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ABSTRACT 

This thesis examines the effect of high light and water stress and solar UV-B 
radiation on photoinhibition of photosynthesis and the xanthophyll cycle in Acacia 
auriculiformis, Acacia mangium, Acacia crassicarpa, Acacia aulacocarpa, Eucalyptus 
camaldulensis and Eucalyptus pellita in both shade-house and field conditions. 
Photosynthesis and the xanthophyll pool size increased 2- and 4-fold respectively with growth 
irradiance in shade-house grown plants. In contrast, chlorophyll content and the epoxidation 
state (EPS) decreased with growth irradiance. Photosynthetic activities of these plants were 
comparable to field-grown acacias which formed larger xanthophyll pools (especially 
zeaxanthin) apparently in response to the higher light and higher water deficit conditions 
prevailing in the field. 

The role of leaf angle in high light environment was examined in a number of species 
including A. crassicarpa, A. mangium, A. auriculiformis and E. pellita in Chapter 4. The near 
vertical leaf angle of A. crassicarpa reduced light absorption directly and lowered leaf 
temperature for optimal photosynthesis. Such a strategy seemed cost effective and eventually 
led to increased productivity (Table 4.4). In contrast, E. pellita with moderate photosynthetic 
capacity had enormous xanthophyll cycle activity to help dissipate excessive energy and 
reduce photoinhibition (Chapter 4). Furthermore, A. auriculiformis with small leaf size and 
leaf angle exhibited high photosynthetic activity and substantial xanthophyll cycling activity, 
useful for the dissipation of excessive energy (Chapter 5). 

The leaf angle of A. crassicarpa was altered artificially (90°, 67.50,  45°, 22.5° and 00) 

in an experiment. Reducing the leaf angle below 90° increased incident irradiance, leaf 
temperature and xanthophyll cycle activities but photosynthetic activity and the total CO, 
fixed in a day were decreased significantly. The results indicate that reducing incident 
irradiance by altering leaf angle can be an effective photoprotective mechanism against 
photoinhibition by high light. 

The effect of water stress was examined in clones of A. auriculiformis grown in 
irrigated and unirrigated sites during the wet and dry seasons (Chapter 5). Unirrigated plants 
during the dry season had very low leaf water potential and thick leaf cuticles compared to 
irrigated plants. The plants were photoinhibited under these conditions and they showed 
greatly reduced Fv/Fm ratio and photosynthetic activity. Chlorophyll and leaf soluble protein 
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contents decreased but carotenoid and xanthophyll, especially zeaxanthin, contents increased 
greatly compared to plants growing under irrigation. Unirrigated plants showed large diurnal 
changes in photosynthesis and zeaxanthin and violaxanthin content. Photosynthetic activity 
was 3-7 fold less and zeaxanthin level 20-50 fold higher than the values determined in the 
wet season or under irrigated conditions. The high level of xanthophyll cycling observed in 
the unirrigated or dry season plants was presumably associated with the dissipation of excess 
light energy and serves to protect the photosynthetic apparatus from photoinhibition. 

Phyllode pinitol levels also increased 1.4-1.7 fold in plants under water stress 
conditions (Chapter 6). The pinitol content constituted 50% of the phyllode total sugars 
content compared to 17% for fructose, 20% for glucose and less than 10% for sucrose. 
Drought stress increased the accumulation of pinitol and total soluble sugars apparently to 
help regulate the osmotic condition in the cell and to reduce damage by water stress. Soluble 
sugar levels especially pinitol were higher in the dry season and/or in unirrigated plants. 
Interestingly, no diurnal variations in sugar level were observed in either irrigated or 
unirrigated plants. This was probably because, unlike experiments with pot plants, water 
stress in the field can not be induced rapidly. 

Furthermore, my results show that field-grown A. auriculiformis accumulated more 
pinitol but less sucrose compared to seedlings grown in the shade house. Under water stress 
condition, phyllode total sugars decreased 15% in seedlings but increased 30% in trees in the 
field. These differences probably reflect the different developmental stages between 
seedlings and trees. Differences in sugar accumulation were also observed between species. 
Acacias had high pinitol and sucrose but low fructose contents whereas leaves of E. pellita 
had high fructose but low pinitol and sucrose levels. These differences are likely to be due to 
differences in metabolism between acacias and eucalyptus. Thus different sugars may be 
involved in osmotic adjustment during water stress in acacia and eucalyptus. 

The effects of natural solar UV-B radiation on the growth, photosynthesis and the 
xanthophyll cycle of four acacia and two eucalyptus species were examined in Chapter 7. 
Solar UV-B radiation seemed to delay plant growth in all species examined even though it 
did not affect photosynthetic activity significantly. Under solar UV-B radiation, a reduced 
SLA, and an increased leaf thickness and size of palisade cell and epidermis were observed 
in plants. Chlorophyll content decreased but leaf soluble protein content increased in plants 
under solar UV-B radiation. Solar UV-B radiation apparently had a strong effect on 
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chlorophyll degradation rather than the size of xanthophyll cycle pooi. It seemed that 
xanthophyll formation was more strongly affected by PPFD than by solar UV-B radiation. 
Overall, the effect of solar UV-B on plant growth and form was much less detrimental than 

reported for indoor experiments where high UV-B dosage (relative to growth irradiance) 
were used. 

Photoinhibition of photosynthesis was observed in acacia and eucalyptus species (and 
probably in other plant species as well) during the dry season in the NT. My studies show that 
different species may use different methods to dissipate excess energy to protect against 
photoinl-iibition. This includes vertical leaf angle orientation to reduce incident irradiance in A. 
crassicarpa; high photosynthetic capacity and electron transport activity in A. auriculformis; 
and high xanthophyll cycling in E. pellita. This is complemented by high soluble sugar 
(pinitol) content to protect against water stress during the dry season where conditions of 
high light and high water deficit prevail for a considerable period. 
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CHAPTER ONE 

LITERATURE REVIEW 



LITERATURE REVIEW 

1.1. PHOTOINHIBITION OF PHOTOSYNTHESIS 

Plants exposed to full sunlight absorb more photons than are needed for maximum 
photosynthesis. The energy from the remaining photons can be dissipated as heat and a small 
proportion (1%) as chlorophyll a fluorescence. However, whenever the utilization and 
dissipation of energy through photosynthesis, in combination with the photoprotective 
processes, are insufficient for dealing with the absorbed light the photosynthetic apparatus 
may be damaged (Fig. 1.1) leading to a loss of photosynthetic activity (Kok 1956; Powles et 
al. 1983; Long and Humphries 1994; Osmond 1994). This phenomenon, recognized decades 
ago (Ewart 1896; Emerson 1936; Rabinowitch 1945), has been termed photoinhibition 
(Powles 1984). Under optimal environmental conditions little or no photoinhibition occurs 
(Krause and Laasch 1987) because leaves are able to dissipate full sunlight completely 

through a combination of high rates of photosynthetic electron transport and high rates of 
thermal energy dissipation (Demmig-Adams and Adams 1992). But when stress factors (i.e. 
high light stress, extreme temperature, drought and/or salinity) are applied photoinhibition 
can become substantial and cause a significant loss of potential biomass production. 

< Photoprotection > 

—Utilization --- > < --------  —Damage > 

Photosynthetic (Decreased Thermal Removal Inactivation Photo- 
electron absorption) energy of active Turnover oxidation 

transport dissipation oxygen of PS II 

Increasing PPFD 

Figure 1.1. Schematic representation of the responses of the photosynthetic apparatus 
of plants to the absorption of increasing levels of PPFD (from Demmig-Adams and 
Adams 1992). 
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1.1.1. Photoinhibitory damage 

Intense light inhibits the primary photochemical process and severely impairs PSII 

but not PSI activity via mechanisms such as inhibition of light-saturated, uncoupled electron 

transport capacity, in particular, damage to the Dl PS II reaction-centre polypeptide 

(Anderson et at. 1995; Björkman 1968; Critchley 1988; Oquist et at. 1992). Photodamage on 
the acceptor side results in failure to perform a stable charge separation and that on the donor 

side results in blocking electron transfer to P680 (Chow 1994). This decreases the 02 yield 

per single-turnover repetitive flash, the maximum efficiency of PS II photochemistry 

(assayed as Fv/Fm) and the overall quantum efficiency of 07 evolution or CO2  fixation 

(Chow et at. 1989 and 1991). There is a linear correlation between Fv/Fm and the quantum 

yield of 0, evolution (Demmig and Björkman 1987; Leverenz and Oquist 1987; Adams and 

Osmond 1988; Henley et at. 1991; Chow et at. 1989 and 1991) and photoinhibition initially 

induces a decrease in quantum yield of light-limited 0, evolution with little or no loss of PS 

II activity by formation of nonfunctional PS II (Aro et at. 1995). A decrease in light-saturated 

photosynthetic capacity in leaves (Walker and Osmond 1986) and protoplasts (Horton et at. 

1987), bulk pigment loss with photo-oxidation (Powles 1984) and loss of stroma enzyme 

activity including rubisco (Stamp 1987). Another harmful effect may arise from the "over-

excitation" of chlorophyll and its conversion to the triplet state which can react destructively 

with cell components, or with oxygen to produce singlet oxygen which is highly reactive 

with chlorophyll, lipids and proteins (Knox and Dodge 1985). 

1.1.2. Photoprotection 

Photosynthetic organisms, being largely immobile in their immediate light 

environment, have developed various strategies to prevent photoinhibitory damage. 

Photoprotection principally involves the efficient dissipation of excess heat via chlorophyll 

fluorescence and non-photochemical quenching by thylakoid pH, and /or the prevention of 

singlet 02  production and photooxidative damage to the PS II function (Rees and Horton 

1990). Protection is also conferred via electron cycling around PS II and "long term down-

regulation" of PS II reaction centre (Falkowski et at. 1986; Oquist et at. 1992). There are a 

number of adaptive and repair mechanisms for reducing photoinhibition: the degradation and 
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resynthesis of damaged Dl protein (Greer et. at. 1986); the harmless and controlled 

dissipation of excessive energy via the xanthophyll cycle (Bilger and Björkman 1990; 

Gilmore and Yamamoto 1991; Demmig-Adams and Adams 1992); dissipative charge-

recombination process within the reaction centres (Weis and Berry 1987) and a dissipative 

electron cycle around the reaction centre of PS II (Falkowski et at. 1994; Rees and Horton 

1990). Photoinhibitory damage can also be ameliorated through the scavenging of active 

oxygen (0, and '07) formed in the photochemical apparatus. 

Plants respond to excess light at different organizational levels to protect against 

photoinhibition via the movement of leaf angle and chioroplasts, and the development of 

surface reflection (pubescence and waxy cuticle) and screening compounds (pigments and 

phenolics) in leave (Björkman and Powles 1981; Demmig-Adams and Adams 1992; Koller ZD  
1986). Some plants, such as Eucalyptus paucijiora (Kirschbaum and Farquhar 1984), have 

isolateral leaves at a vertical position. 

Changes in leaf morphology and anatomy in high photon flux density environments 

are usually associated with reducing light interception, while changes in leaf ultrastructure 

and biochemistry can be viewed as adaptations that generally lead to tolerance of excess 

light. At the cellular level, chloroplasts can orientate in a manner that alters the amount of 

light intercepted (1-laupt and Scheuerlein 1990). Within chioroplasts, the antenna system can 

divert exciton energy away from PS II reaction centre. Within PS II, it has been proposed that 

certain electron transfer reactions serve the sole purpose of protecting against photodamage 

(Chow 1994). In several of these proposals, cytochrome b559 plays a central role as a redox 

component, usually to discharge potentially damaging radicals although in most cases the 

quantum yield for the oxidation or reduction of cytochrome b559 appears to be very low 

(Whitmarsh et at. 1994). At the macromolecule level, protection against photoinhibition can 

be achieved via protein phosphorylation in pea thylakoids (Horton and Lee 1985; Habash and 

Baker 1987). 

1.1.3. Recovery from photoinhibitory damage 

The decline in the quantum yield of photosynthesis during and after photoinhibitory 

treatment may be related to energy-dissipative processes and/or malfunction of PS II 

(Demmig-Adams and Adams 1992; Franklin ci' at. 1992). Recovery from photoinhibitory 
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damage apparently requires chioroplast-protein synthesis (specifically the synthesis of the Dl 

protein) for the repair of PS II function (Greer et at. 1986; Kyle et at. 1984; Ohad et at. 
1994). However, the nature of the newly synthesized DI and its incorporation into PS II to 

form functional units is complex, and it is not clear to what extent the newly synthesized 

pool ofDl is related to the functional state of PS II (Wettem 1986). 

Environmental factors, such as salt stress, can interfere with the recovery which is 

dependent on temperature and irradiance (Greer ci at. 1986; Sharma and Hall 1991). No 

recovery occurred below 15°C and maximum recovery at 3 0°C, apparently because of 

increased protein synthesis. Conversely, decreasing the temperature increased the 

photoinhibition damage probably because protein synthesis was hampered (Horton et at. 
1987; Chow et at. 1989). The light-promoted recovery is apparently also associated with 

protein synthesis and the light-induced binding of ribosome to chioroplast thylakoids in vivo 

(Skogen ci' at. 1986; Bhaya and Jagendorf 1984). 

1.2. THE XANTHOPHYLL CYCLE AND PROTECTION 

1.2.1. The xanthophyll cycle 

Carotenoid pigments serve two major functions in photosynthetic organisms: 

harvesting light in the antenna and preventing photooxidation damages by the quenching of 

chlorophyll triplets and singlet oxygen via the xanthophyll cycle (Owens 1994). The cycle 

(Fig. 1.2) consists of light-dependent conversions of three xanthophylls involving a de-

epoxidation sequence from the di-epoxide violaxanthin via the mono-epoxide antheraxanthin 

to the epoxide-free form zeaxanthin, and an epoxidation sequence in the reverse direction 

(Hager 1980; Siefermann-Harms 1977; Yamamoto 1979). The conversion of violaxanthin to 

zeaxanthin is thought to occur in the thylakoid lumen where excess light energy induces the 

acidification of the lumen which activates violaxanthin deepoxidase. 
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Figure 1.2. The xanthophyll cycle. The de-epoxidation of violaxanthin to zeaxanthin via 
antheraxanthin occurs in excess light and is promoted by an acidic intrathylakoid pH as well 
as a more reduced state of NADP. The epoxidation of zeaxanthin to violaxanthin via 
antheraxanthin occurs in limiting light or darkness (from Chow 1994). 

At high irradiance, the level of violaxanthin decreases, that of antheraxanthin 
increases transiently and zeaxanthin increases as deepoxidation proceeds. The level of 
violaxanthin recovers in the dark or in subdued light when the epoxidation of zeaxanthin and 
antheraxanthin occurs. The cyclic process is regulated such that net deepoxidation takes 

place only when the ApH across the thylakoid membrane is sufficiently large. The 
epoxidation state (EPS) of the xanthophyll cycle can be used as an estimate for 
photosynthetic photon use efficiency (Thayer and Björkman 1990). 
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1.2.2. The xanthophyll cycle and thermal energy dissipation 

The xanthophyll cycle is regulated by the same parameters in both photosystems 

(Thayer and Björkman 1990; Siefermann and Yarnamoto 1976). Zeaxanthin acts as a 

competitor for excitation energy and its rapid removal (or deactivation) increases the 

efficiency of photochemical energy conversion (Björkman 1987). Zeaxanthin formation from 

violaxanthin has been correlated with non-photochemical quenching of Chi fluorescence in 

leaves under a wide range of conditions (Krause 1988; Demmig et al. 1988; Bilger and 

Björkman 1990; Demmig-Adams et al. 1993). An increase in thermal energy dissipation is 

normally associated with some decrease in the photochemical efficiency of PS II (Fv/Fm) 

and in the photon yield of photosynthesis (Adams et al. 1989; Björkman 1987; Demmig and 

Björkman 1987). Two mechanisms have been proposed: (1) singlet-singlet interaction 

between Chl and carotenoid resulting in the direct quenching of Chi fluorescence in the 

presence of zeaxanthin but not voilaxanthin (Owens 1994); and (2) an indirect role involving 

control of the ApH-dependent reorganisation of LHC that leads to the formation of 

"quenchers" (Horton and Ruban 1992). 

Xanthophyll content varies between species but, generally, sun leaves have more 

xanthophyll than shade leaves (Thayer and Björkrnan 1990), and plants grown under water 

deficit have higher leaf xanthophyll content than those grown under well-watered conditions 

(Demmig et al. 1988). Xanthophyll level also varies diurnally. Typically, as incident PPFD 

increases in the morning, de-epoxidation of violaxanthin occurs and zeaxanthin level 

increases with PPFD but as PPFD decline in the afternoon zeaxanthin is reconverted back to 

violaxanthin (Demmig-Adams and Adams 1992). The available evidence indicates that 

pronounced diurnal changes in thermal energy dissipation of the type associated with 

zeaxanthin (viz, quenching of Fo and Fm) occur in a variety of plants in the field (Adams 

1988; Adams et al. 1989; Demmig-Adams et al. 1995). 

