Fdimhcany]-[Daeskprnt]-[Dsntaevl-[Acvistey]- [vhdra]-[Denk]
[Dnlera]
6 8 [Fyvima]-[Fgylrmdaqetws vikp]-[Nhstyfaci]- [FI]-[Wsapf]-[Tn]-[Nag]-G-[Qr]- The terminal invariant residue Cysteine (C) acts | 290-297
[QAsnhtcm g]-G-[Qe]-[crvitksand]-[Cr] [Iv]-C as the catalytic nucleophile, highly conserved in
all sequences with catalytic activity.
7 9 [Gdtskac]-[Yfnarthclswv]-[FYIwvis]-[IVIifym]- G-[FY]-[Fyl-[Ivmsl]-[Eq]-P-[Ta]- | PF 375-383
[Qeapkgrmynhlswyv]-[Pa]-[Tachimy]-[VII]-[FLivwn] I-[lvn]
8 7 [Ektdrqgs]-E-[Ivtinfs p]-F-[Ga]-[Ps]-[Vilcf] [Ed]-E-V-F-G-P-V The second invariant glutamic acid (E) is | 395-401
involved in binding NAD.
9 15 [Nrst]-[Dnaseqtkrcgil]-[TSrvnalcqgik]- N-D-[Tspl-[Eqhkr]-[Yf]-G-[Lw]- PF 418-432
[Epdtgqikvrfshyncl]-[Yfkqvm]-[Gpa]-[LnmV]-[Astgvqcf]- | [AG]-[AGs]-[AG]-[Vi]-[FLim]-S-
[Agsltfc]-[AGysct]-[VIIfams]-[Fhwyiiem]-[TSag]- [Knqgsd]-[Dn]
[KRnsqteahdp]-[DNsileakt]
10 12 [Pasw]-[Fwyahv]-[Gtqs]-G-[Fvyes nimtawrq]-[Kgrn]- P-W-G-G-[Vitskin]-K-R-[S-]- PF 461-472

"The ten most conserved sequence motifs proposed by Perozich er al., (1999), based on the alignment of the consensus sequences of ALDH family in diverse organisms
including fungal, bacterial, plant and human ALDHs. *As per the multiple sequence alignment of putative plant BADH proteins. “Roles of the motifs proposed by Hempel et
al., (1993) and Perozich et al., (1999)Residues in bold in column 3 indicate highly conserved, invariant residues in at least 95% of known ALDHs, whereas in column 4, they
indicate the single most conserved residue in plants. Capitalized letters represent residues that are predominant while less conserved alternative residues are in small letters

within at a position are shown in square brackets. ‘PF’ indicates no specific role has been assigned to the motif other than their involvement in protein folding.
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3.4.4 Optimisation of CMO and BADH gene expression using semi quantitative
reverse transcription PCR (SQ-PCR)

In order to study the differential expression of CMO and BADH genes, PCR cycles were
optimised to avoid saturation of mRNA transcripts which might interfere in the ntensity
values (Figure 3.6). Three pL of the PCR product of actin, 3 pL of CMO product and 3
uL of BADH product from Atriplex nummularia cDNA (control and salt-stressed) were
used. Higher volume of PCR product showed early saturation on the gel (images not
shown), preventing any noticeable changes in expression levels to be observed. The
results of optimisation of semi-quantitative RT-PCR for different cycle numbers
mndicated CMO and BADH products could be analysed optimally at 20 and 25 cycles,
respectively (Figure 3.6; Table 3.4). Gene optimisation was performed with leaf cDNA

from one control and one salt-stressed plant.

A) Control 300mM salt-stressed
Actin CMO Actin CMO
15x 20x 25x 30x 15x 20x 25x 15x 20x 25x 30x 15x 20x 25x

B)
Control 300mM salt-stressed
Actin BADH Actin BADH
15x 20x 25x30x 15x 20x 25x 30x 15x 20x 25x 30x 15x 20x 25x 30x
A A A A
4 N\ 4 Y4 \

Figure 3.6: Optimisation of cycle numbers for semi-quantitative RT-PCR for CMO
and BADH gene expression study
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Table 3.4: Optimisation of cycle numbers for semi-quantitative RT-PCR for Actin,
CMO and BADH gene expression

Salt Lane Number CMO optimisation BADH optimisation
condition Number of cycles Band Trace Band Trace
description | Int x mm* | description | Int x mm*
Control 1 15 Actin - Actin -
2 20 433.851 532.309
3 25 1210.612 1372.688
4 30 1831.782 2293.340
5 15 CMO - BADH -
6 20 855.485 890.446
7 25 2186.262 1647.669
8 30 2231.523 3681.175
300 mM 9 15 Actin - Actin -
NaCl 10 20 405.309 624.120
11 25 1127.496 1450.328
12 30 1893.265 2403.719
13 15 CMO 407.962 BADH -
14 20 1342.886 1016.316
15 25 2608.724 3058.207
16 30 2610.206 4359.761

Lane number indicates the sample loading well in Figure 3.6; * indicates the intensity of the band as
calculated by BioRad quantity one software.

3.4.5 Expression of CMO and BADH genes of saltbushes is up-regulated under
salinity stress

The CMO and BADH genes showed notable up-regulation relative to Actin in salt-
stressed leaf tissues compared to control plants (Figure 3.7; Appendix VI). The CMO
expression in leaves was 1.7 fold higher n 4. nummularia, 1.5 fold higher in A.
semibaccata and 1.3 fold higher in A. amnicola; and even higher in the roots (fold
change (FC) of 2.2, 2.9 and 1.9 respectively). The BADH genes were also up-regulated
in the leaf (FC of 2 in 4. nummularia, 1.7 in A. semibaccata and 2.1 in A. amnicola),
but exhibited little change i roots (FC of 1.1 n 4. nummularia , 1.1 n A. semibaccata

and 1.0 m 4. amnicola)
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Figure 3.7: Relative expression levels of CMO and BADH genes in control and salt-
stressed tissues of saltbushes.

The mRNA expression levels of CMO (white bars) and BADH (grey bars) in A. nummularia (An), A.
semibaccata (As) and A. amnicola (Aa). Data from leaf and root tissues of control (C) and 300 mM salt-
stressed (S) tissues, shown as normalized expression relative to actin. Each bar represents the average of
three biological replicates (n=3). Data were analysed using one-way analysis of variance (ANOVA) in
SPSS v.21 (IBM SPSS Statistics for Windows, Version 21.0. Armonk, NY: IBM Corp.). The Least
Significant Difference (LSD) and Tukey’s-b post-hoc test was carried out to compare group means
(where p<0.05 indicates significantly different, p>0.05 indicates not significantly different). Difference in
expression between control and stressed leaves for CMO and BADH, and control and stressed roots for
CMO in both plants were significant (p=0.003). Difference in expression between control and salt-
stressed roots for BADH in all three plants were insignificant.
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3.5 Results — Section B (Gene identification from wattles)

3.5.1 Cloning of CMO and BADH from ¢DNAs of Acacia leaf tissues

Although good qualty RNA was extracted and the house keeping gene actin was
amplified, CMO and BADH genes were not amplified from cDNAs of non-treated
Acacia pendula (Figure 3.8), Acacia victoriae and Acacia salicina (gels not shown)
after repeated attempts. On the other hand, cDNA from Atriplex nummularia used as a
positive control lead to successful amplification of Actin, CMO and BADH (Figure 3.8).
The reactions were also tried with ¢cDNA from salt-stressed tissues but without any
success. This prompted the question, if the genomic copies of CMO and BADH in leaf
tissues of Acacia pendula, Acacia victoriae and Acacia salicina are actually present.

Hence, genomic DNA was extracted and used for CMO and BADH gene amplification.

1500 1500
1500

1000
800

1000 1500 . 1000

600
400

1000
800

600

200 400

200

Figure 3.8: Amplification of Acacia pendula CMO, BADH and Actin gene from

cDNA

Lanes 1, 5, 7 and 9: Hyperladder 1 marker; Lane 2: Amplification of Actin from Acacia pendula cDNA,
lanes 3 and 4 show absence of CMO and BADH amplicons from the same cDNA; lane 6: amplification of
partial Actin gene, lane 8: partial CMO gene and, lane 10: partial BADH gene from Atriplex nummularia
cDNA.

3.5.2 Cloning of partial fragment of CMO gene from Acacia species

The use of Qiagen DNeasy Plant minikit facilitated the extraction of good quality
genomic DNA which was used to amplify the CMO and BADH genes. After several
attempts to amplify BADH from the Acacia species gDNA, it was inconclusive whether
the BADH gene was absent or the degenerate primers being used were not as efficient as
n amplifyng BADH from saltbush gDNA. Several primer combinations were trialled
to amplify the CMO gene from the genomic DNAs of Acacia pendula, Acacia salicina

and Acacia victoriae. However, only one primer par CMO F3-R3 yielded products
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close to the expected size of 1061 bp based on A. thaliana CMO (Figure 3.9). As a
positive control, Atriplex semibaccata gDNA was used to amplify partial CMO gene
(close to 1500 bp) which was verified by cloning the product and sequencing (PCR data
not shown, sequence data shown in Appendix IX). Acacia pendula and Acacia salicina
produced multiple faint bands whereas Acacia victoriae showed one very bright band.
Since multiple bands were obtained for Acacia pendula and Acacia salicina, a gradient
PCR (Figure 3.9) at five different primer annealing temperatures (Ta) (48, 49.7, 50.9,
51.9 and 53°C) close to the estimated Ta (51°C) was tried to eliminate products that
may have formed due to nonspecific binding of primers. Bands of the expected size and
those close to it were gel-purified (Figure 3.9) and cloned into plasmids. At least 11-15
white clones (clones containing recombinant plasmids) were considered positive based
on blue-white colony screening. To check if the positive white colonies contained
recombinant plasmids with the desired msert size, a colony PCR was performed with
vector specific T7 and SP6 primers (Figure 3.10). Initially, three clones from each plant
species (with different insert size) were sequenced (Acacia pendula- clones 7, 8, 9;
Acacia salicina- clones 2, 6, 11; and Acacia victoriae- clones 2, 3, 4). After the
expected product was identified from the BLAST results of the sequence, two more

clones with similar insert size were sequenced.

Figure 3.9: CMO PCR products for cloning and sequencing

Lanes 1, 5 and 16 denote Hyperladder 1 marker; Lane 2: Acacia pendula CMO, lane 3:Acacia salicina
CMO, lane 4: Acacia victoriae CMO; Lanes 6-15 Gradient PCR to confirm amplification of multiple
products from primer pair CMO F3-R3 amplified at 48, 49.7, 50.9, 51.9 and 53°C (lanes 6-10 Acacia
pendula CMO; lanes 11 to 15 Acacia salicina CMO); Lane 17 and 18: Gel-purified CMO PCR products
from Acacia pendula and Acacia salicina.

101



Chapter 3 GB biosynthetic genes in Australian native plants
A)
7 8 910 11 12 13 14 15
enNwYey weow
[N
B)

12 3456 7 8910111 13 14 15 16 17

1500
1500
1000
800
600

1000
800
400 600

400

$ - —
£  —

18 19 20 21 22 23 24

1500

1000
800

600

400

200

s o ’"ﬁﬂ'-’

1500
10000
800 T
600
400

200

Figure 3.10: Screening of clones by colony PCR

Colony PCR to screen recombinant plasmids with partial (A) Acacia pendula CMO gene (lane 1: DNA
Hyperladder 1 marker, lanes 2 to 15: clones 1 to 14); (B) Acacia salicina CMO gene (lane 1, 13 and 18:
DNA Hyperladder 1 marker, lanes 2 to 15: clones 1 to 21); (C) Acacia victoriae CMO gene (lane 1: DNA

Hyperladder 1 marker, lanes 2 to 12: clones 1 to 11).
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3.5.3 Identification and characterisation of partial putative CMO gene from Acacia
species

The sequencing results indicated the length of the amplified sections of the CMO genes
of Acacia pendula and Acacia victoriae were 1353 bp and 1556 bp respectively
(Appendix IX). Sequencing of Acacia salicina partial CMO clones 2 and 11, yielded
incorrect products due to non-specific primer binding (sequence of clone 2 and its
translated product is given in Appendix VIII). PCR product BLAST results confirmed
the identity of both sequences as being genomic copies of CMO gene. Acacia pendula
CMO had the highest % identity (based on maximum query sequence coverage) to
Atriplex nummularia (97%; GenBank No.: AB112481.1) CMO cDNA, Atriplex
hortensis CMO cDNA (97%; GenBank No.: AF270651.1) and Atriplex prostrata CMO
cDNA (98%; GenBank No.: AY082068.1) (Appendix VII). Acacia victoriae CMO
showed highest % identity of 93% only to A. thaliana choline monooxygenase
(GenBank Nos.: NM 1191354, BT028917.1, AY090377.1 and AB(093586.1)
(Appendix VII).