1.2.3. The xanthophyll cycle and environmental factors 

Acclamation to higher irradiance or to full natural sun light leads to a preferential 

increase in xanthophyll cycle intermediates to total carotenoids (Demmig-Adams 1990). Sun 

leaves at peak irradiance have a high capacity for energy dissipation as evidenced by massive 
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and reversible chlorophyll fluorescence quenching (Adams et at. 1989; Demmig-Adams et 
at. 1989). The xanthophyll cycle also responds, albeit indirectly, to the interaction of light 
and environmental stress factors. Any factor that causes a decrease in photosynthesis rates (as 
many do) will have the effect of increasing the ratio of PPFD/photosynthesis, even if PPFD 

remains constant. Sustained decreases in the efficiency of photosynthetic energy conversion 
were observed in leaves of mangroves exposed to full sunlight on the eastern coast of 
Queensland, Australia (Björkman 1987; Demmig-Adams et at. 1989), in leaves of Nerium 
oleander under drought stress (Björkman 1987; Demmig et at. 1988) and maize seedlings 
under nitrogen limitation condition (Khamis et at. 1990). Iron deficiency in sugar beet leaves 
caused a relatively large loss of chlorophyll and a smaller decrease in the xanthophyll cycle 
pooi size (Morales et at. 1990). The rate of de-epoxidation of violaxanthin to zeaxanthin 
increases with increasing leaf temperature (Bilger and Björkman 1991); it occurs slowly at 
low temperatures in plants that are not acclimated and even in plants that have acclimated to 
chilling temperature (Demmig-Adams et at. 1989). 

1.3. PHOTOINHIBITION AND DROUGHT STRESS 

When plants are subjected to the combined effects of high light and drought stress for 
long periods, they become photoinhibited. For example, decreases in Fv/Fm ratio and in 
photosynthetic capacity were observed at severe and moderate plant drought stress under 
field conditions in the scierophyllous shrub Arbutus unedo (Demmig-Adams et al. 1989) and 
in grapevines (Quick et al. 1992). Photosynthesis and stomatal conductance decrease as 
drought stress increases (Baker 1993). The observed decrease in photosynthesis could be due 
to the indirect effects of photoinhibition, and/or to direct effects on the photochemistry and 
biochemistry of photosynthesis. Drought stress may cause an increased flux of electrons to 
02  and increase down regulation of photosynthesis to dissipate a large proportion of the 
excitation energy in the leaf and to minimize photodamage to PS II reaction centres. Under 
severe water deficits both these mechanisms may not adequately protect against 
photodamage and the net loss of the Dl protein of PS II reaction centres (Baker 1993). 

Tolerance to dehydration varies strongly with different species and genotypes, but the 
degree of damage endured by leaves during drought stress is critical to support further 
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growth. Photosynthesis at the chioroplast level is generally quite resistant to drought stress, 
and decreases in carbon assimilation, even with severe tissue dehydration, may be mostly the 
result of stomatal closure (Pereira and Chaves 1993). Drought stress causes a rapid stomatal 
closure perhaps associated with an increase in the abscisic acid (ABA) level in the leaf 
(Terashima et cii. 1988). If stomata closed and photorespiratiori was inhibited at low the 
availability of CO2  would decrease and the reduction of O would be lessened (Osmond 
1981) and, consequently, photochemical yield of PS II centres decreased. Plants become 
even more susceptible to photoinhibition under drought stress and high temperature, because 
leaves with closed stomata are unable to dissipate absorbed solar radiation as latent heat and, 
consequently, the leaf temperature increases further. At optimal and sub-optimal temperature 
for photosynthesis (25°C and 15°C, respectively) significant decrease in photosynthetic 
capacity in Lupinus albus occurred when the RWC reached 60%, whereas at supraoptimal 
temperatures (35°C) the decrease was observed at 80% RWC (Pereira and Chaves 1993). 
Electron transport was inhibited at severe drought stress (-5 MPa) in Nerium oleander kept in 
full sunlight or 3% sunlight (Björkman and Powles 1984). 

Plants exhibit various mechanisms to avoid photoinhibition under drought stress 
condition at a whole plant and molecular level. These include: (1) Preventing the absorption 
of the light via leaf movement or orientation (heliotropisms) as well as leaf curling, and the 
presence of reflective structure (waxes, hairs) in the epidermis (Forseth and Ehleringer 1980; 
Kao and Forseth 1992; Pereira and Chaves 1993; Bjökman 1984); (2) Preventing the 
absorbed light from being used for photochemistry via thermal dissipation at the PS II level 
(Genty et at. 1989); and (3) Draining the reducing power generated by PS II: for 
photosynthesis, photorespiration, Mehier reactions and electron cycling around PS II (Powles 
1984; Katona et at. 1992). 

Drought stress in one of the major constraints imposed on forest productivity and 
tree growth even under temperate climates. Dendrochronological studies showed for many 
species including oaks, beech, fir, spruce, that soil water availability in the summer months 
was the main factor explaining the interannual variability in radial growth (Becker 1989; 
Becker ci at. 1995). 
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1.4. ACCUMULATION OF SUGAR ALCOHOLS 

Sugar alcohols are common constituents of many organisms. They play a central role 
in metabolism and physiology, often functioning as the common currency of carbohydrate 

metabolism in place of neutral sugars like sucrose and polysaccharides like starch. As low 
molecular weight, highly soluble, non-reducing carbohydrates, sugar alcohols are well 
known as osmotically active and compatible solutes (Loescher 1987). During drought stress 
certain low molecular weight organic "compatible" solutes, including proline and betaine 
(Samaras et at. 1995), and polyols such as sorbitol (Ahmad et at. 1979) and pinitol (Ford 
1984) accumulate in plants. Accumulation of soluble carbohydrates, particularly sucrose and 
pinitol, was frequently associated with decreases in photosynthesis in response to water 
deficit, salinity and temperature extremes in many higher plants, algae and fungi (Popp and 
Smirnoff 1995). 

Some studies show that a greater proportion of carbon is incorporated into sucrose 
than into starch at low water potential (Bensari et at. 1990; Quick et at. 1992). Starch 
breakdown might also be stimulated by water deficit (Oparka and Wright 1988; Zrenner and 
Stitt 1991). Sorbitol accumulation is much more marked than changes in other soluble sugars 
in a number of higher plants exposed to drought and salinity and the absolute concentrations 
may vary appreciably with species (Popp and Sminoff 1995). But there are contradictory 
reports on the effect of drought stress on photosynthate partitioning, and on the amounts of 
sucrose and starch stored in the leaf. Some studies report a general depletion of sugar and 
starch in the leaf (Wardlaw 1969; Hanson and Hitz 1982; Huber et at. 1984). Others report 
that soluble sugars accumulate in water-stressed leaves while starch is depleted (Turner et at. 
1978; Jones et at. 1980; Ackerson 1985; Fox and Geiger 1986). Such a shift of carbon 
partitioning could contribute to osmoregulation (Morgan 1984). 

Pinitol is a major component of the neutral fraction in the soybean and other species 
(Guo and Oosterhuis 1995; Nguyen and Lamant 1988). It might protect proteins (such as 
enzymes) and membranes from the deleterious effects of dehydration and denaturation 
(Sommer et at. 1990). Its synthesis is directly associated with glucose 6-phosphate via L-
myo-Inositol-1-Phosphate-Synthase (mlPs, EC 5.5.1.4) and a myo-inositol-O-
methyltransferase (Paul and Cockburn 1989; Vernon and Bohnert 1992; Keller and Ludlow 
1993). Pinitol is one of the major sugar alcohols formed during drought stress in maritime 
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pine (Nguyen and Lamant 1988), tropical legumes (Ford 1984) and acacias (Prior 1993). Its 
metabolism is thought to be important in the regulation of stress tolerance in plants. 

1.5. EFFECT OF UV RADIATION ON PLANTS 

Sunlight contains UV radiation which causes alterations in plant morphology, 

ultrastructure and physiological and biochemical processes. There are three different regions 

in the UV spectrum considered to be of biological interest: UV-C (<280 nm), UV-B (280- 

320 nm), UV-A (320-380 nm) (Bornman 1989). UV-C causes serious damage to the primary 

processes of photosynthesis but studies so far have largely concentrated on UV-B radiation 

because the destruction of stratospheric ozone seems to specifically increase UV-B radiation 

at ground level (Coohill 1989; Tevini and Teramura 1989; Teramura 1983). 

1.5.1. General effects of UV-B radiation 

UV-B radiation supplied either artificially or naturally may reduce plant biomass, leaf 

area, plant height, stem length and photosynthesis in a range of agronomic species including 

wheat, barley, rice, soybean, tomato, cucumber and lettuce (Krupa and Kickert 1989; 

Caldwell 1981; Tevini and Teramura 1989; He et at. 1993; Huang et. at. 1993; Tezuka et. at. 

1993). However, plants vary greatly in their response to UV-B radiation. An examination of 

more than 200 plant species reveals that roughly 20% are sensitive, 50% are mildly sensitive 

or tolerant and 30% are completely insensitive to damaging UV-B radiation (Braun and 

Tevini 1993). C- plants are often more sensitive to UV-B than C4  plants (Van 1976). A recent 

study by Huang (1996) indicates a dosage effect of UV-B radiation on growth and 

photosynthesis. Although UV-B radiation at maximum natural irradiance is inhibitory, 

reducing the UV-B component to 50-75% present in natural daylight leads to an increase in 

both parameters. The predicated increases in UV-B radiation due to depletion of stratospheric 

ozone layer would have potentially deleterious consequences for plant growth. 

Increased UV-B radiation causes inhibition of primary photochemistry (He et. at. 

1994) and photosynthesis in several plant species (Bornman and Sundby 1995; He et at. 

1993; Huang et at. 1993; Ziska ci' at. 1992). UV-B radiation also affects degradation of 



photosynthetic pigments such as chiorophylls and carotenoids (Teramura 1983; Brandle et. 
al. 1977; Sisson and Caiwell 1976; Teramura et. al. 1980) presumably because it depresses 
expression of the genes encoding for chlorophyll alb-binding proteins (Jordan et. al. 1991; 
Strid et. al. 1994). 

The significance of UV-B radiation as an environmental factor for plant growth is 
indicated by the way in which plants have developed both repair and adaptive mechanisms 
for UV-B damage. Apart from repair mechanisms at the nucleic acid level and the 
phenomenon of growth reduction as a possible adaptive response, some species seem to have 
an inherent adaptive response reflecting better adaptive capacity. These include structural 
modifications such as wall thickening, increased cell layers, epicuticular waxes and 
trichomes. Soybean grown at high visible or UV-B radiation levels increases leaf thickness 
as an adaptive response (Warner and Caldwell 1983; Murali et al. 1988). 

1.5.2. The main targets of UV-B damage 

The main targets of UV damage are the nucleic acids and proteins especially 
polypeptides in the PS II reaction centre (Bornman and Sundby 1995). UV-B radiation 

mainly attacks the reaction sequence ZP680 Pheo QA - ZP680 Pheo QA  in PS II 
(Kulandaivelu and Noorudeen, 1983; Renger et al. 1986; Tevini et al. 1988) blocking normal 
electron flow and diminishing the centre's function as dissipative sink for excitation energy. 
UV-B may also affect the light harvesting complexes since functional disconnection of the 
LI-IC from the photosystems would impair energy transfer to the reaction centre (Renger et 
al. 1986; Tevini et al. 1989) and the oxygen-evolving system on the oxidizing side of PS II 
(Renger et al. 1989). Nucleic acids, proteins, pigments and lipids preferentially absorb UV-B 
and high visible light exacerbates UV-B damage to plants (Strid et al. 1994, Caldwell 1981). 
In addition, some of the effects of UV-B radiation may be attributed to alterations in plant 
hormones or nucleic acids (Quaite et al. 1992; Ros 1990). UV-B radiation was found to 
reduce RNA transcript levels of the chlorophyll a/b-binding protein and the Dl protein 
(Jordan et al. 1991), and the small subunit of rubisco (Jordan et al. 1992). 

Natural sunlight may be inhibitory because of both the visible and UV-B components 
(Bornman 1989). UV-B irradiation causes in vitro cleavage of the Dl protein at a different 
site compared to that induced by visible radiation (Friso et al. 1994) indicating that the UV 
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photoreceptor for Dl polypeptide degradation may be different from that in the visible and 
far-red regions (Greenberg et al. 1989b). Because UV-B photons are more energetic they are 
more likely to denature nucleic acids, enzymes and other proteins, and damage cellular 
membranes (Chow 1994). However, the recovery from photoinhibitory damage due to UV-B 

stress may be quite different from that of high visible light stress. For example, the recovery 
of RNA transcript levels depressed by UV-B is extremely slow (Jordan et al. 1991; Jordan et 
al. 1992). Furthermore, the turnover of the Dl protein is lower with visible radiation in the 
absence of UV than in the presence of the natural component of UV-B (Greenberg et al. 
1989a). Unlike the case for visible light, damage from UV-B radiation does not appear to be 
enhanced by additional environmental stress (Murali and Teramura 1987; Cen and Bomman 
1990). 

1.6. BIOLOGY OF SELECTED ACACIA AND EUCALYPTUS SPECIES 

There are over 1000 acacia species in Australia, Africa and Central America 

(Hopeper and Maslin 1978). They occur throughout most of the tropical regions of the world 
and the temperate regions of Australia and South Africa. The four acacia species used in my 
study, A. auriculformis, A. mangium, A. crassicarpa (Fig. 1.3) and A. aulococarpa occur 

naturally in North Queensland (Qld) of Australia and the southern border region between 
Papua New Guinea (PNG) and Irian Jaya (Pedley 1964; Boland ci' al. 1990). A. 
auriculformis is also found in the Northern Territory (NT) of Australia. 
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Figure 1.3. Natural distribution of Acacia auricu1forrnis (a), A. niangium (b), A. 
crassicarpa (c) and Eucalyptus pellita (d). 
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All are tropical leguminous tree species with dense foliage and full rounded crown 
and can grow to 30 in with trunk diameters of more than I in (Doran and Turnbull 1997). 

They possess phyllodes which are flattened, sometimes expanded petiole that functions as 
photosynthetic organ in the absence of leaf. Flowers are borne in dense auxiliary spikes 

which appear in both the dry and wet seasons. The fruits are twisted woody pods containing 
two to ten glossy black seeds which generally require pre-treatment, such as scarification by 
acid, mechanical abrasion and boiling water treatment, for germination (Pinyopusarerk 
1990). The pulpwood potential of these acacia species is comparable to high-quality 
eucalyptus and the wood can also be used for timber, poles, fuelwood and charcoal (Logan 
1987; Nampraasert et at. 1984; Philips et at. 1979). They have fast growth rates and a wide 
tolerance of temperature, humidity, rainfall and soil type (Atipanumpai 1989; Doran and 

Turnbull 1997; Woo et. at. 1997). 

There are distinct botanical and physiological differences between the three acacia 
species (Cole et at. 1994; Woo et. at. 1997; Puangchit et. at. 1996; Montagu et. at. 1997; 
Liang and Gan 1991). A. auricutiformis had thicker phyllodes, lower chlorophyll content and 
higher photosynthetic activity compared to A mangium and A crassicarpa but A. crassicarpa 
has the faster growth rate. All three species are xeromorphic and exhibit high drought 
tolerance. Stomata are present in high density on both sides of the phyllode of A. 

auriculiformis (Cole et. at. 1994). Physiological variations are also observed between 

provenance groups of A. auricutiformis from PNG, Qld and NT (Cole et. at. 1994; Cole 
1995; Puangchit et. at. 1996; Woo et. at. 1997). In general, the Qld provenances have the 
longest clear bole, the PNG provenances the highest biomass production while the NT 
provenances are both inferior in growth and form. 

The two eucalyptus species, E. peltita and E. camatdutensis, used in my study are 
medium to tall forest trees up to 40-50 in in height and 1-2 in in diameter, with a 
characteristic straight trunk and a heavily branched crown. Juvenile leaves are petiolate, 
ovate and adult leaves are broadly lanceolate (Brooker and Kleining 1990). E. pettita has two 

main natural occurrences - in North Queensland of Australia; Irian Jaya and Western 

Province of Papua New Guinea) (Fig. 1.3). E. pettita has been identified recently as a 
superior tree for forestry due to its rapid growth and straight bole (Cole 1995). E. 
camatdutensis is perhaps the world's most widely planted tree in and and semi-arid lands 
since it has high level of drought and high temperature tolerance (Doran and Turnbull 1997). 
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1.7. CLIMATE OF DARWIN 

The field research reported in my study was carried out in the Darwin region. The 

climate of Darwin in the Northern Territory is monsoonal with a mean annual rainfall of 

about 1660 mm. More than 90% of the rain fall in the wet season (November-April) which is 

characterized by high cloud cover and high relative humidity. In contrast, the dry season 

(May-Oct.) is marked by very little rain, high irradiance (~: 2200 tmo1 m 2  s') and low (20-

30%) relative humidity (Fig. 1.4). 