Alignment (manually using BioEdit) of the S. oleracea and B. vulgaris CMO cDNAs
with the partial CMO genomic gene enabled the prediction of partial gene structures that
contained two partial exons, four complete exons and five complete introns (Appendix
IX). The predicted exons of the CMO genes from Acacia pendula and Acacia victoriae
were then jomed to deduce their individual putative cDNA contig. The partial CMO
exon contigs were aligned (Figure 3.12) with other plant CMO sequences (trimmed to
equal lengths) obtained from GenBank to produce a phylogenetic tree (Figure 3.11).
Based on therr phylogenetic relationship, Acacia pendula CMO was grouped with
glycine betaine accumulators such as Atriplex spp, S. oleracea and O. japonicus,
whereas Acacia victoriae was grouped with typical low/non-accumulators such as rice,
barley and maize. These observations were further supported by percentage sequence
identities of Acacia pendula and Acacia victoriae CMO with other plant CMOs. Acacia
pendula CMO showed highest sequence identity to GB accumulators such as Atriplex
nummularia (96.8%), Atriplex semibaccata (96.8%), Atriplex amnicola (96.8%) and
Atriplex hortensis (96.3%).  Acacia victoriae CMO showed highest percentage
sequence identity to Ricinus communis (71.8%), Lycium barbarum (68.5%) and Oryza

sativa (67.3%).
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Figure 3.11: Phylogenetic tree showing the relationship between Acacia pendula
and Acacia victoriae putative partial CMO with other partial plant CMOs.

The phylogenetic tree was constructed using the Neighbor-Joining method in MEGAS with a boot strap
replication value of 1000. Numbers at each branching node represents the confidence value of
bootstrapping. All positions containing gaps and missing data were eliminated. There were a total of 188
positions in the final dataset. There were a total of 188 positions in the final dataset. An asterisk “*’
indicates predicted protein deduced from exon contigs using experimentally obtained CMO gene
sequence. All other full length protein sequences were obtained from GenBank and the sequence lengths
trimmed after alignment. (Spinacia oleracea - EF362838.1, Arabidopsis thaliana - BAC21260.1,
Amaranthus tricolor - AB303389.1, Atriplex hortensis - AF270651.1, Atriplex nummularia -
AB112481.1, *Atriplex nummularia - KC785451, *Atriplex semibaccata - JX486549, Atriplex prostrata -
AY082068.1, Beta vulgaris - AF023132.1, Haloxylon ammodendron - GQ379204.1, Hordeum vulgare -
AB434467.1, Lycium barbarum - FJ514800.1, Ophiopogon japonicus - DQ645889.1, Oryza sativa
Japonica - AJ578494.1, Ricinus communis - XM_00251821, Salicornia europaea - AY849925.1, Suaeda
liaotungensis - AF354442.1, Suaeda salsa - DQ656523.1, Zea mays - DQ864498.1).
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Figure 3.12: Alignment of the deduced amino acid sequences of Acacia CMOs.
Amino acid sequence alignment of the putative CMO proteins deduced from exon contigs of CMO gene
from Acacia pendula and Acacia victoriae isolated in this study with the reported sequences of Spinacia
oleracea (spinach) (GenBank ABN43460.1), Beta vulgaris AAB80954.1, Atriplex semibaccata -
JX486549 and Arabidopsis thaliana (AEE85689.1). The alignments were created in ClustalW in BioEdit.
A dot (.) indicates a conserved residue when aligned with S. oleracea CMO. A dash (-) indicates a gap
introduced to optimally align the sequences, or a missing residue. The light-grey shaded boxindicates the
Rieske iron-sulfur center [2Fe-2S] (CXHX;sCX,H), with the key cysteine (C7, C26) and histidine (H9,
H29) residues, marked with asterisks. The dark-grey shaded box illustrates the conserved mononuclear
non-heme Fe binding motif (DX;DX3HX,H), with the key aspartic acid (D130, D134) and histidine
(H138, H143) residues, marked with asterisks. Residues highlighted in red indicate terminal amino acid
residues of an exon.
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The translated exon contigs were subjected to CDD-Search to detect conserved
sequence motifs. The most characteristic signature motifs present in plant CMOs are
the Rieske type cluster 2Fe-2S (CXHX;s.;7CX;H) and the mononuclear non haeme
cluster (G/DX3.4DX,;HX4.5H). Both these motifs were identified in the putative CMO
cDNA contigs of Acacia pendula and Acacia victoriae. Acacia pendula showed 100%
identity to other GB accumulators such as spimach and Atriplex spp, but Acacia
victoriae CMO showed five residues changes in the Rieske type cluster and two

changes in Mononuclear non heme cluster (Figure 3.13).

Soleracea CTHRASILACGSGKKSCFVCPYH
Bvulgaris CTHRASILACGSGKKSCFVCPYH
Atriplex semibaccata CTHRASILACGSGKKSCFVCPYH
A thaliana CSHHASI LASGNGRKSCFVCLYH
Acacia pendula CTHRASILACGSGKKSCFVCPYH
Acacia victoriae CRHHASLLASGSGQKSCFVCPYH

* * * ok ok ok k ok % k ok kk ok ok ok ok ok

a) Rieske type cluster

Soleracea DNYLD SSYHVPYAH
Bvulgaris DNYLD SSYHVPYAH
Atriplex semibaccata DNYLD SSYHVPYAH
A thaliana DNYLD GGYHVPYAH
Acacia pendula DNYLD SSYHVPYAH
Acacia victoriae DNYLDGGYHVPYAH

k %k  k k ok k %k kk ok ok ok

b) Mononuclear non heme cluster

Figure 3.13: Changes in amino acid residues in signature motifs of putative Acacia
pendula and Acacia victoriae CMO.
Amino acid sequence alignment of signature motifs of the putative Acacia CMO proteins deduced from

exon contigs along with the reported sequences of Spinacia oleracea (spinach) (GenBank ABN43460.1),
Beta vulgaris AAB80954.1, Atriplex semibaccata - JX486549Arabidopsis thaliana (AEE85689.1).

3.5 Discussion

3.5.1 Glycine betaine biosynthetic genes are highly conserved in Australian
saltbushes

Glycinebetaine has been implicated in playing a protective role in plants against various
abiotic stresses including salinity, drought, heat, cold and water logging (reviewed in
Khan et al, 2009, Giri, 2011). As mentioned earlier, in plants the two major enzymes
mvolved in GB biosynthesis are choline monooxygenase (CMO) and betaine aldehyde
dehydrogenamse (BADH). In this study, putative CMO and BADH sequences of three
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native Australian saltbush species, Atriplex nummularia, Atriplex semibaccata and
Atriplex amnicola, were isolated for the first time (except Atriplex nummularia CMO)
and analysed. Although Atriplex nummularia CMO was published earlier, no in depth

analyses of its sequence is available.

CMO belongs to a group of novel Rieske non-heme iron oxygenase (RO) family,
catalyzes the first step in GB synthesis in plants, and is not found in animals or bacteria.
The presence of all essential conserved regions such as the Reiske-type cluster and
mononuclear non-heme cluster in the putative CMOs of the saltbushes (Table 3.1),
including a 58-residue chloroplast transit peptide proposed to be required for this
subcellular localisation (Rathinasabapathi et al, 1997), suggests these encode functional
enzymes. Non-accumulators such as Arabidopsis and rice also have the Reiske-type
and mononuclear non-heme clusters. However, they exhibit mutations at other residues
considered functionally important (e.g., in Arabidopsis CMO; Hibino et al, 2002), or
process incorrect and shorter transcripts (e.g., rice CMO; Luo et al, 2012), and vary
significantly at their N-terminal (Appendix II). The Rieske motif consensus for
AnCMO, AsCMO and AaCMO was CXHX;cCX,H, identical to the spinach and sugar
beet motifs and very similar to the plant consensus (CXHX;s5.;7CX;H). The common
signature motif for the mononuclear non-heme Fe cluster in oxygenase enzymes shows
two residues after the second Asp (DXX) (Jiang et al, 1996). The Asp and His may act
as mononuclear Fe ligands at the site of oxygen activation (Jiang et al, 1996),
contributing to catalytic function. This cluster in AnCMO, AsCMO and AaCMO was
DX;DX3HX4H; however, this extra residue is consistent with all plant CMOs (G/DX;.
4sDXoHX4.sH) (Appendix II). But several changes in these regions apart from the
conserved cysteine (C185, C204; Appendix II) and histidine (H187, H207; Appendix II)
residues were observed, persistent among the cereal/crop plants and Arabidopsis.
Comparison of the Arabidopsis Rieske motif with these motifs (Appendix II) showed
the changes S186T, R188H, C194S, S196N, K199R and P205L; except for Hordeum
vulgare, Lycium chinensis, Oryza sativa, Lycium barbarum, Ricinus communis and Zea
mays. These 6 species also exhibited changes around this region; although these do
have a CMO gene, they are not known to accumulate GB abundantly. Changes in

amino acid residues may affect the physicochemical properties of the proten as well as
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protem folding; however the effects need to be mvestigated through site-directed

mutagenesis.

A number of other functionally important sites identified by CDD-search, based on
multiple alignments of well-annotated full-length proteins and conserved protein
domains, were also noted in the AnCMO, AsCMO and AaCMO sequences, ie., the
active site, substrate (choline + O, + reduced ferredoxin + H") binding site, Fe-binding
sits and a putative o-subunit interface (Table 3.1). The a-subunits are catalytic, their N-
terminal binding to the Reiske cluster and the C-terminal binding to the non-heme Fe
(CDD Search ID ¢d08883). Taken together, the observations suggest strongly that the
saltbushes encode functional CMO enzymes. Reiske proteins are commonly found in
chloroplasts and mitochondria (Balk and Lobreaux, 2005). For AnCMO, AsCMO and
AaCMO, ChloroP indicated a cTP, and TargetP also indicated a ¢TP, with the strongest
prediction (reliability class 1- AnCMO, AsCMO and reliability class 2- AaCMO).
However, its predicted cTP length is inconclusive due to certain discrepancies. Firstly,
the multiple sequence alignment suggested 58 residues (Figure 3.3), as all three putative
saltbush CMOs showed the AVA residues found by peptide sequencing at the start of
mature spinach CMO (Rathinasabapathi et al, 1997). Secondly, ChloroP suggested the
cTP length of 72 for AnCMO, 91 for AsCMO and 67 for AaCMO despite Ala61, Ala59
and Ala61 having the highest prediction scores, respectively. Finally, TargetP predicted
the same cTP lengths (72 for AnCMO, 91 for AsCMO, 67 for AaCMO), as both
software packages run the same scoring matrix derived from the MEME (Multiple Em
for Motif Elicitation) algorithm. Hence, while there is a strong indication of chloroplast
localization from the putative sequences, experimental determmation of the actual

processing sites is necessary.

The biochemical properties of the putative mature CMOs were construed using
ProtParam (Table 3.2). The estimated molecular weights of 42.67 kDa, 42.54 kDa and
42.53 for monomers of AnCMO, AsCMO and AaCMO, respectively, are close to the
experimentally determined values for other plants, e.g, spmnach (42.8 kDa;
Rathinasabapathi et al, 1997), Amaranthus tricolor (>43 kDa; Meng et al., 2001).
However, the mstability index of 40 or above predicts a protein to be unstable

(Gasteiger et al., 2005), hence these CMOs may not be monomeric. A homodimer or
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possible homotrimer of 135 kDa is reported in spmach (Rathiasabapathi et al., 1997), a
dicot GB accumulator. The CMO of A. thaliana, a dicot non-accumulator, shows an
instability index of 31, classifying it as stable. This may be partly due to the prediction
of its transit peptide being by UniProt rather than experimentally. Interestingly, O.
japonicus, a monocot, shows a pattern similar to the dicot accumulators. Although
native GB accumulation data for O. japonmicus is not reported, expression of O.
japonicus CMO i tobacco led to 2-2.5 fold increase in GB accumulation (L et al,
2010), suggestive of this monocot being an accumulator with a functional CMO.