In the NT, the ambient irradiance ranges between 1700-2400 .imo1 m 2s 1  at noon 
throughout the year. This is far in excess of the irradiance needed to support maximal 

photosynthesis. Excess light energy, unless used for photosynthesis or dissipated as heat, is 
likely to cause photooxidative damage to the photosynthetic system and, consequently, 

decreases photosynthesis and plant productivity (Cogdell 1988). In addition, UV irradiance 

in Darwin and the tropics is seasonally higher than other regions in Australia. Data from 

Bureau of Meteorology (Brisbane 1996) indicate an UV index of >12 for Darwin compared 

to a value of 3-8 for the rest of the country. 
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Figure 1.4. Mean annual rainfall (•), relative humidity (0) and temperature (*) in 

Darwin, NT, Australia (45 years records). 
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1.8. STRUCTURE OF PH. D THESIS 

This study examines the effect of high light, UV-B radiation and drought stress on 

photosynthesis and xanthophyll cycle in four tropical acacia and two eucalyptus species in 

the field and shade house. It will also investigate the effect of drought stress on pinitol and 
other soluble sugars levels in the phyllode. 

Initial experiments were conducted to determine the variations in photosynthesis and 
xanthophylls and plant pigment content within a plant in order to determine the most suitable 
phyllode to be used in future studies. Chapter 4 examines how the effect of vertical leaf angle 

in A. crassicarpa can help to avoid photoinhibitionlphotodamage by high light in the dry 
season. Chapter 5 compares the effect of photoinhibition on photosynthesis and the dramatic 
response of the xanthophyll cycle in field-grown acacias and eucalyptus during the dry and 
wet seasons, and in irrigated and unirrigated sites. The relationship between the concertration 
of sugar alcohols and drought stress is analysed in Chapter 6, and in Chapter 7 the effect of 

natural solar UV-B radiation on growth, photosynthesis and the xanthophyll cycle was 
compared with non UV-B radiation conditions. 
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CHAPTER TWO 

MATERIALS AND METHODS 
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MATERIALS AND METHODS 

2.1. PLANT CULTURE IN SHADE HOUSE 

Acacia and eucalyptus seeds used in this study were obtained from the Australian 

Tree Seed Centre, CSIRO Division of Forestry (Canberra). The seedlots used in shade house 

are as follows: Acacia auriculiformis (seedlot #16155, Mann River, NT); Acacia mangium 

(seedlot 416938, Kini, PNG); Acacia crassicarpa (seedlot 417871, PNG); Acacia 

aulacocarpa (seedlot #17549, PNG); Eucalyptus camaldulensis (seedlot #18709, NT); 

Eucalyptus pellita (seedlot #18602, NT). 

Acacia seeds were treated with boiling water and left for 24 hr, and then germinated 

in sand: vermiculite: perlite (1:1:1) mixture. Eucalyptus seeds germinated in soil mixture 

directly. At 7-10 days after germination, seedlings were transplanted into 3.5 L pots (1 

seedling per pot) of sterilized soil mixture (sand: peatmoss: vermiculite: perlite = 2: 2: 1: 1) in a 

shade house with 75% of full sunlight on the Myilly Point Campus. Plants were watered daily 

and complete fertiliser (Osmocote, Yates) applied monthly. The growth irradiance was 

determined by a LI-6200 (Lincoln, USA) quantum sensor. 

2.2. FIELD SITES 

There are three field sites for my study. 

(1). Howard Springs 

This site contains 2-year old trees of different species planted in Dec. 1992 and in an 

experimental plot near the Howard Springs Natural Reserve (Lat. 12°) 1'S; Long. 131°02' E) 

about 40 km from Darwin, NT. Four species, Acacia auriculiformis (seedlot #16106, 

BVG1052, PNG), Acacia mangium (seedlot 416938, Kini, PNG), Acacia crassicarpa (seedlot 

416986, Oriomo, PNG), and Eucalyptus pellita (seedlot #17854, Irian Jaya), were examined in 

this site. 

The field designs of these experiments are described in Montagu et. al. (1997) and 

Montagu and Woo (1998). 21-day old seedlings transplanted into 250 ml fibre pots containing 

19 



river-sand : thunderpeal : topsoil (2 : 1 : 3) and grown in shade house for 8 weeks. Seedlings 

were sun hardened for 2 days before planting out in the field (Dec. 1992), and seedling heights 

at planting ranged from 25 to 35 cm. Soil was ploughed to a depth of 25 cm and N:P:K 

(14: 14: 12) fertilizer 400 g/plant was supplied 3 weeks after planting. A total of 352 trees were 

distributed in 4 randomised complete blocks (A, B, C and D). There were 22 seedlots per block 

and 4 trees per seedlot. No irrigation and insect control were applied in this site and rows were 

slashed during April of 1993, 1994 and 1995. A total of six trees from three blocks (A, B and 

C) of each species were used for the study. 

Berrimah Agricultural Research Farm 

Drought stress experiments were carried on 1.5-year old trees (planted in Nov. 1993) in 

a clonal orchard of A. auriculiformis growing in the Berrimah Agricultural Research Farm (Lat. 

12026'S; Long. 130°54'E), 15 km from Darwin, NT. Three provenances of Acacia 

auriculiformis (NT- seedlot 916155, Mann River; PNG- seedlot 9, 16106, North Mibini; Qid-

seedlot 416 145, Wenlockk River) were selected for the study. 

Two-node length cuttings, dipped into 0.3% IBA powder, were planted in river-sand 

bed in shade house (80%). Rooted cuttings were transferred 4 months later to 1.3 L pots in a 

25% shade house for 6 months and then transplanted in the field (Nov. 1993). Plant heights at 

planting ranged from 0.8 to 1.2 in. Planting holes were dug by a 20 cm auger (0.6 m) in a 

cleared field ploughed to 15 cm. N:P:K (14:14:12) fertilizer (200 g/plant) was supplied at 

planting at 200 g/plant 3 months later. A total of 216 trees were distributed in 6 randomised 

complete blocks (Block A, B, C, D, E and F). There were 36 clones per block and 1 tree per 

clone. Rows were slashed and sprayed around clones with Glyphosate (3.6 gIL). Insect control 

was applied by spraying Dimethoate (0.4 g/L) at 50-75 ml/plant. The trees on this site are In  
irrigated 12 hours per week with 4 L/h drippers serving individual trees in the dry season only. 

A total of six trees from three blocks (Block A, B and C) of each provenance were used for the 

study. 

Humpty Doo 

Drought stress experiments were also carried on 1.5-year old trees (planted in Dec. 

1993) in a clonal orchard of Acacia auriculiformis growing in a Humpty Doo farm (Lat. 

12°34'S; Long. 131°08'E), 45 km from Darwin, NT. The trees on this site were unirrigated. 

Other conditions of clone planting, field designs, and clone selection for experiments 

were the same as described above for the Berrimah Agricultural Research Farm. 



2.3. PHOTOSYNTHESIS AND RELATED PARAMETERS 

Photosynthetic rate, stomatal conductance, relative humidity, leaf temperature and 

irradiance were determined with a portable LI-COR 6200 gas analysis system (LI-COR Inc. 

Instrument, USA) between 0730-1800 h for diurnals or between 0900-1100 h for single point 

determinations when photosynthetic rates were the greatest. Sample collection for 

measurements consisted of two-three phyllodes per tree and six trees per species or provenance 

or treatment. Whenever possible, only the mid-section of the first fully expanded phyllode or 

leaf in young branches was used for measurements and sample selection. 

2.4. CHLOROPHYLL FLUORESCENCE AND CHLOROPHYLL 

Chlorophyll fluorescence, Fv/Fm, was measured with a PEA (Plant Effective Analysis) 

meter (Hansatech, Kings Lynn, Norfolk, U.K.). Two leaf or phyllode segments per tree were 

placed a leaf-clip of the PEA meter and dark-adapted for 30 min prior to determination. The 

excitation light used for fluorescence measurement was applied at 80% of maximum for 3 S. 

Leaf chlorophyll was determined as follows: Three leaf discs (3 x 1.77cm2; fresh weight 

100mg) from each tree were ground in 80% acetone containing 25 mM HEPES (pH 7.5) for 

chlorophyll measurement. Total chlorophyll (Chi) and Chl a/b ratios (expressed on per m 2  

basis) were determined according to Porra et. al. (1989): 

Chi a = 13.4 A6638  -- 3.47 A6468  

Chi b = 22.9 A6468  -- 5.38 A6638  

Chi a+b = 19.4 A6638  + 8.05 A6468  

2.5. LEAF WATER POTENTIAL 

Leaf water potential (wJ was determined with a pressure chamber (Soil Moisture 

Corporation, USA). Three phyllode or leaf samples from each tree were selected, sealed in 

plastic bags, and measured within 10 minutes. 
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2.6. LEAF STRUCTURE AND STOMATAL DENSITY 

Transverse sections of leaf or phyllode from six trees of each species or provenance 

were used to determine the size of the palisade and spongy mesophyfl and epidermis with the 

aid of a Nikon microscope (Labophoto) connected to a video camera (JVC, 8.5 mm 

MACRO) and television screen. Stomatal density was determined using stomatal imprints on 

quick drying adhesive (Selleys Multigrips, Australia). 

2.7. SOLUBLE PROTEIN 

Three leaf discs from each tree were removed from mid-section of phyllodes or leaves 

and tissue extract was prepared according to Haskins and Boudet (1994). Frozen leaf or 

phyllode tissue was ground in liquid nitrogen and extraction buffer (5% PVPP, 2% PEG, 

0.1% -mercaptoethonol, 1 mM PMSF, 100 mM Na Ascorborte, 250 mM Bicine pH 8.0, 1 

mM EDTA, 5% ethyl glucose, 110 mM MgCl, and 20 mM NaHCO3). The extract was 

centrifuged (20,000 g for 10 mm) and the pellet resuspended with extraction buffer and 

recentrifuged. The supernatants were combined and assayed for protein (Bradford 1976). 

2.8. CAROTENOID DETERMINATION 

2.8.1. Sample preparation 

Leaf discs were removed from the mid-section of phyllodes or leaves and frozen in 

liquid N, immediately. Carotenoid extrations were performed in a darkened room. Three discs 

(3 x 1.77 cm2, fresh weight -100 mg) from one tree were ground in liquid N, with 5 ml 85% 

acetone containing small amount (<5mg) of NaHCO3  to prevent acidification of the 

carotenoids. The extract was placed on ice for 20 min prior to centrifugation at 10,000 g for 6 

mm. The pellet was reextracted with a small volume (2 ml) of 85% acetone and centrifuged. 

The supernatants were combined and filtered through a 0.45 tm filter prior to analysis. 

Carotenoids were analyzed using a high-pressure liquid chromatography (HPLC) system in a 
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Model 3300, Varian Vistar following the procedures of Thayer and Björkman (1990). A 
Spherisorb ODS-1, 50 x 4.6 mm column with guard colunm (from Ailtech Associates, IL USA) 

was used. Samples were analyzed in Iriplicates. 

2.8.2. Chromatography program 

The solvent gradient is 

Line Time Solvent A (%) Solvent B (%) Flow (ml min') 
1 0.00 100 0 1.50 
2 4.00 100 0 1.50 

3 6.50 0 100 2.00 
4 13.0 0 100 2.00 
5 13.5 100 0 2.00 
6 21.0 100 0 1.50 

Solvent A Acetonitrile : Methanol : Tris (0.1 M, pH 8) =19:3:1 

Solvent B Methanol : Hexane = 4:1 

Solvent C Methanol : DDH20 = 4:1 

13-carotene and other pigments were eluded after about 15 mm (Fig. 2.1). 

8 

4 

6 

0 5 10 13 LU 

Time (mm) 

Identified peaks: 

Neoxanthin 

Violaxanthin (V) 

Antheraxanthin (A) 

Lutein 

Zeaxanthin (Z) 

Chlorophyll b (Chib) 

Chlorophyll a (Chia) 

13-carotene 

Figure 2.1. HPLC chromatograph of carotenoids and chiorophylls in phyllodes of 

Acacia auricu1formis. 
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The column was re-equilibrated with 20 ml of solvent A (I ml min) at start of day 

and rinsed with 20 ml of solvent C (1 ml mind ) at end of day. All solvents were HPLC grade 

and obtained from Sigma Chemical. The pigments were detected at 440 nm. Peak areas were 

integrated by the Data Station (Varian 2200) and pigment concentrations calculated as shown 

below: 

A (imoI area') x integrated area of sample x Vol. extracted (.tl) x 10000 
Pigment = 

(imol m 2) Vol. injected (tl) x leaf area (cm2) 

where A is the area of standard pigments, 

Wt of standard injected (jig) 
A(imol area-  ) = 

integrated area of standard x Mw of standard 

2.8.3. Standard pigments and calculation 

Standards of chlorophyll (a and b) and p-carotene were purchased from Sigma 

Chemical. Standards of neoxanthin, violaxanthin, antheraxanthin. lutein and zeaxanthin were 

isolated from maize leaves by HPLC. Maize leaves were ground in acetone (10 ml) and 

filtered and concentrated by evaporation under N, gas. Pigments in the concentrated maize 

extract (30-50 j.il) were separated by HPLC and collected. The fractions were freeze dried. 

resuspend in 1 ml ethanol and the absorbance (440 nm) determined. The concentration of 

pigment present in each fraction was determined using published extinction coefficients 

(Table 2.1: Davids 1976). A known volume (20 i1) of each pigment fraction was 

rechromatographed to obtain the integrated area of the pigment profile. 

Absorbance (2 max ) x 1000 (mg) 
Pigment concentration (mg mLt) = 

E, x 100 

E is the extinction coefficient at a given wavelength and a stated solvent of a 1% solution 

(e.g. I g carotenoids per 100 ml solution) in a 1 cm light-path spectrophotometer cuvette. 
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The parameter EPS is the epoxidation state which is the ratio of [V+0.5A]/ [V+A+Z]. 

Violaxanthin + 0.5 x Antheraxanthin 
EPS = 

Violaxanthin ± Antheraxanthin ± Zeaxanthin 

Table 2.1. Molecular weight (Mw) of standard pigments and the specific extinction 
coefficient (Ejcm  ) for carotenoids. 

Carotenoids Mw E wavelength 2. solvent CM 

(p.g moF1 ) nm 

Neoxanthin 600.9 2243 439 ethanol 

Violaxanthin 600.9 2550 443 ethanol 

Antheraxanthin 584.9 2550 443 ethanol 

Lutein 568.9 2550 445 ethanol 

Zeaxanthin 568.9 2540 450 ethanol 

13-Carotene 536.9 2620 453 ethanol 

Chlorophyll a 893.5 646; 663 acetone 

Chlorophyll b 907.5 646; 663 acetone 

2.9. SUGARS AND SUGAR ALCOHOL 

2.9.1. Sample preparation 

Three freeze-dried leaf discs (40 mg) from one tree were extracted in 5 ml cold 
solvent (methanol : chloroform : water = 60:25:15) with a pestle and mortar. The mixture 
was vortexed and centrifuged at 5,000 g for 15 mm. The supernatant volume was determined 
and the supernatant stored at 4°C until analysis. Sugars were analyzed as their TMSi 
derivatives by -as chromatography (Ford 1979). Xylitol (a five-carbon polyol) was used as 
an internal reference, as it is well separated from other sugars. A mixture of 0.40 ml of the 
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plant extract supernatant and 0.1 ml xylitol solution (1 mg ml-' in 20% methanol) was dried 

in a 1 ml vial, and 0.1 ml of the derivatization reagent (trimethylsylil imidazole and pyridine 

(1:2, V/V)) was added. The mixture was vortexed to dissolve the sugars and then left at room 

temperature overnight to complete the reaction. Samples (1-2 .il) were analyzed by GC. 

2.9.2. Chromatography program 

Samples were analyzed by GC with a Varian 3300 Star 91 and a DB-5 glass capillary 

column (30 in x 320 im ID). The GC was calibrated every day with standard solutions 

containing 50 tg each of xylitol, fructose, quebrachitol, glucose, myo-inositol and sucrose. 

The running program is shown below: 

STATUS Column 130°C Injector 225°C Detector 300°C 

INITIAL COL TEMP 130°C 

INITIAL COL HOLD TIME 5.00 mm 

PRGM I FINAL COL TEMP 170°C 

PRGM I COL RATE IN °C/MIN 10°C 

PRGM 1 COL HOLD TIME 0.00 mm 

PRGM 2 FINAL COL TEMP 180°C 

PRGM 2 COL RATE IN °C/MIN 2.00°C 

PRGM 2 COL HOLD TIME 0.00 mm 

PRGM 3 FINAL COL TEMP 240°C 

PRGM') COL RATE IN °C/MIN 15°C 

PRGM 3 COL HOLD TIME 6.00 mm 

2.9.3. Calculation 

The amount of sugar present in the samples was calculated by comparing the area of 

sugar with that of xylitol: 

Amount of sugar (jig g') 
Area of sugar in sample x Calibration 

Area of xylitol in sample x Dry Wt (g) 
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Area of xylitol in calibration x 50 (g) 
Where Calibration 

Area of sugar 

The chromatography of standard sugars shown as below: 

I. Xvlitol 

Fructose 

Quebrachitol* 

Fructose 

Glucose 

Sorbitol 

inyo-InositoI 

Sucrose 

0 5 10 15 20 25 

Time (mm) 

Figure 2.2. Gas chromatograph of standard sugars and sugar alcohols. 

"Quebrachitol is used here to replace pinitol since they have same molecular weight 

and structure, and come off from gas chromatograph system in a similar time through a test 

with concentrated crude pinitol (crude pinitol was a gift from Professor Dr. M. Popp. Vienna 

University, Austria). 