BADHs belong to the class of pyridine nucleotide-dependent dehydrogenases. The
putative BADHs identified in this study exhibited motifs of paramount structural and
functional importance, including the two most conserved ones, the Glu- and Cys-active
site motifS which play a role in the catalytic activity of BADHs. The recent tertiary
structure predictions and X-ray crystallography of spimnach SoBADH (PDB 4A0M)
(Diaz-Sanchez et al., 2012) support some of the residues being essential for substrate
binding; mutations at these residues could thus alter the enzyme activity and
subsequentty GB accumulation.  The spmach BADH structure also emphasized the
significance of certain other residues that play a direct role in BADH activity, and shed
some light on why certain BADHs have higher activity while others have little or none.
While Ala441/Cys441 is found in GB accumulators, it is replaced by Ile441 in low/non
GB accumulators (Diaz-Sanchez et al, 2012 supplementary data). Tyr160, Trpl67,
Trp285 and Trp456 form a pocket that allows binding of the substrate betaine aldehyde
(BA). This mteraction is not affected by Ala441/Cys441; however, Ile441 decreases the
size of the pocket, thereby mhibiting substrate binding (Diaz-Sanchez et al., 2012). The
Ala443 (equivalent to Ala441) is conserved in AnBADH, AsBADH and AaBADH
(note the difference n number is due to deletion of residues 62-64 mn spinach BADH;
Figure 3.5). This suggests that all three saltbushes are potential GB accumulators,
expressing functional BADH. Changes to the substrate-binding site may also facilitate,
or prevent, the binding of substrates other than BA, e.g., m BADH-mediated oxidation
of other ammoaldehydes such as 3-amino-propionaldehyde, 4-ammobutyraldehyde or 4-
guanidinobutyraldehyde n Avena sativa (Livingstone et al, 2003). Comparison of the
physicochemical properties of saltbush BADHs (Table 3.2) did not reveal any notable
differences. The classification of BADHs as stable may be due to the fact that post-
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translational processing was not considered, as BADHs lack a typical N-termmnal signal
peptide, and the peroxisome-targeting SKL was also lacking. The prediction needs
experimental investigation, as an atypical, unusually short N-terminal transit peptide has

been hypothesised for spinach BADH (Weretinyk and Hanson 1990).

Studies of enzyme properties and site-directed mutagenesis at selected residues may
help engneer salt tolerance further. In addition to the detailed sequence analyses of
CMO and BADH from Atriplex nummularia, Atriplex semibaccata and Atriplex
amnicola, therr close phylogenetic relationship with other members of the
Amaranthaceae family and separation from the Poaceae plants, such as rice, barley and
corn, suggested a strong possibility that these three saltbushes are GB accumulators.
For CMO, much of the distinction into different groups can be attributed to differences
n the protein sequence alignment of the N-terminal signal peptide (Appendix II). It is
notable that Arabidopsis and cereals, such as rice, are known low or non GB
accumulators (Hibmno et al, 2002, Luo et al, 2012) and do not exhibit the AVA
residues at the start of the mature polypeptide determined experimentally in spinach
(Rathinasabapathi et al., 1997), raising the question of whether ther CMO pre-proteins
are processed correctly. The results presented in this chapter are fundamental to further
mvestigate the functionality of these genes in terms of gene expression and expression

of GB.

The presence of genes may not necessarily indicate actual gene expression or high GB
accumulation, as seen in A. thaliana (Hibino et al, 2002). Several other factors need to
be considered, e.g, regulation of substrate synthesis, mtracellular synthesis and
transport, accumulation and degradation, and physicochemical properties of the enzyme
mcluding key residues (Rao ef al, 2006). Hence, this study also investigated the gene
expression and GB accumulation in the selected saltbushes under salinity stress. Semi-
quantitative mRNA expression analysis showed up-regulation of CMO in both types of
tissue (leaf and root). =~ BADH showed substantial upregulation in leaves only, in
agreement with previous reports focussing on BADH expression in leaves (Nuccio et
al, 1998, Ahmad et al, 2008), with only a few on BADH expression in roots
(Nakamura et al, 2001). In barley, one isozyme of BADH, BBDI, showed two-fold

increase in expression under salinity, drought and abscisic acid, whereas BBD2 showed
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only a slight increase under salnity, drought and cold (Nakamura et al, 2001). In the
mangrove Avicennia marina, one type of the root BADH mRNA showed a 2-fold
increase but no change in another type (Hibino et al, 2001). These observations
suggest a possibility of more than one BADH isozymes may be present. However, the
cDNA sequences of both species did not provide any evidence of this. Expression of
CMO and BADH transgenically into non GB accumulating plants such as A. thaliana
(Hibmno et al., 2002), rice (Shirasawa et al., 2006) and tobacco (Nicotiana tabacum)
(Yang et al, 2008) led to significant levels of tolerance to salinity. Thus, strong
nduction of these genes in saltbushes indicates their mvolvement in the extreme mnate

salt and drought tolerance of these plants.

3.5.2 Glycine betaine biosynthesis may not occur in Acacia species

This study is the first to provide evidence that Acacia species do have the underlying
genetic mechanism for producing GB. The aim of this study was to investigate the
likelihood of a GB biosynthetic pathway in three reportedly salt tolerant Acacia species
(Acacia pendula, Acacia salicina, Acacia victoriae) at both gene isolation and
expression levels, and explore the possible mnvolvement of GB in their salinity stress
tolerance response. The absence of any amplification of BADH in the tested Acacia
species may be due to primer degeneracy/specificity or may be its suggestively low
gene copy number in the Acacia genome. On the other hand, the amplification of CMO

from the gDNA of Acacia pendula and Acacia victoriae was successful.

Although not transcriptionally active, the mere presence of the CMO gene opens a
plethora of future alternatives to manipulate the biochemical pathway in order to
synthesise GB. Based on sequence similarity and phylogenetic relationships (Figure
3.11), Acacia pendula is a better candidate for further mvestigating the means to
activate the mnate GB biosynthetic pathway. Acacia pendula CMO showed a higher
degree of signature motifS conservation which is an essential factor for a functional
CMO. The relationship of Acacia pendula CMO to CMOs from other GB accumulating
plants is a good mdication of its potential GB accumulating ability. On the other hand,
Acacia victoriae CMO exhibited significant differences in the conserved domains and
was more related to the CMO from the non-accumulator A. thaliana (Hibmo et al.,

2002).  Considering the fact that acacias are native Australian vegetation that
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predominantly grow in water/nutrient deficient and salt degraded lands, enhancing
additional qualities such as GB production would contribute to sustainable farm forestry
and animal feed. In order to provide substantial evidence that GB may not be
synthesised by these Acacia species further enzyme and biochemical tests are required.