2.10. STATISTICAL ANALYSIS 

Data are presented as means ± standard errors in all tables and figures. All data were 

analyzed as general ANOVA and Tukey test by Statistica Version 5.0 (StatSoft. Inc. USA). 

For simple comparisons between treatments, the "t-Test for independent sample" was used. 
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CYCLE IN ACACIAS 
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EFFECT OF GROWTH IRRADIANCE ON 

PHOTOSYNTHESIS AND THE XANTHOPHYLL CYCLE IN 

ACACIAS 

3.1. INTRODUCTION 

Many Australian tropical acacias are important forestry species for pulpwood 

production as well as being used for fuelwood, protection against soil erosion, mine site 

rehabilitation and shade tree throughout northern Australia, south-east Asia and China 

(Pinyopusarerk 1990). Acacia auriculiformis is a native tree of Papua New Guinea (PNG) and 

Northern Queensland and the Northern Territory of Australia while A. mangium occurs 

naturally in N. Queensland and PNG (Boland et at. 1990). High temperature and solar radiation 

levels (> 2000 imol m2 s) in these tropical regions are far in excess of the requirement of 

800 imol m 2  s1  for maximum photosynthesis (Cole el. at. 1994). This photoinhibitory 

condition is greatly exacerbated during the dry, rain-free season from May to October. rn  

Carotenoids play an important role in protecting the photosynthetic apparatus against 

photooxidative damage (Demmig-Adams and Adam 1992; Chow 1994). They act as 

scavengers of singlet 07  and quench triplet-excited chlorophyll to prevent singlet 0, production. 

The dissipation of excess light energy is correlated with the concentration of the xanthophyll 

cycle components within leaves in many species (Demmig et at. 1987; Bilger and Björkman 

1991), including acacia (Liu and Woo 1995). The concentration of xanthophylls can vary 

among species, sun and shade leaves, leaf angles, as well as environmental stress factors such 

as high light level, drought, salinity, temperature and nutrient (Björkman 1987; Demmig et at. 

1988; Thayer and Björkman 1990; Demmig-Adams and Adams 1992; Lovelock and Clough 

1992). Generally, the xanthophyll cycle pool and zeaxanthin content increase with water stress 

or leaf temperature or nitrogen limitation. 

This chapter has three sections. Firstly, the study examines the contents of 

photosynthetic pigments in different positions in a leaf and in the plant. Secondly, it examines 

the effect of growth irradiance on carotenoid content in A. auriculiformis. Finally, it evaluates 

the photosynthetic performance and the xanthophyll cycle in A. auriculiformis and A. mangium 

grown in the shade house and out in the field. 
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3.2. MATERIALS AND METHODS 

There were two shade house experiments. Experiment 1 examined the xanthophyll 

content and photosynthetic activity in different positions in a phyllode and different position 

in A. auriculiformis (seedlot # 16155, Mann River, NT) and A. mangium (seedlot #16938, 

Kini, PNG) seedlings (Plate 3.1). Six seedlings of each species were used in the experiment 

examined. Seedlings were cultured as described in Section 2.1. The experimental design was 

a complete randomised block. Growth irradiance was 1400 prnol m 2  5. This experiment had 

two components. The first evaluated the effect of phyllode position in the plant on 

photosynthetic activity and xanthophyll content. For A. man gium, every second phyllode was 

selected for analysis. For A. auriculiformis, every third phyllode was used. The second 

evaluated the effect of position (tip to base) in a phyllode on photosynthetic activity and 

xanthophyll content on fully expanded phyllodes. 

Experiment 2 examines the effect of growth irradiance (25%, 50%, 75% and full 

sunlight) on growth, photosynthetic activity and xanthophyll content. Shade cloth was used to 

provide appropriate growth irradiances. Diurnal changes of three growth irradiances are shown 

in Fig. 3.1. Two provenances of A. auriculiformis (seedlot # 16155, Mann River, NT and 

seedlot # 16355, Bensbach, PNG) and 6 seedlings per seedlot were used. Seedlings were 

harvested (plant weight was determined prior to harvest) 12 weeks after germination. Total 

dry weight, specific leaf area, shoot/root ratio, and leaf area and leaf number were 

determined. 

The experimental design was a complete randomised block with 6 (single seedling) 

replicates. Two to three phyllodes were analysed per seedling and six seedlings per species or 

provenance or treatment. Fully expanded phyllodes of seedlings were used for determination of 

photosynthesis and leaf pigments. Leaf discs of known area (1.77 cm2 ) were rapidly removed 

from the middle part of a phyllode or leaf, frozen in liquid nitrogen in pre-labelled aluminium 

bags, and stored at -80 °C until analysis. 

The determination of photosynthesis, chlorophylls and xanthophylls in Experiment 1 

and 2 were carried out on fully expanded phyllodes in 8 to 10 -week old seedlings as 

described in Sections 2.3, 2.4 and 2.8. All physiological and biochemical measurements were 

carried out in June-Sept 1994. 
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Figure 3.1. Diurnal changes of growth irradiance of 25%, 50%, 75% and full sunlight 

in different shade houses (Aug. 1994). 
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3.3. RESULTS 

3.3.1. Pigment distribution and photosynthetic activity of phyllode in different positions 

of a plant 

Photosynthetic activity varied with position in seedlings of A. auriculformis  and A. 

mangium (Fig. 3.2a). In both species, the top (youngest) phyllodes had the lowest activity and 

the lowest phyllodes had the second highest activity. The highest photosynthetic activity was 

found in the middle phyllodes i.e. the 4th phyllode in A. mangium and the 912th1  phyllodes in A. 

auriculformis. The activity determined in A. auriculiformis was always higher than that 

determined in A. mangium for all positions of the plant. The largest difference between the 

species was obtained at the lower regions of the plant. All subsequent determinations of 

photosynthetic activity were done on phyllodes from position 3-4 in seedlings of both acacia zn  
species. 

Chlorophyll and xanthophyll levels also varied with the position of the phyllode in a 

plant in both species. Chlorophyll (Fig. 3.2b) level increased significantly from the top to the 

bottom position. Violaxanthin (Fig. 3 .2c) and the total VAZ pool (Fig. 3 .2d) were greater for A. 

auriculformis than A. mangium. The highest values were obtained in phyllodes at position 3-4 

in A. auriculformis. The results indicate that the pigment levels in the phyllode varied at 

different positions in the plant and it is important to use fully-expanded phyllodes at the same 

position in a plant for pigment and photosynthesis analyses. 

Together, these results show that the top phyllodes had the lowest photosynthetic 

activity and the lowest level of xanthophyll cycle intermediates. The data indicate that these top 

phyllodes need to be protected from excessive irradiance. The factors involved in such 

protection are not known. Young phyllodes are usually thinner than mature tissue and they have 

less chlorophyll. Presumably, this would reduce the amount of light absorbed thereby 

ameliorating high light stress. However, Fv1Fm values were not determined in these 

experiments and I have no information whether these phyllodes were photoinhibited. 

Phyllodes of many acacias are large and curvilinear; in some cases, the phyllode 

exceeds 30 cm in length. Photosynthesis and pigment content varied along the length of the 

phyllode (Fig. 3.3). Chlorophyll level was lowest at the tip and increased by up to 25% and 

50% at the base of the phyllode in A. auriculformis and A. mangium respectively (Fig. 3.3a). 
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In contrast, the highest carotene content was found in the tip in A. mangium but the carotene 
content did not change from tip to base along the phyllode of A. auriculUbrmis (Fig. 3.3b). 
Violaxanthin content was highest at the middle and base and lowest at the tip position (Fig. 
3.3c). But the total xanthophyll (VAZ) level did not vary greatly along the phyllode in either 
species (Fio 3.3d). 

30 800 

[SI 
1 2 3 4 5 1 2 3 4 5 

Position in plant 

Figure 3.2. Photosynthetic activity and contents of chlorophyll, violaxanthin and total 
xanthophylls (VAZ) in phyllodes at different position in Acacia auricii1formis (•) and 
Acacia mangium (U) seedlings grown in a shade house. Position I is the top of the plant 
and position 5, the base of the plant. For A. mangium, every second phyllode was selected for 
analysis. For A. auriculzformis, every third phyllode was used. 
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Figure 3.3. Chlorophyll, carotene, violaxanthin and xanthophyll content (VAZ) along a 

phyllode in seedlings of Acacia auricu1formis (S) and Acacia mangium () grown in a 

shade house. Position 1 is the tip of the phyllode and position 5, the base of the phyllode. 
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3.3.2. Effect of growth irradiance on growth and xanthophyll content 

A (Fig. 3.4a) and total leaf number (Fig. 3.5a) increased with growth irradiance in 

both the NT and PNG provenances of A. auriculformis. The A, values in both provenances 

increased by more than 60% as growth irradiance increased from 450 to 1800 p.mol m 2  s1. In 

contrast, plant height (Fig. 3.4b) and shoot/root ratio (Fig. 3.4d) decreased but optimal total dry 

weight (Fig. 3 .4c) was obtained at 1350 tmol m 2  s. Total leaf number (Fig. 3 .5a) and total leaf 

area (Fig. 3.5b) remained relatively constant but the specific leaf area, SLA, (Fig. 3.5c) 
decreased with growth irradiance. 

Growth irradiance greatly affected the level of chlorophyll and xanthophyll cycle 

intermediates in the phyllode. The chlorophyll (Fig. 3.6a) and violaxanthin (Fig. 3.6c) pools 

decreased but the total xanthophyll pool (VAZ, Fig. 3.6d) and antheraxanthin, zeaxanthin (data 

not show) increased dramatically with growth irradiance. The size of the chlorophyll and 

violaxarithin pool decreased by only about 30% as the growth irradiance increased from 450 to 

1800 tmol m 2  s '. In contrast, the total xanthophyll pool increased by up to 4-fold, and the 

antheraxanthin plus zeaxanthin pool by more than 10-fold (data not shown) as the growth 

irradiance increased to 1800 imol m 25 1 . Interestingly, relatively small increases were obtained 

for other carotenoid pigments viz. lutein, neoxanthin (data not shown) and carotene (Fig. 3 .6b). 

It would seem the acclimation to higher growth irradiance is associated primarily with large 

increases in xanthophylls rather than carotene, neoxanthin or lutein. This conclusion is 

consistent with the large decrease in EPS [(V+0.5A)/VAZ] value. Conversely, the relatively 

small VAZ content and large EPS value obtained at low growth irradiance suggest that under 

limiting light conditions most of the incident light energy was utilized by photosynthesis. The 

observed increase in xanthophyll level under high light condition would presumably represent a 

photoprotective response to excessive irradiance. 
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Figure 3.4. Photosynthesis (Amax), plant height, total dry matter production and 

shoot/root ratio in seedlings of NT (•) and PNG (0) provenances of Acacia 

auriculjformis grown at different growth irradiances in a shade house. Amax  was 

determined in 10-week old seedlings. All other measurements were determined in 12-week 

old seedlings. Full sunlight was 1800 tmol m 2  s 1 . 
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Figure 3.6. Chlorophyll, carotene, violaxanthin and total xanthophyll content (VAZ) in 

NT () and PNG (0) provenances of Acacia auriculjformis grown at different growth 

irradiances in a shade house. Pigment contents in phyllode were determined in 10-week old 

seedlings. Full sunlight was 1800 j.tmol m 2  s. 
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3.3.3. Comparison of shade house and field plants 

The photosynthetic activity of A. auriculformis was greater than those of A. mangium 

for both shade house and field plants (Fig. 3.7a). In both species, the chlorophyll content in 

field plants was similar to or higher than those of shade house plants (Fig. 3.7b). (3-carotene 

content was similar in field and shade house plants (Fig. 3.7c). In contrast; the total xanthophyll 

cycle pigment (VAZ) content was distinctly greater in field compared to shade house plants 

(Fig. 3.7d). This difference could be attributed to the large zeaxanthin and violaxanthin pool in 

the field compared to shade house plants (data not shown). But VAZ content was found to 

increase with growth irradiance (Fig. 3.6d). Hence, the observed differences in VAZ pool 

between field and shade house plants might simply reflect different growth irradiance between 

these plants. 

oar' 

Species 

Figure 3.7. Photosynthetic activity (Am.i,j and chlorophyll, (3-carotene and total 

xanthophyll content (VAZ) in Acacia auriculjformis (NT provenance) and Acacia 

mangitim grown in shade house and field. A nax  was determined in 12-week old seedlings in 

the shade house (growth irradiance: 1350 imoI m 2  s) and 2-year old trees in Howard 

Springs (1800 jimol m 2 s, June 1994). 
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3.4. DISCUSSION 

The xanthophyll and chlorophyll content in acacia phyllodes reported in this study are 

similar to those of other non-acacia species (Adams and Demmig-Adams 1995; Demmig et at. 

1988; Thayer and Björkman 1990). The distribution of phyllode carotenoids and chlorophyll 

varied with phyllode age and the position within the phyllode (Figs. 3.2 and 3.3). The highest 

values were obtained in the mid-section of the phyllode found in the mid- and lower-regions of 

the plant. Growth irradiance also affected the xanthophyll and chlorophyll level in acacia. 

Chlorophyll decreased but xanthophyll increased with growth irradiance but the highest 

photosynthetic activity was found in phyllodes around the mid-region of the plant. The results 

indicated the importance of selecting phyllodes with the highest photosynthetic activity in an 

experiment (Miyazawa et at. 1998). 

Generally, the formation of chioroplast ultrastructure, chlorophyll accumulation and 

synthesis of other components of the photosynthetic apparatus proceed almost in parallel during 

leaf expansion and plant development (Sestak 1966). During leaf ontogeny chlorophyll 

accumulates up to some maximum level and afterwards the rate of degradation processes 

overtakes the rate of synthetic processes (Kuflier 1981). The rate of increase is usually more 

rapid than the rate of decrease, especially in leaves formed in the later phases of plant ontogeny. 

Chlorophyll content and photosynthetic efficiency in A. auriculformis  and A. mangium are 

higher in young phyllodes. But highest photosynthetic rate and the highest carotenoids/ 

chlorophylls ratios are found in the middle position of the plant (Fig. 3.2). 

Chlorophyll and carotenoids also varied within leaves, between plant species with 

environmental conditions (Sestak 1983). Normally the accumulation of all major carotenoids or 

carotenoids/chlorophyll ratio declined from leaf tip to leaf base (Shishkanu 1970). Phyllodes of 

A. auriculformis and A. mangium showed the highest chlorophyll in leaf base and the highest 

carotenoids in the middle of a phyllode (Fig. 3.3). The phyllodes of these acacias are large and 

curvilinear. Hence it is important to determine pigment variations and photosynthetic activity 

within phyllodes and within the plant in order that the most active tissue were used for 

physiological studies. 

Photosynthesis increases as a plant acclimatizes to high light. Such acclimation is 

normally accompanied by a concomitant increase in both soluble protein and electron transport 

chain components of the photosynthetic apparatus, and zeaxanthin and violaxanthin pool in 
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leaves (Chow 1994; Demmig-Adams and Adams 1992). In the NT where the ambient 

irradiance far exceeds that needed to support maximal photosynthesis, native species such as A. 

auriculiformis would presumably have developed mechanisms for photoprotection, recovery 

and repair against excess irradiance. Total dry weight of A. auriculiformis and A. mangium was 

maxium at a growth irradiance of 1350 lImol m 2 due perhaps to a large phyllode number 

and phyllode area resulting in a larger total phyllode (canopy) area. 

The xanthophyll pool sizes (-200 mmol mol1  Chi) obtained for A. auriculiformis and A. 

mangium (Figs. 3.6 and 3.7) were higher than the values (1 00-.200 mmol mol 1  Chi) reported 

for many sun plants (Adams and Demmig-Adams 1992; Adams et al. 1995; Thayer and 

Björkman 1990) indicating that there is an active photoprotective mechanism in these tropical 

acacia species. The reported VAZ pool size in A. auriculiformis represents 3 6-45% of the total 

carotenoids present in the photosynthetic apparatus under field conditions (Fig. 3.7), compared 

to only 12% of total carotenoid pool in rainforest species and 30% in field crop species 

(Demmig-Adams et al. 1989; Lovelock and Clough 1992). The higher values determined for A. 

auriculiformis probably reflect a greater capacity for photosynthesis under the higher light 

condition encountered in the Northern Territory. 

Zeaxanthin is involved in the dissipation of excessive excitation energy. It is generally 

formed at the point where photosynthesis begins to saturate and incident light becomes 

excessive (Demmig-Adams 1990). Increase in zeaxanthin content normally matches the 

increase in energy-dissipation activity. Large increases in total VAZ pool size, were observed 

with increasing growth irradiance in acacia seedlings grown in the shade house (Fig. 3.6), 

which parallelled increases in ATha\  (Fig. 3.4). The photosynthetic activity and phyllode pigment 

content in shade house grown plants were comparable to those determined for field-grown 

plants. However higher xanthophyll content was obtained in A. auriculiformis in the field in 

June compared to plants grown in shade house under well-watered conditions (Fig. 3.7), 

presumably in response to increasing water deficit as the soil water content began to fall in the 

dry season. This problem will be examined in greater detail in Chapter 5. Overall, the results 

are consistent with the hypothesis that zeaxanthin is involved in dissipation of excessive 

excitation and responsible for a substantial part of the reduction in photosynthetic activity in 

high light. 
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INFLUENCE OF LEAF ANGLE ON PHOTOSYNTHESIS AND 

THE XANTHOPHYLL CYCLE IN A CA CIA CRASSICARPA 

4.1. INTRODUCTION 

Photosynthesis is highly sensitive to leaf temperature (Andrews et al. 1984; Ball et 

at. 1988; Ludlow 1987) and plants have developed various strategies to prevent 

photoinhibitory damage at the molecular, cellular and whole-plant levels. This can involve a 

variety of physiological adjustments that may include changes in leaf biochemistry, 

photochemistry, morphology and anatomy (Bjorkman 1981). Changes in leaf morphology 

and anatomy in high light environments are usually associated with reducing intercepted 

light by reducing leaf size and/or having a near vertical leaf angle, while changes in leaf 

ultrastructure and biochemistry are adaptations that generally lead to tolerance of excess 

light which involves dissipation of excess light energy via rapid electron transport and CO, 

fixation and/or xanthophyll cycling. Furthermore, some plants can alter leaf angle over short 

time intervals (minutes) by positioning the leaf blade parallel to the incident light and 

decreasing the amount of light reaching the leaf blade (Björkman and Powles 1981; Koller 

1986). 

Leaf angle and leaf size can influence leaf temperature significantly (Ball et at. 1988; 

Givnish 1987). Smith and Ullberg (1989) found that vertical and north-south orientation of 

leaves was correlated with increased photosynthetic rates of the prairie shrub Siphiurn 

terebinthinaceum indicating the effectiveness of vertical leaf angles in maintaining lower 

leaf temperature and plant productivity. Smaller leaves provide more effective convective 

heat loss to the surrounding air compared to large leaves, because of lower boundary layer 

resistance (Givnish 1987), as do leaves at vertical angles. In mangroves, near-vertical leaf 

angles, small leaf size and high xanthophyll/chlorophyll ratios reduce midday incident 

irradiance and maintain leaf temperature within a range in which photosynthesis can 

continue (Ball et al. 1988; Lovelock 1993). 

A. auriculiformis and A. mangium are native to tropical Queensland (Australia), 

and the southern border of Papua New Guinea and Irian Jaya (Indonesia) while A. 

auriculiformis also occurs naturally in the Northern Territory (NT) of Australia (Boland et 
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a! 1990; Fig. 1.1). These tree species are commonly found on rainforest and mangrove 

margins (Pedley 1964). A. crassicarpa is a tropical lowland tree which adapts well to 

various climatic and environmental conditions (Gunn and Midgley 1991). Eucalyptus 

pellita is a medium to tall forest tree restricted to Eastern Australia (Chippendale and 

Wolf 1981). All four species inhabit tropical environments where solar radiation and 

temperature level are high. 

This chapter examines the relationship between leaf angle and xanthophyll cycle 

activity in tropical acacias and eucalyptus and the role leaf angle can play in maintaining 

productivity in the seasonally dry tropics of Australia. There are two parts in this study. The 

first examines photosynthesis and xanthophyll cycle activity in different species and 

compares the photosynthetic and xanthophyll cycling activity of Acacia crassicarpa (a tree 

species with near vertical phyllodes) and Eucalyptus pellita (a tree species with small leaf 

angle) growing under natural conditions. The second part examines the role of leaf angle in 

protecting against photoinhibition and in maintaining productivity in A. crassicarpa. 

Phyllodes of A. crassicarpa were artificially constrained in the field, and photosynthesis and 

xanthophyll content in the phyllodes were determined over a period of seven days during the 

wet and dry seasons. 

4.2. MATERIALS AND METHODS 

The study was carried out using trees of A. auriculzformis, A. man gium, A. 

crassicarpa and E. pellita in the Howard Springs site (Section 2.2). The first part of this 

study involved all four species and the experiment was carried out in 1994-1996. The second 

part of the study involved only A. crassicarpa and the experiment was done in May (wet 

season) and Oct. (dry season) 1996. In this experiment the phyllode angle of A. crassicarpa 

which has near vertical phyllodes of 85-88° were artificially constrained (Plate 4.1). Four 

sets of ten phyllodes from different branches of two trees were selected and forced into 

different angles (0°, 22.5°, 45° and 67.5°) using a wire holder on day 0 (Plate 4.2). Another 

set of ten phyllodes, left at their natural angle, was used as control. The phyllode angle of 

these controls was taken to be 90° for convenience. Phyllode angle was measured with a 

hand-held Angle Meter (PRO Smartlevel, US patent 308644, China). Measurements were 

done in situ on day 1 and day 7 after the phyllode angle had been artificially constrained. 



L 

Plate 4.1. Acacia crassicarpa in natural near vertical leaf angles in the field (Howard 

Springs, May 1996). 

Plate 4.2. Phyllodes of Acacia crassicarpa in artificially constrained leaf angles. 
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Photosynthesis and related parameters, chlorophyll fluorescence (Fv/Fm), and 

phyllode chlorophyll and xanthophyll contents in both experiments were determined as 

described in Chapter 2. In addition, single point measurements were done between 1200- 

1330 h on the day, while diurnal measurements were carried out from 0730 to 1800 h. 

The total carbon fixed during the day in the leaf angle experiments was estimated by 

determining the integrated areas of the diurnal graphs obtained in these experiments. The 

period of photosynthesis was 0700-1900 h i.e. 12 h per day. 

4.3. RESULTS 

4.3.1. Leaf structure 

The leaf structure of the four species examined differed significantly (Table 4.1 .). A. 

auriculiformis and A. mangium had the thinnest, and A. crassicarpa and E. pellita, the 

thickest phyllodes/leaves. But the phyllodes/leaves of A. crassicarpa and E. pellita had 

larger palisade and spongy mesophyll cells, and cuticle twice as thick as those present in the 

other two species. Presumably, the thick cuticle helped to reduce the amount of incident 

light reaching the chloroplasts. 

Table 4.1. Leaf structure of Acacia auriculiformis, Acacia mangium, Acacia crassicarpa 

and Eucalyptus pellita in the dry season (Oct. 1994). Data are means ± se (n=30). The 

values are in p.m. Values followed a different letter indicate they are significantly different at 

p<0.05. (Values for epidermis and cuticle layer were the sum of the upper and lower layer.) 

Parameter A. auriculiformis A. man gium A. crassicarpa E. pellita 

Leaf thickness 269 ± 2.89 a 291 ± 2.97 b 388 ± 2.97 374 ± 4.76 

Palisade layer 118±2.05 a 122 ± 1.89 a 178 ± 137' 162 ± 2.28 b  

Spongy mesophyll 125 ± 4.02a 148 ± 4.71 b 181 ±2.05C 170 
± 479C 

Epidermis layer 16•30• 17b 9.82±0.13a 11,2±0.16a 25.6±0.37C 

Cuticle layer 9.4±0.20a 11.3±o.lsa 18.1 ±0.23b 16.9±0.31' 



4.3.2. Leaf angle and physiological parameters 

Leaf angle, photosynthetic activity and related parameters of four tree species 

growing in the Howard Springs site were determined in situ (Table 4.2). Phyllodes of A. 
crassicarpa had the greatest phyllode angle (86.4°) and Fv/Fm ratio and those of E. pellita 

the smallest leaf angle (3 9°) and Fv/Fm ratio. The incident irradiance on the phyllodes of A. 
crassicarpa was 31% less than that of E. pellita, and the phyllode temperature of A. 
crassicarpa was 3-4 °C less than those determined in the other species. Evidently phyllodes 

with near vertical phyllode angle intercepted less light and had a lower phyllode temperature 

compared to those with small or near horizontal phyllode angles. 

Photosynthetic activity and phyllode size varied greatly between species. A. 

auriculformis had the smallest phyllodes and the highest photosynthetic activity and 

stomatal conductance while A. man glum had the largest phyllodes and the lowest Amax  value 

and stomatal conductance. The Amax  of a tree species was reported to be inversely related to 

the size of its leaves (Cole 1995). My data do not support this proposition. E. pellita had 

smaller leaves than either of A. mangiun2 and A. crassicarpa but its Ainax  value was 

intermediate between these two species. 

Interestingly, A. crassicarpa had the smallest zeaxanthin and VAZ pools and E. 

pellita the largest. The zeaxanthin pool in E. pellita was more than an order of magnitude 

greater than that determined in A. crassicarpa. EPS in the eucalyptus was about 64% of the 

values determined in the other species indicating high xanthophyll cycling activity in this 

species even in the wet season. In contrast, the zeaxanthin pool in A. crassicarpa was 

extremely low. Apparently the near vertical leaf angle greatly reduced excessive incident 

light, leaf temperature and xanthophyll cycle activity in this acacia. The photosynthetic and 

xanthophyll cycle activity of this contrasting species were further examined. 



Table 4.2. Leaf angle, photosynthesis (Amax) and xanthophyll content in 4-year old trees 

in Howard Springs. Determinations were carried at 1000-1100 am in the wet season (May 

1996). Data are means ± s.e. (n=5). Values followed by different letters are significantly 

different at p<O.OS. *Units  of zeaxanthin and VAZ are mmol mol' Chi. 

Parameter A. auriculiformis A. mangium A. crassicarpa E. pellita 

Leaf angle (°) 41.4 ± 5.2 a 

Leaf size (cm) 25.6 ± 1.35 a 

Incident light (mo1 m2 1)  1562 + 41 

Ainax (tmolm 2 s 1 ) 26.2+0.51 C  

Arnax  (p.mol mol' Chi) 35.8 + 1.23 

g (mol m 2  s') 0.59 ± 0.04 C  

Fv/Fm ratio 0.78 ± 0.01 b  

lleaf(C) 34.1 ±0.52b 

Zeaxanthin* 7.25 + 0.88 a 

VAZ* 72.5 ± 2.06 b  

EPS [(0.5A+V)/VAZ] 0.76 + 0.02 b  

46.9±7.2a 86.4+ l .3b 39.2±2.62a 

70.4 ± 3.65 C 55.6 + 2.12 b 45.4  ± 1.94 b  

1222+35 " 1770±26C 

12.7± 0.57 a 16.6± 1.19b  14.6± 0.76 ab  

169±165a 251 2. 35b 278 3. 14b 

0.23 ± 0.01  a 0.34 ± 0.01 b  0.34 ± 0.01 b  

0.76 ± 0.01 b 0.79 ± 0.01 b  0.73 + 0.01  a 

34.9 ± 0.36 b 31.3 + 0.22 a  35.1 + 0.32 b  

8.84± 1.61 a 3.40± 1.22 a 397 115b 

82.4 +3.75 b 50.1 ± 1.98 a  92.1 ± 8.02 C  

0.72 ± 0.02 b 0.75 ± 0.02 b  0.48 + 0.07 a 
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4.3.3. Diurnal changes in photosynthesis and xanthophyll 

Figure 4.1 shows the diurnal changes in photosynthetic activity, xanthophyll and 
EPS in A. crassicarpa and E. pellita in the dry and wet seasons. A nax  activity was lower in 
the eucalyptus (Fig. 4.1 b) than the acacia (Fig. 4.1 a) especially in the dry season. In general, 

the rates of photosynthesis were greatest in the morning and lowest at midday, and 

recovering to a higher level in the afternoon (1400-1700 h). Midday depression of A1  nax 
occurred at an irradiance and leaf temperature exceeding 2000 imo1 m 2  s 1  and 40 °C 
respectively. 

The diurnal changes in xanthophylls were dramatically different for the two species. 

A. crassicarpa showed little variations in zeaxanthin (Fig. 4.1 c), violaxanthin (Fig. 4.1 e) and 

EPS values (Fig. 4.1g) throughout the day in both dry and wet seasons. In contrast, the 

zeaxanthin pool in E. pellita increased from a barely detectable level at 0730 h to a 

maximum of >120 mmol mo11  Chi at midday in the dry season (Fig. 4.1d). The diurnal 

change was smaller in the wet season. The violaxanthin level decreased at midday and rises 

again in the late afternoon (Fig. 4.1f). The EPS values in F. pellita also declined at midday 

and then increased in the afternoon (Fig. 4. lj). The results indicate high xanthophyll cycle 

activity in F. pellita throughout the day. In contrast, there was comparatively little 

xanthophyll cycling activity in A. crassicarpa. 

If xanthophyll cycling helps to dissipate excessive light energy and protects the leaf 

against photoinhibition, then the lack of such activity in A. crassicarpa compared to F. 

pellita would indicate that the near vertical leaf angle of A. crassicarpa is an effective 

protective mechanism against photoinhibition. Conversely, the extremely high xanthophyll 

cycling activity in the eucalyptus is apparently associated with the protection of the 

photosynthetic apparatus from photodamage during drought stress in the dry season in 

Darwin. 

I shall examine the role of leaf angle in photoinhibition and productivity in A. 

crassicarpa in greater details in the next section. 
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Figure 4.1. Diurnal changes of photosynthesis (Ama ) xanthophyll pool contents (Z, 
zeaxanthin; V, violaxanthin; A, antheraxanthin) and EPS in 2-year old Acacia 
crassicarpa and Eucalyptu.spellita during the dry (0, Oct. 1994) and wet (•, May 1995) 
seasons. EPS is determined as [(0.5A + V)/VAZ]. 
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4.3.4. Effect of leaf angle on photosynthesis and xanthophyll content 

4.3.4.1. Photosynthesis and xanthophyll pool 

I have artificially constrained the leaf angle of A. crassicarpa (00,  22.50, 45° and 
67.5°) in order to determine its effect on xanthophyll cycling and photosynthesis (Plates 4.1 
and 4.2). The near vertical phyllode angle of the controlled phyllodes was taken to be 90°. 

Figure 4.2 shows the effect of this change on incident irradiance, leaf temperature, 

photosynthesis and chlorophyll fluorescence on day 1 and day 7 after the leaf angles were 

fixed. The experiment was carried out in the wet season. Decreasing the leaf angle from its 

natural angle of 90° to 0° (horizontal) increased the incident irradiance from 600 to 1800 

jimol m 2  s and increased leaf temperature by 2-4 °C (Fig. 4.2a and c). Thus horizontal (0°) 

phyllodes had the highest irradiance and leaf temperature while the vertical phyllodes had 

the lowest incident irradiance and leaf temperature. Larger changes were obtained in day 7 

than day 1. Conversely, decreasing the leaf angle decreased photosynthesis and the Fv/Fm 

ratio (Fig. 4.2a and b). The highest values were obtained in 90° phyllodes and the lowest in 

horizontal phyllodes. When the leaf angle was decreased from 90° to 0°, A ax  decreased from 

15 to 10 and 5 .imol m 2  s in day 1 and day 7 respectively. The large decrease in Ajax  was 

apparently associated with the 2-fold increase in incident irradiance when the leaf angle was 

changed from near vertical to horizontal. Evidently, serious photodamage to the 

photosynthetic apparatus had occurred. This conclusion is supported by a decrease in Fv/Fm 

ratio following the leaf angle change. This ratio decreased from 0.78 at 90° to 0.68 at 0° 

indicating that photoinhibition had occurred in phyllodes held at a horizontal angle. 
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4.3.4.2. Diurnal changes of photosynthesis 

Figure 4.3 shows the diurnal changes of photosynthesis in phyllodes at three different 
phyllode angles (00,  45° and 90°) in A. crassicarpa on day 1 and day 7 after leaf angle 

change during the wet and dry seasons. Changing the leaf angle from the near vertical to 450 

and 0° dramatically altered the diurnal pattern of the incident irradiance. It changed the 

normal bimodal pattern for 90° (control) phyllodes to a single peak in 45° and 0° phyllodes 

in both the wet and dry seasons. Maximum irradiance occurred at about 1030 h and 1500-

1600 h for the 90° phyllodes and at 1030 h for the 450  phyllodes and at 1230 h for the 00 

phyllodes. The maximum incident irradiance measured for the control phyllodes was 1400 

.tmol m 2  s1  for both seasons. In contrast, the values for the 0° and 45° phyllodes were 1700-

2000 tmol m 2  s '  which greatly exceeded that determined for the control phyllodes. 