The results of these confirmatory experiments are present in Chapter 4.
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Chapter 4 Biochemical response of Australian native plants to salinity stress

4.1 Abstract

Plant adaptation to environmental stresses is a complex mechanism that is activated by a
cascade of genomics, proteomics and metabolomics networks. This study focussed on
examining the role of certain metabolites (osmoprotectants) in response to salinity stress
in the selected Australian native plants. Reliable methods for HPLC detection of GB
and trehalose were developed and optimised. The results showed that under salt stress,
the saltbushes accumulated high levels of GB (Atriplex nummularia 29.69 mmol kg
FW, A. semibaccata 42.57 mmol kg ' FW, A. amnicola 5.20 mmol kg”' FW) compared
to reported levels in cereals such as barley (4-9 mmol GB kg ' FW) and wheat (12
mmol GB kg' FW), owing to their extremely conserved gene sequences as shown in
chapter 3. This data was further supported by the high BADH enzyme activity in
saltbushes. However, the Acacia species did not produce any detectable levels of GB
and may be attributed to their transcriptionally mactive/absent genes. Proline content
was determined using ninhydrin reagent and was found to be enhanced in Atriplex and
Acacia genera under salt stress. Acacia victoriae displayed increased P5CS enzyme
activity and no change in PDH enzyme activity (relative to control plants) and produced
the highest amount of proline 6.97 pmoles mg' FW of leaf tissue under salt conditions.
Trehalose accumulation was not detected in both groups (Acacia and Atriplex species)
under control and stressed conditions. The results strongly suggest the role of GB and
proline in plants under salt stress and may contribute to their inherent salt tolerant
nature. The high GB level produced by Atriplex semibaccata accentuates its forage
qualities on salinity-prone land.
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4.2 Introduction

There are several classes of osmoprotectants as mentioned in Chapter 1. This chapter
focusses on a quaternary ammoniuum compound, glycine betaine (GB), and the amino
acid proline, because of their reported prominence in abiotic stress tolerance mechanism
of plants, and also investigates trehalose accumulation, known to function as an
osmoprotectant in other organisms but with little information available on its function in
higher plants. As detailled in section 1.8.5, saltbushes make a highly desirable mixed-
fodder species and have been successfully used n many large animal grazing trials in
Africa and Australia (reviewed in Ben-Salem er al, 2010). Glycine betaine has been
shown i independent trials to improve the health of pigs and poultry (reviewed in
Ratriyanto et al, 2009). It is thus a logical question whether the high degree of salt
tolerance in saltbushes and their food functionality may be related to expression of GB.
The results presented n Chapter 3 confirmed the presence of transcriptionally active GB

biosynthetic genes in saltbushes paving the way for further biochemical testing,

Proline accumulation is a common response by plants under abiotic stress (section
1.9.3). Previous studies on five Acacia spp. have shown significant increase in proline
levels in leaves and roots (Yokota, 2003). Proline content increases considerably to
maintain cytoplasmic solute potential and then decreases on alleviation of stress
(Sharma and Verslues, 2010); hence proline accumulation patterns may indicate the

stress condition of plants.

This chapter thus aimed to address the following questions:

. Do the saltbushes (Atriplex species) and wattles (Acacia species) under study
synthesise GB?

. Do they have a proline biosynthetic pathway, and is it responsive to salt stress?

. Do these plants produce trehalose at levels that may play a role in salnity stress?

In the case of Acacia species, many are able to withstand harsh environmental
conditions, but there are limited reports on the biochemical basis of their tolerance.
Addressing these gaps is essential if these species are to be fully exploited for

environmental and economic sustainability on saline and/or drought-prone land.
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4.3 Experimental design

To ensure a thorough exploration of salinity-induced accumulation patterns of glycine
betaine, proline and trehalose in the select group of Atriplex and Acacia species, the
accumulation levels of these compounds was investigated using different experimental
approaches. The experimental design differs due to low detection level of metabolites.
The first step was the quantification of each of the metabolites. This was accompanied
or followed by examiing the expression of key enzymes mvolved in the respective
biochemical pathways. In some cases, this led to investigations at both levels ie. at the
biochemical level and enzyme level (as in glycine betaine and proline biosynthesis).
When there was no result obtained for biochemical quantitation, studies on enzyme

activity were not conducted (e.g., for trehalose analysis).

4.4 Results

4.4.1 Glycine betaine quantitation in native plants

4.4.1.1 HPLC method optimisation for GB detection

The method was developed using 7525 acetonitrile: water solvent system. The flow
rate was optimised at 1 mL/minute and the wavelength for detection was optimal at 190
nm. Glycine betaine standards in 50% ethanol at these conditions showed clear peak
resolution and had an estimated retention time of 4.6 to 5.0 minutes on average (Figure
4.1; Table 4.1). These optimised conditions were used for analysis of plant samples.
The results obtained for method validation were as per the International Conference on
Harmonisation (ICH, 1996) and are given in Table 4.2. The linearity of the method was
established from standard curve calibration (Figure 4.2). The typical linear regression
value (R*) was 0.9992 for the concentration range of 50 - 1000 pg/mL. The linear
regression equation, used for calculating the amount of GB in the test leaf samples, was
x=y-c¢/m where x is the amount of GB, y is the average peak area (response) of the test
sample, C is the intercept (C= 21295) and m is the slope of the standard curve (m or S=
2447.3). The precision of the method was established based on % Relative Standard
Deviation (%RSD) for intraday and interday repeatability (ICH, 1996). The intraday
precision %RSD was 0.71%, 0.44% and 0.29% for 50, 300 and 500 pg/mL of the
standard betaine solutions. The interday precision %RSD was 0.61%, 1.53% and 0.41%
for the standards. These values are well below the stipulated +2% according to ICH
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guidelines (ICH, 1996). The lmit of detection was 0.58 upg/mL and the lmit of
quantitation was 1.75 pg/mL.
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Figure 4.1: HPLC chromatogram of betaine 1 mg/mL in 50% ethanol
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Figure 4.2: Standard curve calibration of glycine betaine (50 to 1000 png/mL)

Table 4.1: Average peak area* and retention times of standard GB solutions

Avtei:ge(::x::;on Concer(ﬁ;io:; RHGE Average peak area t Standard deviation

5.0 1000 2448904.667 +30318.09

47 500 1287204.667 +3745.969

4.7 400 1010402.667 +£3863.633

4.6 300 750453 +3312.522

4.7 200 493204.667 +752.823

4.8 100 328482.667 +£2135.429

4.8 50 133460.667 £316.658

* Average peak area was determined as a mean of three HPLC runs per 10 pL standard.
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Table 4.2: Results obtained for method validation based on five parameters
defined by International Conference on Harmonisation (ICH)

Parameter Result
Range 50 - 1000 pg/mL

Correlation coefficient R” = 0.9992
Linearity Slope (S) = 2447.3
Intercept = 21295

50 pg/mL =0.71%
Intraday precision %RSD 300 pg/mL = 0.44%

500 pg/mL = 0.29%

50 pg/mL = 0.61%
Interday precision %RSD 300 pg/mL = 1.53%

500 pg/mL = 0.41%

Limit of detection 0.58 pg/mL

Limit of quantitation 1.75 pg/mL

4.4.1.2 Quantitation of GB in leaf extracts

Leaf samples were primarily chosen for GB analysis because this tissue is known to
accumulate GB and is typically analysed (Rhodes and Hanson, 1993). Other tissues
were not analysed due to the madequate amounts or unsuitable quality for the extensive
biochemical analyses. Sample chromatograms of Atriplex nummularia control and salt-
stressed tissue extracts are shown in Figure 4.4 and its corresponding data on the
average peak area used to determine the concentration of GB i ethanolic leaf extracts is
shown in Table 4.3. The average retention time for GB m leaf extracts was 4.7—4.9
minutes. The amount of GB expressed per milligram of fresh leaf tissue (ug of GB/mg
FW) of all six species tested is shown in Table 4.4. Among them, A. semibaccata
produced the highest quantities of GB, higher than A. nummularia and A. amnicola
under control as well as salt-stressed conditions (Figure 4.3). There was a small,
statistically insignificant difference in the GB levels in control plants of A. nummularia
(1.33 £ 0.34 pg of GB/mg FW) and 4. semibaccata (1.96 + 0.2 pg of GB/mg FW),
whereas 4. amnicola showed a considerably lower amount (0.32 + 0.05 pg of GB/mg
FW). Interestingly, the salt-stressed plants showed 2.6, 2.6 and 1.9 fold higher levels of
GB (4. nummularia 3.48 + 0.24, A. semibaccata 5.00 = 0.29, A. amnicola 0.61 + 0.11)
than control plants. However, among the three Acacia species tested, no peaks were

evident around the estimated retention time of standard GB, indicating the absence of
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GB.
4.4.

Samples of Acacia salicina chromatograms for leaf tissues are shown in Figure

Table 4.3: Average peak area and retention times of GB present in 50% ethanolic
leaf extracts of Atriplex nummularia (An)

Aw:rage Total amount | Amount of GB
Retention Average peak area + .
c Sample oot of leaf sample | in total sample
time Standard deviation ) it
(minutes) g mg
49 An Control 1 259536.333 +347.7358512 54.8 97.3486427
48 An Control 2 306016 =+ 2005.479 74.6 116.340865
4.7 An Control 3 93745.333 +2897.703 453 29.6041897
49 An Stressed 1 438680.667 + 1190.999 51.7 170.549449
49 An Stressed 2 603756.667 +893.6015 60.3 238.001743
48 An Stressed 3 541982.333 +1031.653 66.7 212.759912

Average peak area was determined as a mean of three HPLC runs per 10 puL leaf extract.

Table 4.4: GB accumulation in native plants

Amount of GB Amount of GB
Plant (ng of GB/mg FW) (mM of GB/kg of FW)
Control Salt-stressed Control Salt-stressed
Atriplex nummularia (An) 1.33 £0.344 3.48 £0.236* 11.35 £2.936 29.69 +2.017*
Atriplex semibaccata (A4s) 1.96 +0.196 5.00 +0.289* 16.73 + 1.667 42.57 £ 2.461*
Atriplex amnicola (Aa) 0.32 +0.051 0.61 +£0.106* 2.74 £0.432 5.20 +£0.897*
Acacia pendula (Apen) ND ND ND ND
Acacia salicina (Asal) ND ND ND ND
Acacia victoriae (Avic) ND ND ND ND

FW= Fresh weight of leaf tissue. Glycine betaine (mM) was calculated from the molecular weight of
betaine 117.146 (mass/molecular weight). An asterisk (*) indicates significant difference at p<0.05
between control and salt-stressed samples. ND: “Not Detected”.

6
5 T
£ g4 7
2 b Z
=5 3 : ] :
£ . N
sg 2 . =
S8 4 o
[aa] g 1 y/./'* & -'"r,
&) ' 1
0 i} - Ve —1
Atriplex Atriplex Atriplex
nummularia semibaccata amnicola
O Control 1.33 1.96 0.32
B Stressed 3.48 5 0.61

Figure 4.3: Glycine betaine accumulation in saltbush leaf tissues
" indicates statistically significant (p<0.05) difference in values between control and salt treatments
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Figure 4.4: Sample HPLC chromatograms of control and salt-stressed Atriplex

nummularia and Acacia salicina ethanolic leaf extracts
Glycine betaine seen with a retention time of 4.717 minutes for control and 4.758 for salt-stressed leaf
samples of Atriplex nummularia.
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4.4.1.3 Total protein content

The protein content in each plant extract was estimated using a standard curve plotted
with varying concentrations of BSA and their corresponding absorbance at 595 nm
(Figure 4.5). Protein concentrations were calculated using the formula x= (y-C)/m,
where m is the slope (m) and C is the intercept of the standard curve. For the Atriplex
species, m= 3.922 and C= 0.0111; and for the Acacia species, m= 4.6783 and C=
0.0728. Table 4.5 shows the estimated concentration of protein in Atriplex nummularia

(An), Atriplex semibaccata (As), Atriplex amnicola (Aa); and Acacia salicina (Asal),

Acacia victoriae (Avic), Acacia pendula (Apen).
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Figure 4.5: Standard curves for estimation of protein concentration in leaf extracts

to determine BADH activity

A. Standard curve for Atriplex spp. B. Standard curve for Acacia spp.

Table 4.5: Total protein concentration from control and salt-stressed leaf tissues

Average protein concentration (mg/mL)

Plant
Control Salt-stressed
Atriplex nummularia 0.162 £ 0.017 0.193 £ 0.006
Atriplex semibaccata 0.140 + 0.033 0.128 + 0.007
Atriplex amnicola 0.063 + 0.029 0.085 + 0.050
Acacia pendula 0.358 £ 0.110 0.299 + 0.090"
Acacia salicina 0.313 £0.163 0371 +0.077"
Acacia victoriae 0.185 + 0.050 0.310 + 0.033"

" indicates statistically significant (p<0.05) difference in values between control and salt treatments
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4.4.1.4 Activity of BADH enzyme