Diurnal photosynthesis paralleled the incident irradiance in both seasons for all leaf 

angles examined. Thus the control phyllodes had a peak for photosynthesis in the morning 

(1030 h) and afternoon (1630 h) while phyllodes at 0° and 45° leaf angle had only one peak 

in the morning (1030-1200 h). Midday depression of photosynthesis was evident in the 

control phyllodes in day 1 and 7 in both seasons. In contrast, midday depression was 

observed only in the dry season on day 7 for the 45° phyllodes and in both seasons on day 7 

for the 00  phyllodes. Photosynthetic activities were higher in the wet season compared to the 

dry season for all phyllode angles examined. The activity in the 45 and 0 phyllodes declined 

with time. Thus activities were highest in the wet season on day 1 and lowest in the dry 

season on day 7. Decreasing the leaf angle had a great effect on photosynthesis in the dry 

compared to the wet season. 
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Figure 4.3. Diurnal changes of growth irradiance (PPFD) and photosynthesis (A) at 

different phyllode angle in Acacia crassicarpa in day 1 and day 7 during the wet (, 
May 1996) and dry (0, Oct. 1996) seasons. Leaf angles were artificially constrainedãn day 

0. 
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4.3.4.3. Summary ofphotosynthesis and related parameters 

Table 4.3 summarizes the photosynthetic activity, leaf conductance and temperature, 

chlorophyll fluorescence at different leaf angles in both the wet and dry seasons. The highest 

photosynthetic activity, leaf conductance and Fv/Fm ratio were obtained in 900  phyllodes 

and the lowest in 00  phyllodes in day 7 and in the dry season. The wet season values were 

consistently higher than dry season measurements. Conversely, 0° phyllodes had the highest 

and 90° phyllodes the lowest leaf temperature. The high phyllode temperature (41.4 °C) and 

low Fv/Fm ratio (0.48) coupled with low photosynthesis (0.49 tmo1 m 2  s') in 00  phyllode in 

day 7 in the dry season suggest severe photodamage might have occurred in these phyllodes 

in the dry season. 

Decline in Fv/Fm values may be caused by either (1) a more efficient dissipation of 

energy from the light-harvesting antenna or (2) dysfunction of the PS II reaction centre 

resulting in light being absorbed without useful photochemical conversion (Chow 1994). 

The chlorophyll fluorescence parameter (1/Fo - 1/Fm) correlates with decrease in functional 

PS II content (Park et. at. 1995; Havaux et. at. 1992). It can be used to determine whether 

reaction centre function has been impaired. Table 4.4 shows that the estimated PS II content 

in A. crassicarpa declined substantially with leaf angle. The values obtained at 0° leaf angle 

were 83% and 56% those of the 90° control in the wet and dry season respectively. The data 

indicate that photodamage of PS II reaction centres had occurred at low leaf angles with PS 

II dysfunction been more severe in the dry season. 

4.3.4.4. Estimated total CO2  fixation 

The values of total CO, fixed in a day (12 hours) varied greatly in phyllodes with 

different leaf angles and between seasons (Table 4.5). The values obtained for the horizontal 

(0°) and 45° phyllodes were much less than those of the control (90°) phyllodes after the leaf 

angles had been fixed for only one day. On day 1. the 90° phyllodes fixed 48% and 101% 

more CO. per day than 0° phyllodes on day I in the wet and dry season respectively. On day 

7, these values increased to 108% and 300% respectively. Intermediate values were obtained 

for the 450  phyllodes. 
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Table 4.3. Photosynthesis (A) and related parameters at different phyllode angles in Acacia crassicarpa during the wet (May 1996) and dry (Oct. 

1996) seasons. Incident light and photosynthesis values were derived from Fig. 4.3. Determinations were carried out at 1330 h. Values followed by 

different letters are significantly different at p<0.05. Data are means + se (n=5). Leaf angles were artificially constrained on day 0. 

900  

wet season 
450 0° 

Day 1 
Incident light (!.imol  m 2  s') 590 ± 39.1 a  949 + 42.3 b  1697 + 166 

A (1030 h) (p.mol m 2  s') 21.3 + 0.32 a  18.9 + 0.59 a  17.4 ± 0.88 b  

A (1330 h) (trnol m 2  s') 8.79 ± 0.83 a  12.5 ± 0.45 b  74 + 0.65 a  

g (mol m 2  s) 0.67 + 0.07 b  0.52 + 0.03 b  0.48 + 0.03 a 

T leaf (°C) 35.5 ± 0.19' 36.3 ± 0.08 a  37.6 + 0.03 a  

F v/Fm(ratio) 0.79 + 0.01 a  
-------------------------------------------------------------------------------------------------- 

0.78 ± 0.02 a  0.74 + 0.01 a  

Day 7 
Incident light (jimol rn 2  s1) 526 ± 41.5 a 930 + 32.1 b  1686± 96.4c 

A (1030 h) (tmol n12  s') 21.9± 0•54b  18.0± 0.28' 11.4± 0.71 a 

A (1330 h) (Mmol  m 2  s) 8.25 + 047b 11.1 ± 049b 4.69 ± 0.22" 

g (mol rn 2  s1) 0.64 ± 0.09b 0.52 ± 0.09 0.46 + 0.01 a  

'leaf (°C) 35.9 + 0.34 a  37•4 + 0.25 a  38.1 + 0.04 a 

Fv/Fm (ratio) 0.78 1 0.01 b 
0.76 ± 0.03 b  

0.67 ± 0.01  a 

dry  season 

90° 45° 0° 

613 +78.0" 1108±23.1b  1898±69.3° 

15.6 + 0.56 b  
13.2 ± 0.54b 9.02 + 0.30 

6.70 
+ 072b 

6.77 + 0.74b 4.00 + 0.31' 

0.31 
± 0.06'  0.13 ± 0.03 a  0.12 ± 0.01 a 

37.5 ± 0.14 a  39.6 + 0.25 a  40.2 ± 0.35 b  

0.76 ± 0.02b 
----------------------------------------------------- 

0.74 + 0.01 b  
0.68 + 0.01  a 

685 ±48.0" 1184652b  
1805± 102' 

15.0 ± 0.51 C  9.87 ± 067b 5.16 ± 0.36" 

4.70+0.47C 252056b 
0.49+0.03" 

0.31 ± 0.06 b  
0.11 ± 0.02 a  0.12 + 0.01 a 

38.1 ± 0.13 a  40.2 ± 0.24b 41.4 
± 

0.76 ± 0.01 b  0.61 ± 0.01 b  0.48 ± 0.01 
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Day 7 

wet dry wet/dry 

41.5 28.6 1.45 

28.6 14.3 2.00 

20.0 7.15 2.80 

Ratio of total 

58 

fixed 

2.08 4.00 

1.43 2.00 

1.45 2.00 

90°/0° 1.48 2.01 

450/00  1.29 1.55 

900 /450  1.15 2.06 

Table 4.4. Photosynthesis II reaction centre content in phyllodes of Acacia crassicarpa at 

different leaf angles on day 7 during the wet (May 1996) and dry (Oct. 1996) season PSII 

values were calculated using chlorophyll fluorescence parameter (1/Fo - 1/Fm). All fluorescence 

yields were normalized to that of the control plants for which Fo is 1.0. as described in Lee et. al. 

(In press). 

wet season dry season 

Parameter 900  450  00 900  450 0° 

Fv/Fm 0.78 0.76 0.67 0.76 0.61 0.48 

PS II content 1.85± 1.82± 1.54± 1.78± 1.60± 1.00± 

(x 10) 0.038 0.035 0.069 0.030 0.045 0.069 

Table 4.5. Estimated total CO2  fixed in a day at different phyllode angles in Acacia 

crassicarpa during the wet and dry seasons. Estimated values are derived from data in Fig. 

4.3. Leaf angles were artificially constrained on day 0. 

Total CO, fixed (mmol CO2  m 2  day-') 

Day 1 

Phyllode wet dry wet/dry 

900  44.3 31.5 1.410 
450 38.6 24.3 1.59 

00 

---------------------------------------------- 

30.0 15.7 1.91 



4.3.4.5. Chlorophyll and xanthophyll contents at dfferentphyllode  angles 

Chlorophyll content also decreased with the reduction in phyllode angle (Table 4.6). 

The decrease was only 15% and 8% in day 1 and 7 respectively in the wet season, and 12% 

and 8% respectively in the dry season. Evidently the dramatic decrease in photosynthetic 

capacity in the 0° and 450  phyllodes were unlikely to be caused by a reduction in 

chlorophyll. Rather, the decline in total photosynthetic capacity in these phyllodes probably 

occurred through photodamage of the photosynthetic apparatus which caused a loss of 

photosynthetic efficiency (decline in PS II content; Table 4.4). Xanthophyll content varied 

significantly between vertical and horizontal phyllodes of A. crassicarpa in both the wet and 

dry season. Phyllodes that were artificially constrained to 45° and 0° leaf angles had higher 

xanthophyll and carotene contents than those at vertical orientation (90°). The greatest 

variations were obtained for zeaxanthin, VAZ and EPS in day 7 between vertical and 

horizontal phyllodes during the dry season. Zeaxanthin increased by 657% and VAZ by 60% 

while EPS decreased by 30% in 0° compared to 90° phyllodes. Similar variations were 

obtained in the wet season even though the horizontal phyllodes were less severely 

photoinhibited, as indicated by the Fv/Fm ratios (see Table 4.3), than those in the dry 

season. The VAZ and zeaxanthin pools in the horizontal phyllodes in day 7 during the dry 

season were 17% and 27% greater than the corresponding values in the wet season. The 

results indicate substantial xanthophyll cycle activities in the horizontal phyllodes, 

presumably in response to increase incident light and photoinhibition caused by the change 

in leaf angle orientation. 

4.3.4.6. Diurnal changes ofxanthophylls in the wet and dry season 

Figure 4.4 shows the diurnal changes of xanthophyll cycle intermediates, VAZ and 

EPS at different phyllode angles in day 1 and 7 in the wet season. Unlike photosynthesis, the 

xanthophyll pools variations did not parallel the diurnal incident irradiance. But the results 

clearly indicate a large diurnal increase in zeaxanthin and antheraxanthin contents and a 

corresponding decrease in violaxanthin content and EPS value as the phyllode angle were 

decreased to 45° and 0°. Although the absolute diurnal variations obtained were small 

compared to E. pellita (Fig. 4.1) decreasing the leaf angle in A. crassicarpa evidently 

increased the diurnal deepoxidation-epoxidation cycling of xanthophylls compared to the 

control. 
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Table 4.6. Changes of chlorophyll, xanthophyll cycle pool (VAZ) and the epoxidation state (EPS) on day 1 and day 7 at different phyllode angles 

in A. crassicarpa in the wet and dry season. Measurements were determined in May and Oct. 1996. Different letters after values are significantly 

different at p<0.05; Data are mean ± s.e. (n=3). Leaf angles were artificially constrained on day 0. 

day 1 day 7 

Pigments (mmol m01' ChI) 900 450 
0

0 900 45° 0° 

Wet season 

Clii a+b (tniol m 2) 

13-carotene 

Zeaxantliin 

VAZ 

EPS [(0.5A+V)/VAZ]  

710± 10.8b  603± 17.8a  600± 18.4a 

89.5 + 2.75 a  959 ± 2.96 a 113 ± 2.64 b  

6.09 ± 0.90 a  17.9 ± 1.87 b 43 ± 1.78 C  

85.6±3.87a 114  ±2.26b  127 ± 242b 

0.77 ± 0.01 b  0.71 ± 0.01 b  0.54 ± 0.02 a  

704 ± 10.8 b  692 ± 10.4 b  652 ± 9.62 a 

89.5 ± 2.75 a  1381 b  142 ± 335b 

6.09 ± 0.90 a  28.6 ± 3.21 b  439 ± 7.10 

85.6±3.87a 119259b 137 ±3.64C 

0.77 ± 0.01 C  0.62 ± 0.01 b 
 0.53 ± 0.02 a 

Dry season 

Chi a+b (imol in 2  

13-carotene 

Zeaxanthin 

VAZ 

EPS [(0.5A+V)/VAZ] 

689± 11.6C 641 ± 10.8 b  605± 11.2 a 

121±3.01a 119±3.91a 128±3.65 a 

7.38 ± 0.65 a  20.7 ± 0.83 b  39 ± 1.23 C  

99.8 ± 2.03 a  123 ± 2.29 b  136 ± 4.38 b  

0.72]: 0.01 " 0.68 ± 0.02 b  0.58 ± 0.02 a 

689± 11.6 a 659± 14.4 a 633±8.96a 

121±3.01a 135218b 142±5.64b 

7.38 ± 0.65 a 28.3 ± 4.23 b ± 2.35 C  

99.8±2.03 a  135 ±5.14b  160  ±4.13b 

0.72 ± 0.01 b  0.65 ± 0.02 b  0.51 ± 0.01 C  

ME 



-C r 

75 

D 
150 

100 
0 

0 

I. 
-C 

50 
0 a 

a 
NJ 

01  
150 

0 100 
0 
E 

J50 

0 
1 r' 

-C 
01: 
0 
E 
- ii 
a 
E 
NJ 

1.( 

5- + 
U) 
CD 
C/, 
C-
w 

0 -d 
5- + 

CD 

C/) 
C- 

4 w 

50 

 

day 1 day7 

0 

E 
0 

a 

40 

30 
 

E 
0 20  
E 
NJ 10 

0 
60 

-•-- 90 
0-45 

—*-• 0 

  

45 
0 
0 
E 30 
0 
E 

15 

45 
0 

30 E 
0 a 

15 

CD CD CD CD C) CD CD CD CD CD CD CD CD CD 0 CD 
CO CD CO CD CO CD C) C) C) C) C) CD C') CD c) CD 

r. r— C) CD C'4 C) LI) CI) C) N- C) CD ('4 CO  LI) CO CO 

0 0 r r r 0 0 r ,-  

Time of day 

Figure 4.4. Diurnal changes of xanthophylls (Z, zeaxanthin; A, antheraxanthin; and V, 

violaxanthin) and EPS (the epoxidation state, [(0.5A+V)IVAZJ) in 0° (*) 450  (0) and 

90° (S) phyllodes of Acacia crassicarpa on day 1 and day 7 in the wet season (May 

1996). Leaf angles were artificially constrained on day 0. 

61 



4.4. DISCUSSION 

Interactions between high light level and high leaf temperature (Bongi and Long 

1987), and between high light level and drought stress may result in photoinhibition 

(Osmond 1989; Björkman and Powles 1984). Normally plants would protect their 

photosynthetic apparatus from long term photoinhibitory damage by reducing light 

absorption and/or increasing the capacity for energy dissipation via increased photosynthesis 

and xanthophyll cycling. The four species examined in this study showed how these 

different adaptive strategies might be associated with leaf angle orientation, photosynthetic 

capacity and xanthophyll cycling. Phyllodes of A. auriculiformis have a leaf angle 

orientation of about 410  but the small leaf size provides more effective heat loss and protects 

against photoinhibition by dissipating excessive energy via rapid electron transport and CO, 

fixation and xanthophyll cycling (Table 4.1). The smaller phyllode size in A. auriculiformis 

may be effective in preventing leaf temperature from exceeding the optimum for 

photosynthesis. Photoinhibition in this species is further examined in the Chapter 5. 

The leaf angle of E. pellita is similar to that of A. auriculiformis but the phyllodes are 

larger and the photosynthetic capacity considerably less than that of A. auriculiformis. 

However, the phyllodes of the eucalyptus have thick cuticle and enormous xanthophyll cycle 

activity (Fig. 4.1; Tables 4.1 and 4.2). These features could apparently protect the phyllode 

against photoinhibition during the dry season. A nax  activity in A. auriculiformis declined 

from 26.2 jimol m 2  s1  in the wet season to 18.0 imol m 2 in the dry season. In contrast, 

the corresponding A,,,, values in the eucalyptus were 14.6 and 13 .3 j.imol m 2  s respectively. 

Evidently, the eucalyptus is well protected against photoinhibition even under conditions of 

drought stress in the dry season. 

A. crassicarpa, on the other hand, has phyllodes with near vertical orientation and, 

thereby, diminishes photodamage primarily by reducing the amount of light intercepted and, 

secondarily, by photosynthetic electron transport. Xanthophyll cycle activity (as indicated by 

zeaxanthin pool) in the photosynthetic tissue of A. crassicarpa was expectantly low (Table 

4.2; Fig. 4.1) in such a reduced light environment. 

Reduction in light absorption could result in carbon and energy savings because of 

reduced chioroplast repair costs due to photodamage on the Dl protein in PS II reaction 

centre (Nishio et at. 1994) and probably because of a reduced requirement for xanthophyll 

biosynthesis (Lovelock 1993). Such savings could contribute to higher photosynthesis (Ball 

et. at. 1988) and total carbon fixed as observed for A. crassicarpa in my study. The view that 
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vertical leaf angles help to increase and maintain plant productivity is supported by the study 

of Smith and Ulberg (1989). They found that an increase in intercepted PPFD during 

morning and afternoon periods by vertical and north-south oriented leaves resulted in higher 

photosynthetic rates and water use efficiency relative to leaves orientated in an east-west 

direction in the prairie shrub Silphium terebinthinaceum. The maintenance of low leaf 

temperature and high photosynthesis in vertical leaves could be critical to survival in the hot, 

stressful prairie environment. 

The results presented in this chapter clearly indicate that xanthophyll cycle activities 

in A. crassicarpa responded directly to increased irradiance as the phyllode angle was 

reduced from the vertical to horizontal position (Fig. 4.4; Table 4.6). My data support a 

special photoprotective role for these xanthophylls, particularly zeaxanthin. However, the 

increased xanthophyll cycling activity obtained did not appear to be adequate to protect the 

photosynthetic apparatus from photodamage because the photosynthetic rate of the 45°  and 

00 phyllodes decreased to 53% and 33% of the control phyllodes at day 7 in the wet season 

(Fig. 4.2). This situation was aggravated by drought stress in the dry season. Under these 

high water deficit conditions the photosynthetic activity in the 00  phyllodes declined to 

almost zero (Fig. 4.3) whereas the activity in the control phyllodes was 77% of that 

determined in the wet season. Maintaining phyllodes at a vertical position seems to be a very 

effective strategy for protection against photoinhibition in such a high light and high water 

deficit environment in A. crassicarpa. 