Following the estimation of total protein concentration, BADH enzymatic activity of the
various plant extracts were assayed. Crude leaf extracts from salt-stressed plants
showed elevated levels of activity compared to control samples (Figure 4.6). Atriplex
semibaccata showed three times more specific activity of BADH in salt-stressed leaf
tissues (7.905 £ 0.605 pmoles/minute/mg protein), compared to control tissues (2.433 =+
0.313 pmoles/minute/mg protein). Atriplex amnicola showed a significant increase in
specific activity from 2.952 £ 0.391 pmoles/min/mg protein in control tissues to 5.137 =+
0.309 pmoles/minute/mg protein in salt-stressed tissues.  Atriplex nummularia also
showed a significant increase from 1.803 + 0.417 pmoles/min/mg protein (control) to
3.346 + 0.393 umoles/minute/mg protein.
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Plant Specific activity Units/mg protein
Control Salt-stressed
Atriplex nummularia 1.803 + 0.417 3.346 + 0.393*
Atriplex semibaccata 2.433 +£0.313 7.905 + 0.605*
Atriplex amnicola 2.952 +£0.391 5.137 + 0.309*

Figure 4.6: Specific activity of BADH enzyme in leaf extracts

" indicates statistically significant (p<0.05) difference in values between control and salt treatments

4.4.2 Proline quantitation in native plants

4.4.2.1 Proline quantitation

The amount of proline was estimated using the ninhydrin based protocol of Bates et al
(1973). A standard curve was developed (sample shown in Figure 4.7) and the amounts
expressed as nmoles per mg fresh weight (FW) of leaf tissue. Among the six native
species tested, Acacia victoriae expressed the highest amount of 6.97 nmoles proline

per mg FW of leaf tissue under salt treatment and 1.62 nmoles under control conditions.
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On average, the acacias (4.55+£2.36 nmoles proline per mg FW of leaf tissue) produced
2-fold more proline compared to the saltbushes under salt treatment (2.24 + 1.36 nmoles
per mg FW) (Figure 4.8).
proline per mg FW) produced more proline compared to Atriplex semibaccata (2.22 +

Under salinity, Atriplex nummularia (3.01 + 0.68 nmoles

1.16 nmoles per mg FW) and Atriplex amnicola (1.48 + 0.22 nmoles per mg FW).
Acacia victoriae produced higher levels of proline compared to Acacia salicina (3.98 +

0.80 nmoles per mg FW) and Acacia pendula (1.48 £ 0.11 nmoles per mg FW).
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Figure 4.7: Standard curve for estimation of proline concentration in leaf extracts
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Figure 4.8: Estimation of proline concentration in Atriplex spp. and Acacia spp.
leaf extracts

" indicates statistically significant (p<0.05) difference in values between control and salt treatments
(An: Atriplex nummularia; As: Atriplex semibaccata; Aa: Atriplex amnicola; Avic: Acacia victoriae,
Asal: Acacia salicina; Apen: Acacia pendula)
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4.4.2.2 Total protein content

The concentration of protein in each plant extract was estimated using a standard curve
plotted with varying concentrations of BSA and their corresponding absorbance unit at
595 nm (Figure 4.9). Protein concentrations were calculated using the formula x = (y-
C)/m, where m is the slope (m) and C is the intercept of the standard curve. For the
Atriplex species, m= 3.922 and C= 0.0111; and for the Acacia species, m= 4.6783 and
C= 0.0728. Table 4.6 shows the estimated concentration of protein in Atriplex
nummularia (An), Atriplex semibaccata (As), Atriplex amnicola (Aa); and Acacia

salicina (Asal), Acacia victoriae (Avic), Acacia pendula (Apen).
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Figure 4.9: Standard curves for estimation of protein concentration in leaf extracts
for assaying the activity of proline biosynthetic enzymes
A. Standard curves for Atriplex spp. B. Standard curves for Acacia spp.

Table 4.6: Estimated total protein concentration from control and salt-stressed leaf
tissues

Plant sample Average protein concentration (mg/mL)
Control Salt-stressed
Atriplex nummularia 0.403 +0.135 0293 £0.114
Atriplex semibaccata 0.172 + 0.010 0.193 +0.061
Atriplex amnicola 0.035 + 0.007 0.078 £ 0.052*
Acacia pendula 0.084 + 0.020 0.108 £ 0.025
Acacia salicina 0.013 +0.003 0.119 £ 0.057*
Acacia victoriae 0.056 + 0.040 0.056 + 0.007

" indicates statistically significant (p<0.05) difference in values between control and salt treatments
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4.4.2.3 Assay of PSCS activity

As seen in Figure 4.10, there was a clear distinction in the PSCS enzyme expression
patterns between the genus Atriplex and Acacia. The Atriplex species exhibited limited
PSCS enzyme activity, almost 10 times lower than the Acacia species. However,
comparison of PSCS activity (as fold change) between control and salt treated plants
within each species indicated a 1.6 fold change for Atriplex amnicola, 2X for Atriplex
nummularia and 2.5X for Atriplex semibaccata, and 1.2X for Acacia pendula and 2.2X
each for Acacia salicina and Acacia victoriae. A positive correlation, ie. increase in
P5CS activity with a concurrent increase in proline content, was observed (Table 4.7),
with stressed plants expressing higher levels of prolne than control. =~ Under salt
conditions, among the saltbushes, Atriplex amnicola had the highest enzyme activity,

and among the acacias, Acacia victoriae had the highest enzyme activity.
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Figure 4.10: Activity of PSCS enzyme in leaf tissues of control and salt-stressed
plants

" indicates statistically significant (p<0.05) difference in values between control and salt treatments
(An: Atriplex nummularia; As: Atriplex semibaccata; Aa: Atriplex amnicola; Avic: Acacia victoriae;
Asal: Acacia salicina; Apen: Acacia pendula)

4.4.2.4 Assay of PDH activity

In terms of PDH activity (Figure 4.11), Acacia salicina exhibited the highest activity of
224.07+ 26.02 nmoles/minute/mg protein among the tested species under salt treatment.
The fold change n PDH enzyme activity n Atriplex species was 1.6 (Atriplex
amnicola), 1.8 (Atriplex nummularia) and 5.6 (Atriplex semibaccata), and n Acacia
species -0.6 (Acacia pendula), 1 (Acacia victoriae) and 2.9 (Acacia salicina) (Table
4.7). This translates to Acacia pendula, showing a decrease in PDH activity, Acacia
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victoriae showing no difference, and Acacia salicina and all three Atriplex spp. showing

an increase in PDH activity between control and stress plants.
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