Xanthophyll/chlorophyll ratios in mangroves were sensitive to the light environment 

in which the leaves developed (Lovelock 1993). The ratios decreased as light levels declined 

over a vertical transect through a forest canopy. The study of Rhizophora mangroves (near-

vertical leaf angles), Bruguiera parvijiora (small, horizontal and xanthophyll-rich leaves) 

and B. gymnorrhiza (large, horizontal leaves) showed that there were two different strategies 

for adapting to high solar radiation levels in mangroves. The first involves using near 

vertical leaf angles to avoid excessive light energy. The second uses a large zeaxanthin pool 

to dissipate energy. This second strategy is adopted by E. pellita for adapting to high solar 

radiation in tropical environments in my study. 

Other studies have found that environmental conditions (such as water deficits, high 

or low leaf temperature and nutrient deficiencies) which limit photosynthesis can 

significantly increase the extent of photoinhibition (Powles 1984), perhaps by increasing the 

amount of energy to be dissipated beyond the combined capacity of all energy dissipating 

processes. Reducing the phyllode angle in A. crassicarpa caused a progressive decline in 
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photosynthetic capacity such that by day 7, the assimilation at midday in the dry season was 

practically zero (Fig. 4.3; Table 4.3), and the total CO, fixed in a day in horizontal phyllodes 

was 71 mmol CO2  m 2.(Table 4.5) In contrast, photosynthesis of phyllodes at their natural 

vertical orientation declined by only 33% in the dry season when compared to wet season 

activity, and the daily total CO, fixed in those control phyllodes was 2-4 fold greater than 

that of phyllodes with reduced angles. Vertical phyllode orientation which enhanced carbon 

gain and minmized photodamage has obvious adaptive significance in a hot and and 

environment. 

My results in this chapter support the above conclusions determined for mangroves. 

The near vertical phyllode angle in A. crassicarpa helps to avoid excessive incident 

irradiance and protect against photoinhibition in an excessive light and high water deficit 

environment during the dry season. Such a strategy seems cost effective because of savings 

in reduced xanthophyll biosynthesis (Lovelock 1993) and chloroplast repair cost (Greer et 

at. 1986), and would lead to increased productivity (Table 4.4). A. crassicarpa is one of the 

fastest growing tropical acacias known; growth of 5 in per year has been reported (Doran 

and Turnbull 1997). Presumably, the near vertical phyllode orientation plays an important 

role for the rapid growth observed. However, a cost analysis between these phyllodes and 

those in a more horizontal orientation (e.g. A. auriculiformis) remains to be performed. 
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DROUGHT STRESS AND THE XANTHOPHYLL CYCLE 

IN TROPICAL ACACIAS 

5.1. INTRODUCTION 

Under water deficit and high temperature conditions, a given light level which was 

previously non-excessive can become excessive because the utilization of energy through 

photosynthesis is decreased by the additional stress treatment (Demmig-Adams and Adams 

1992). In the NT, the ambient midday irradiance ranges from 1700-2400 p.mol m 2s 

throughout the year. This irradiance greatly exceeds that needed for maximum 

photosynthesis in tropical acacias and the photoinhibitory condition is greatly exacerbated in 

the dry season (May-Nov.) when the temperature is 35-42 °C and relative humidity 20-30% 

at noon (Cole et. al. 1994). 

Drought stress environments are often associated with high solar radiation and high 

temperature. Under these conditions plants become more susceptible to photoinhibition. 

Reductions in leaf water content often result in reduced photosynthetic capacity and 

photoinhibition in spinach, sunflower, French bean, Arbrutus unedo and Elatostema repens 

(Kaiser 1987; Comic 1994). Under mild drought stress, decreases in photosynthesis are 

generally considered to be the result of reduced availability of CO, due to stomatal closure 

(Baker 1994). Decreases in the ratio of the variable to maximal fluorescence (Fv/Fm) and in 

photosynthetic capacity were observed at severe and moderate plant drought stress under 

field conditions in the sclerophyllous shrub Arbutus unedo (Demmig-Adams et al. 1989) 

and in grapevines (Quick et al. 1992), especially during the midday depression. Upon 

termination of watering, photochemical efficiency in Nerium oleander exposed to high light 

was reduced and the zeaxanthin content increased as a water deficit developed (Demmig et 

al. 1988). Cheeseman (1994) has reported that in mangroves excess radiation with salinity 

and intertidal drought stress could combine with stomatal closure to increase radiation loads 

up to 15 times those used in apparent CO, fixation. 

Mechanisms to avoid photoinhibition under drought stress conditions exist both at a 

whole plant and at a molecular level. In Lupinus albus subjected to severe water deficits, 
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leaflets closed and reduced drastically the area intercepting radiation and exposing the 

trichome-covered adaxial surface (Pereira and Chaves 1993). Paraheliotropism is observed 

in some plants during drought (Forseth and Ehieringer 1980) and a negative linear 

relationship between leaflet angle and let leaf water potential has been reported in soybean 

(Kao and Forseth 1992). The importance of vertical positioning of photosynthetic tissue in 

hot dry environments has been examined in the previous chapter. 

Acacia auriculiformis and A. man gium and other species native to tropical North 

Australia and Papua New Guinea would have developed strategies for dealing with these 

severe environmental conditions. But there have been very few studies on the 

photoprotective mechanisms in tropical Australian species. 

This chapter examines the effect of drought stress in A. auriculiformis and A. 

mangium under natural and irrigated conditions in the field in Darwin. 

5.2. MATERIALS AND METHODS 

There are two experiments reported in this chapter. A. auriculiformis and A. 

man gium (2-year old) growing under natural conditions in the Howard Springs site were 

used for the first experiment to examine the effect of drought stress during the wet and dry 

seasons. The second experiment used 1.5-year old clones of A. auriculiformis (NT 

provenance) in the Berrimah Agricultural Research Farm (irrigated) and Humpty Doo 

(unirrigated) sites to compare the effect of drought stress in irrigated and unirrigated sites. 

The field designs and conditions of these sites are described in Section 2.2. All field 

measurements were carried out in Oct. 1994 (dry season) and May 1995 (wet season). 

Photosynthesis, leaf water potential, chlorophyll fluorescence, leaf structure, xanthophylls 

and soluble protein were determined as described in Chapter 2. 
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5.3. RESULTS 

5.3.1. Experiment 1: Acacia auriculj[ormis and A. mangium in the Howard Springs site 

5.3.1.1. Photosynthesis and xanthophyll content in the wet and dry seasons 

The photosynthetic capacity of A. auriculformis was twice that determined for A. 

mangium in both seasons even though the chlorophyll and soluble protein content were 

similar in both species (Table 5.1). Thus the observed difference in Amax  between species can 

not be attributed to differences in cellular protein and pigment content. Rather, the variations 

in Ainax  appear to be correlated with phyllode conductance (g) for A. mangium and A. 

auriculiformis which were 0.36 and 1.49 mol m 2  s respectively in the wet season. On the 

other hand, the decline in Ama>, between seasons was associated with decline in soluble 

protein and chlorophyll. However, the decline in chlorophyll was only 15% compared to 

50% for soluble protein content suggesting that, over the long term, down regulation of Am  

in A. auriculformis during the dry season was principally associated with reduced soluble 

protein content. 

The phyllode water potential determined in the morning was comparatively high (-
0.45 to -0.48 MPa) at this site in the dry season. The low midday phyllode water potential, 

A ax  and Fv/Fm values suggest that the phyllodes were probably photoinhibited by excessive 

light in the dry season even though the trees were not necessarily subjected to severe drought 

stress. 

Both total xanthophylls and carotene contents increased in the dry season (Table 5.2). 

The total xanthophyll pool doubled but the biggest change was observed with zeaxanthin 

which increased 2-10 folds in the dry season. In contrast to A. crassicarpa (Fig. 4.1), the size 

of the zeaxanthin (-70 mmol mot1  Chl) and VAZ (>100 rnrnol moF' Chi) pools in the two 

acacia species indicate substantial xanthophyll cycle activity. This conclusion is supported 

by the large decrease in EPS value obtained. In contrast, the variations in lutein, neoxanthin 

and carotene were relatively small. 
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Table 5.1. Photosynthesis (Ama,), stomatal conductance, leaf water potential and 

chlorophyll fluorescence (Fv/Fm), leaf temperature (Ticaf) and contents of soluble 

protein and chlorophyll in Acacia auricu1formis and Acacia man gium in the Howard 

Springs site during the dry (Oct 1994) and wet (May 1995) seasons. Data are means ± se 

(n = 15). Marked differences within species are significant at p<0.05. n.d., not determined. 

A. auriculiformis A. mangium 
Parameter Time dry wet dry wet 

Amax  (tmo1 m-,  s-1 ) morning 

midday 

g (mol m 2s 1 ) morning 

midday 

Leaf water potential morning 

(MPa) midday  

18.0± 0.18 26.2± 0.52*  9.13± 0.13 12.7± 0.57* 

10.1± 0.31 18.2± 0.61*  4.37± 0.34 6.55± 0.52 

1.47± 0.12 1.95±0.15*  0.58± 0.15 1.08±0.14* 

0.76±0.09 1.49±0.18*  0.25±0.06 0.36±0.08 

-0.45± 0.09 n.d. -0.48± 0.14 n.d. 

-1.55± 0.10 -1.10± 0.06*  -1.07± 0.02 -1.01± 0.08 

Fv/Fm morning 0.83± 0.01 0.83± 0.01 0.81± 0.01 0.82± 0.01 

midday 0.73± 0.01 0.78± 0.01 0.74± 0.01 0.76± 0.01 

T eaf (°C) midday 37.5±1.52 36.8± 1.89 38.6±2.10 37.2± 1.64 

Protein (mg g') 12.0± 1.37 23.0± 0.07*  13.2± 0.69 17.0± 0.57* 

Chlorophyll (jimol m 2) 623± 24.9 731± 10.3*  638± 18.1 752± 15.6* 



Table 5.2. Carotenoid contents and the epoxidation state (EPS) in Acacia auriculiformis 

and Acacia mangium in the Howard Springs site in the dry (Oct. 1994) and wet (May 

1995) seasons. Data are means ± se (n = 15). Marked differences within species are 

significant at p<0.05. 

Pigment A. auriculiformis A. mangium 
(mmol moY1  Chi) dry wet dry wet 

Neoxanthin 61.0± 1.13 52.6± 1.89 61.7± 1.76 53.2± 2.23 

Lutein 139 ± 3.71 131 ± 3.64 166 ± 3.55 144 ± 6.03* 

Carotene 121±2.30 106±3.55*  114±3.20 115±2.68 

Zeaxanthin (Z) 105 ± 8.01 9.08 ± 0.88* 88.4± 11.4 10.7± 1.61* 

Antheraxanthin (A) 17.0± 1.00 25.6± 3.09 21.5± 1.16 21.1± 1.14 

Violaxanthin(V) 42.6±3.08 36.3± 2.06 50.7± 1.96 36.7±3.58* 

VAZ 165±14.1 71.0±2.06*  161±11.8  69.1±3.75* 

EPS [(0.5A+V)/VAZ] 0.31±0.06 0.69±0.02*  0.38±0.05  0.69±0.03* 

5.3.1.2. Diurnal changes in photosynthesis and xanthophyll cycling 

The diurnal changes in were different between seasons (Fig. 5.1a and b). 

Generally the rates were greater in the wet season and in the morning. In A. auriculiformis 

wet season Aina, activities were distinctly greater than dry season rates (Fig. 5.1 a) but the 

differences between wet and dry season activities in A. man glum were relatively small (Fig. 

5.1b). Aiax  values in A. auriculiformis were 7-18 and 5-28 tmol m 2  s '  in the dry and wet 

season respectively. The corresponding values in A. man glum were 4-10 and 6-13 limol m 2  

s respectively. 

Zeaxanthin increased around midday and decreased in the afternoon in the dry season 

(Fig. 5.1 c and d). Conversely, violaxanthin content and EPS concomitantly decreased during 

the morning and increased during the afternoon in the dry season (Fig. 5.1e, f, g and h). The 

diurnal variations particularly for zeaxanthin were significantly greater in A. auriculiformis 
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Figure 5.1. Diurnal changes in photosynthesis (Am.,,3 xanthophyll cycle intermediates 

and the epoxidation state (EPS) in Acacia auricuIforinis and Acacia inangiuin growing 

on an unirrigated site during the dry (0, Oct. 1994) and wet (, May 1995) seasons. 
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compared to A. mangium. Diurnal variations in phyllode xanthophyll contents were minimal 

in the wet season. The results indicate that the increase in xanthophyll cycle activity in the 

dry season was a direct response to increased photoinhibition and water deficit. However, 

xanthophyll cycle activity in the dry season were still relatively small compared to those 

determined in E. pellita growing on the same site (Fig. 4.1; Table 4.2). In the case of A. 

auriculiformis, this was presumably because the trees had greater photosynthetic capacity 

and smaller leaves and, therefore, able to dissipate excess light energy efficiently thereby 

minimizing photoinhibition. However, the situation in A. mangium is likely to be different. It 

showed a similar state of photoinhibitory condition as A. auriculiformis even through it had 

a similar leaf angle orientation to, but had less photosynthetic activity and larger leaves than 

A. auriculiformis. The underlying mechanism for photoprotection in this large leaf acacia 

could involve higher activity of photorespiration and Mehier reaction. 

5.3.2. Experiment 2: Acacia auriculiformis growing at irrigated and unirrigated sites 

The role of xanthophyll cycle activity in A. auriculiformis was further examined. In 

this experiment, identical A. auriculiformis clones (1 .5-year old) from an irrigated site in the 

Berrimah Agricultural Research Farm and from an unirrigated site in Humpty Doo were 

used. The Humpty Doo site is considerably drier than the Howard Springs site used in 

Experiment 1 above and in the study described in Chapter 2 (2.2). The results of this 

experiment are described below. 

5.3.2.1. Phy/lode structure, photosynthesis and related parameters 

There was a distinct difference in phyllode structure between irrigated and 

unirrigated plants (Table 5.3). Phyllodes of unirrigated plants were thiimer, had smaller 

palisade and spongy mesophyll cells and a thinner epidermis. But the phyllode cuticle of 

unirrigated plants were twice as thick as that of irrigated plants. Presumably this would 

reduce desiccation and the amount of light reaching the chloroplasts, and protect the 

photosynthetic apparatus against photoinhibitory damage. 
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Table 5.3. Phyllode structure of Acacia auriculjformis growing in an irrigated and 

unirrigated site in the dry season. All values in p.m. Values are means ± se (n = 30). The 

data for epidermis and cuticle layer was sum of upper and down layers. 

Parameter Irrigated (A) Unirrigated (B) A/B 

Leafthickness 311± 2.11 282± 1.76 1.10 

Palisade mesophyll 148 ± 0.77 127 ± 1.15 1.16 

Spongymesophyll 139± 1.88 129± 1.43 1.08 

Epidermis layer 18.0± 0.08 12.1± 0.07 1.49 

Cuticle layer 6.50 ± 0.08 14.2 ± 0.10 0.46 

Table 5.4 shows distinct differences in photosynthesis, phyllode water potential, Fv/Fm 

ratios and soluble protein and chlorophyll content between irrigated and unirrigated sites 

during the dry season. Irrigated plants had a higher photosynthetic rate, and higher soluble 

protein and chlorophyll content than unirrigated plants throughout the year. At the irrigated 

site, photosynthetic rates (11-22 p.mol m2 1)  and leaf water potential (-0.34 to -0.88 MPa) 

were high during both the dry and wet seasons. A nax  values were lower at this site in the wet 

compared to the dry season because the site is partially flooded in the wet and because g 

was lower. At the unirrigated site, photosynthetic rates and leaf water potential declined 

significantly in the dry season compared to the wet season. Photosynthetic activity was 

always higher in the irrigated site. In the dry season, Amax  of irrigated plants was 2 times that 

of unirrigated plants. This is supported by the high morning and midday phyllode water 

potential determined in this site during the dry season. Comparatively low Fv/Fm values 

(0.74-0.5 1) were also obtained in the dry season. The soluble protein and chlorophyll 

contents determined in the irrigated site were considerably greater than those in the 

unirrigated site. The results indicate that plants growing at the unirrigated site were under 

severe drought stress and were photoinhibited in the dry season. In contrast, the plants at the 

irrigated site were relatively unaffected by either of these factors. 
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Table 5.4. Photosynthesis (Aniax) and related parameters in phyllodes of Acacia auriculjformis growing in an irrigated and unirrigated 

sites. Measurements for dry and wet seasons were done in Oct. 1994 and May 1995 respectively. Values are means ± se (n = 10-15). 

Irrigated (A) Unirrigated (B) A/B 
----------------------------------- ----------------------------------- --------------- 

Parameters Time dry wet dry wet dry wet 

Amax  morning 
(imol m 2  s) midday 

g morning 
(mol m 2  s) midday 

Leaf water morning 
potential (MPa) midday 

Fv/Frn morning 
midday 

Tieai  (°C) 

Protein (mg g') 

Chlorophyll (jirnol 111 2) 

22.1 ± 1.31 17.4 ± 0.21 7.07 ± 1.21 14.7 ± 1.05 3.13 1.18 
17.4 ± 0.98 10.8 ± 1.22 2.44 ± 0.42 9.98 ± 0.37 7.13 1.09 

1.25 ± 0.15 0.89 ± 0.10 0.51 ± 0.06 0.45 ± 0.09 2.45 1.98 
1.04± 0.12 0.56± 0.09 0.16±0.02 0.61 ± 0.12 6.50 0.92 

-0.41 ± 0.06 -0.34 ± 0.15 -0.88 ± 0.11 -0.60 ± 0.08 0.47 0.57 
-0.88 ± 0.03 -0.86± 0.12 -1.43 ± 0.49 -0.94 ± 0.07 0.61 0.91 

0.81 ± 0.01 0.82 ± 0.01 0.74 ± 0.02 0.80 ± 0.01 1.09 1.02 
0.75 ± 0.02 0.76 ± 0.01 0.51 ± 0.02 0.66 ± 0.01 1.47 1.15 

36.7 ± 1.02 37.3 ± 1.14 40.5 ± 0.98 37.8 ± 1.20 0.91 0.99 

13.5 ± 0.25 22.6 ± 0.61 8.31 ± 0.11 17.0 ± 0.52 1.62 1.33 

493± 9.82 718± 25.0 218± 10.0 437± 10.2 2.26 1.64 
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5.3.2.2. Xanthophyll and carotene contents 

The xanthophyll pools (VAZ) are different between seasons (Table 5.5). In the dry 

season, xanthophyll (especially zeaxanthin) content varied considerably between sites. 

Unirrigated plants had higher antheraxanthin, zeaxanthin, VAZ and lower violaxanthin and 

EPS and chlorophyll. In contrast, irrigated plants had higher EPS (3 fold) but smaller 

xanthophyll and total xanthophyll pool in the dry season. Other carotenoids such as 

neoxanthin, lutein and 3-carotene showed little variations between sites and seasons. 

Table 5.5. Xanthophylls, carotenoid contents and the epoxidation state (EPS) in Acacia 

auricu1formis in an irrigated and unirrigated sites in the dry and wet seasons. 

Measurements for dry and wet seasons were carried out in Oct. 1994 and May 1995 

respectively. Data are means ± se (n = 10-15). 

Irrigated (A) Unirrigated (B) 
Pigment 
(mmol mo!1  Chl) dry wet dry wet dry wet 

Violaxanthin (V) 94.6 ± 3.98 52.8 ± 5.12 37.6 ± 4.45 62.3 ± 2.30 2.51 0.85 

Antheraxanthin(A) 22.0± 1.93 25.2± 1.88 53.0± 3.32 40.0± 1.14 0.42 0.63 

Zeaxanthin(Z) 53.0± 5.20 104± 24.0 228± 17.1 172± 12.1 0.23 0.60 

VAZ 170 ± 6.06 182 ± 20.9 318 ± 17.5 254 ± 10.4 0.53 0.72 

Neoxanthin 88.3 ± 2.37 56.8 ± 1.82 68.1 ± 3.03 61.7 ± 1.23 1.30 0.92 

Lutein 187± 4.86 138± 10.2 173± 11.0 147± 4.07 1.08 0.94 

n-carotene 152 ± 6.60 118 ± 2.34 158 ± 9.68 131 ± 4.89 0.96 

0.90 

Total carotenoids 597 ± 11.6 434 ± 12.1 717 ± 10.4 594 ± 12.1 0.83 0.83 

EPS [(0.5A+V)/VAZ] 0.62 ± 0.01 0.36 ± 0.08 0.20 ± 0.02 0.32 ± 0.02 3.10 1.11 
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5.3.2.3. Diurnal changes in irrigated and unirrigated sites 

Fig. 5.2 compares diurnal variations in photosynthesis, Fv/Fm and leaf water potential 

in phyllodes of irrigated and unirrigated plants during the dry and wet seasons. 

Photosynthetic activity was highest in irrigated plants in both seasons (Fig. 5.2a and d). The 

lowest activities determined in unirrigated plants in the dry seasons were about 2 fold less 

than the corresponding values in irrigated plants. In the dry season, Fv/Fm values in 

unirrigated plants declined dramatically around midday but fully recovered by 1800 h. Leaf 

water potential also declined around midday for all plants examined but the lowest values 

were reported for unirrigated plants in the dry season. The large decrease observed in 

irrigated plants in the wet season might be associated with anoxic conditions prevailing at 

the site due to flooding. 

Xanthophyll contents also varied diurnally in irrigated and unirrigated plants (Fig. 5.3). 

The most dramatic diurnal changes were observed around midday in the dry season. The 

VAZ pool of unirrigated plants was 2 times that of irrigated plants in the dry season (Fig. 

5.3e). Zeaxanthin level was barely detectable in irrigated plants in the dry season but the 

level in unirrigated plants exceeded 200 mmol mo11  Chl in the dry season (Fig. 5.3a). These 

differences were reflected in the diurnal changes in EPS in the dry season (Fig. 5.3g). 

Differences in xanthophyll pools between irrigated and unirrigated plants were smaller in the 

wet season (Fig. 5.3b, d and f). Evidently, irrigated plants had high photosynthesis, formed 

relative lower amounts of xanthophylls and had a relatively high EPS. Conversely, plants in 

the unirrigated site in the dry season had low photosynthesis, formed very large amounts of 

xanthophyll and had a relatively low EPS. Carotenoids such as carotene, lutein and 

neoxanthin showed little diurnal variations in both sites during the dry and wet seasons (Fig. 

5.4). 
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Figure 5.2 Diurnal changes in photosynthesis (Ama ), chlorophyll fluorescence (Fv/Fm) 

and leaf water potential in Acacia auricu1formis grown on an irrigated (5) and 

unirrigated (0) site during the dry (Oct. 1994) and wet (May 1995) seasons. 
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Figure 5.4. Diurnal changes of carotene, lutein and neoxanthin in Acacia auricu1formis 

growing on an irrigated (•) and unirrigated (0) sites during the dry (Oct. 1994) and 

wet (May 1995) seasons. 

79 



Table 5.5. Summary of physiological and morphophysiological characteristics of three 

acacia and one eucalyptus species. (Estimated from tables and figures in Chapter 4 and 

Chapter 5). H is high; M,medium; L, low. 

Acacia Acacia Acacia Eucalyptus 
Parameter auriculiformis man gium crassicarpa pellita 

leaf size L H M M 

leaf angle L L H L 

leaf thickness L M H H 

'leaf M M L H 

incident light M M L H 

Aiax  H L M M 

Fv/Fm H M H L 

soluble protein H H M L 

Zeaxanthin pool M M L H 

Total VAZ pool M M L H 

EPS [(0.5A+V)/VAZ] H M H L 

5.4. DISCUSSION 

Excessive light and drought stress would enhance photoinhibition (Powles 1984) and 

invariably increase xanthophyll cycle activities and zeaxanthin formation (Demmig et at. 

1988). The photosynthetic capacity of A. auriculiformis and A. mangium, like that reported 

for many other species in the field (Adams and Demmig-Adams, 1992; Vadell et at. 1995), 

decreased dramatically during the dry season (Tables 5.2 and 5.4). Large diurnal changes in 

the zeaxanthin and violaxanthin components were also observed in the dry season (Figs. 5.1- 

5.3). In addition the phyllode of A. auriculijbrmis developed thicker cuticle in the dry season 

(Table 5.3) as it adapts to a hotter and more arid environment. 
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In my study, the phyllode zeaxanthin content of unirrigated A. auriculiformis plants was 

more than an order of magnitude greater than that obtained in irrigated plants in the dry 

season (Fig. 5.3a). The content virtually doubled (from 140 to 280 mmol mot1  Chi) as water 

deficit and photoinhibition developed during the course of the day (Figs. 5.2 and 5.3). It 

seems A. auriculiformis has a strong capacity to increase its zeaxanthin content as there were 

concomitant diurnal decreases in violaxanthin content in unirrigated plants (Fig. 5.3c). The 

parameter EPS (epoxidation state) is linearly related to the apparent photon efficiency of 

photosynthesis, i.e. ratio of photosynthetic rate to irradiance (Demmig-Adams et al. 1993). 

Therefore plants grown at an irrigated site with higher rates of photosynthesis (or rates of 

dissipation of excitation energy by photosynthetic electron transport) formed relatively 

lower amounts of zeaxanthin and had a relatively high EPS. Conversely, plants in the 

unirrigated site with lower rates of photosynthesis formed very large amounts of zeaxanthin 

and had a relatively low EPS. 

In the wet season, there was little difference in total xanthophylls and carotenoids 

between irrigated and unirrigated plants, both of which showed no apparent photoinhibition. 

However, unirrigated plants in the wet season still had lower photosynthetic rates and 

chlorophyll content but greater zeaxanthin and xanthophyll contents (Table 5.4 and 5.5). The 

reasons for this are not clear. Possibly the differences are due to site differences and/or 

failure by unirrigated plants to fully recover from drought stress and photoinhibition 

incurred during the preceding dry season. 

A. auriculiformis growing under natural conditions in the Howard Springs site, had low 

xanthophyll pools and xanthophyll cycle activity (Fig. 5.1; Table 5.2). The high 

photosynthetic activity appeared adequate to protect against photoinhibition. However, in 

the more arid site at Humpty Doo, unirrigated plants had lower photosynthetic activity but 

higher xanthophyll especially zeaxanthin pools and xanthophyll cycling activity (Figs. 5.2 

and 5.3; Table 5.5). The results indicate that, under well-watered and low water deficit 

conditions, photosynthetic activity is the primarily protective mechanism against 

photoinhibitory damage in A. auriculiformis. However, when the photosynthetic capacity is 

severely compromised by drought stress, for example, then xanthophyll cycle activity 

becomes an important part of a photoprotection mechanism against photoinhibition. 
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Comparison of physiological characteristics (Table 5.6.) showed clear differences in 

three acacia species and one eucalyptus species examined in my study in Chapter 4 and 

Chapter 5. The data show how these different adaptive strategies may be directly linked to 

leaf angle and morophophysiology. Phyllodes of A. auriculformis which have a small leaf 

angle but small leaf size apparently protect against photoinhibition by dissipating excessive 

energy primarily via rapid electron transport and CO, fixation and secondly via xanthophyll 

cycling. A. crassicarpa has phyllodes with near vertical orientation and, thereby, protect 

against photoinhibition primarily by reducing light absorption and secondarily by 

photosynthetic electron transport. E. pellita with low photosynthesis, and high zeaxanthin 

and xanthophyll cycle pool apparently protects against photoinhibition primarily via high 

xanthophyll cycling and secondly via electron transport and CO, fixation. 

The situation in A. mangium is less clear. This species has large phyllodes, low 

photosynthesis, thin epidermis and high phyllode temperature but low xanthophyll pools. 

Yet it showed relatively little photoinhibition under conditions of high light and high water 

deficit in the dry season. Presumably other yet to be determined mechanisms, such as 

photorespiration and Mehler reaction, are involved in photoprotection in this species. 



CHAPTER SIX 

EFFECT OF DROUGHT STRESS ON LEAF 

SUGARS AND SUGAR ALCOHOLS 
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EFFECT OF DROUGHT STRESS ON LEAF SUGARS 

ANTI SUGAR ALCOHOLS 

6.1. INTRODUCTION 

Drought stress in plants may be caused by abiotic factors like drought, heat, cold 

and salt (Popp and Smirnoff 1995). It leads to the inhibition of photosynthesis and the 

accumulation of soluble sugars, sugar alcohols, amino acids (e.g. proline, alanine and 

taurine) and quaternary ammonium compounds (e.g. glycinebetaine, prolinebetaine and 

glycerophosphoryicholine) in leaves (Jones et al. 1980; Ford 1984; Ackerson 1985; 

Loescher 1987; Zrenner and Stitt 1991; Quick et al. 1992; Keller and Ludlow 1993; Guo 

and Oosterhuis 1995; Massacci et al. 1996). These organic compounds take an 

osmotically protective role as 'compatible' or 'counteracting' solutes in plants (Ford 1984; 

Morgan 1984; Zrenner and Stitt 1991; Samaras et al. 1995; Popp and Smirnoff 1995). 

Apparently, these compatible solutes might protect proteins and membranes from the 

deleterious effects drought stress and act as osmolytes for carbon and nitrogen (Sommer et 

al. 1990; Keller and Ludlow 1993; Popp and Smirnoff 1995). 

Accumulation of osmosolutes in response to low water potential is a widespread 

phenomenon, and their metabolism may be important in the regulation of stress (drought, 

salt and temperature) tolerance in plants. The accumulation of proline is a common 

metabolic response of higher plants to stress and plays a major role in osmotic adjustment 

(Samaras et al. 1995). For example, proline is accumulated to particularly high levels in 

leaf tissues of plants experiencing drought stress (Jones et al. 1980), in root apical regions 

growing at low water potential and in plant cell cultures adapted to drought stress (Handa 

et al. 1986) or NaCl stress (Rhodes and Handa 1989). Accumulation of proline and 

glycinebetaine in the cytoplasm is accompanied by a reduction in the concentrations of less 

compatible solutes (e.g. K and glutamate) and an increase in cytosolic water volume 

(Caylay et al. 1992). A number of studies suggest that exogenously supplied proline can 

also be osmoprotective for higher plant cells (Handa et al. 1986). 
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In higher plants there are many cases of drought-induced cyclitol accumulation. 

Studies on crop species (sweet sorghum, spinach, sunflower, lupin and soybean), tree 

species (maritime pine, Mediterranean species and eucalyptus) and tropical species 

(legumes, mangrove and acacia species) indicated that pinitol, proline and sucrose were 

the major soluble carbohydrates that accumulated in plants under drought stress. Ford 

(1984) examined 14 tropical legumes which tolerated low leaf water potential and found 

that pinitol levels increased up to 10 times in drought stressed plants. In another tropical 

legume, pigeonpea, pinitol in the leaf increased 5 fold during a 26-day drought stress 

period and carbon flux was diverted from starch and sucrose into the biosynthesis of 

polyols (Keller and Ludlow 1993). Prior (1993) reported that, depending upon the plan' 

organ analysed and the season of the year in which the sample was collected, pinitol 

contributed between 25 and 75 % of the total neutral fraction in two acacia species. The 

concentration of pinitol was substantially higher (30-50%) in the dry season than wet 

season samples. Some compatible solutes, but not pinitol, can also protect plant enzymes 

from heat inactivation (Smirnoff and Stewart 1985; Laurie and Stewart 1990; Guo et al. 

1993). 

There is practically no rain during the dry season (May-Oct.) in the Top End of 

the Northern Territory of Australia and the soil water potential is below > -2.0 MPa 

(Montagu et al. 1997). The relative humidity is low (20-30%) and the temperature (33-40 

°C) and irradiance (2200 1mol m 2  s') are high. Yet little is known about the 

osmoregulation of tropical tree species in this region. 

In this chapter, I shall examine the effect of drought on the accumulation of soluble 

sugars and sugar alcohols, including pinitol, in phyllodes of seedlings of A. auriculiforinis 

growing in the shade house, and in different clones of A. auriculiformis as well as 

different tropical tree species growing in the field. 
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6.2. MATERIALS AND METHODS 

There are three experiments in this chapter. Experiment 1 examines the effect of 

drought stress on the accumulation of sugars and sugar alcohols in 10-week old seedlings 

of three provenances (NT, PNG and Qid) of A. auriculiformis growing in a shade house 

(May-Aug 1996). The experimental design consisted of 4 blocks and two treatments (viz. 

Control and drought-stressed), each with 3 replicates as a randomised complete block. 

Three seeds were sown directly in each pot (size 3.5L) filled with potting mix containing 

fertilizer (Osmocote). Extra seedlings were culled so that only one seedling remained in 

each pot. Water was applied to all treatments twice a day to 50% water holding capacity 

for the first 5 weeks. At 37 days after germination, seedlings in the drought stress 

treatment were watered with only 100 ml of water every two days so that the soil dried to 

a minimum of 30% water holding capacity. Plants in the control continued to be watered 

twice a day to 50% water holding capacity. Photosynthesis, leaf water potential and sugars 

contents were measured 5 weeks after the drought stress treatment began. Five phyllodes 

per seedling were sampled for analysis of sugars. Samples were dried at 70°C and ground 

by a mechanical mortar and pestle. 

Experiment 2 examines the accumulation of osmoregulators in different clones of 

A. auriculiformis growing in the Berrimah Agricultural Research Farm and Humpty Doo 

sites in the dry season. Eighteen phyllodes from 6 clones in each of three different 

provenances (NT, PNG and Qld) were collected in Oct. 1994 (1-year old) and Sept. 1996 

(3-year old) during the dry season. Only the mid-section of fully expanded phyllodes were 

sampled, frozen in liquid nitrogen and stored at -80 °C until analysis. 

Experiment 3 examines the accumulation of sugars and polyols in different tree 

species (A. auriculiformis, A. inangium, A. crassicarpa and E. pellita) growing in the 

Howard Springs site during the dry (Oct. 1994) and wet (May 1995) seasons. The trees 

were 2-year old. Eighteen phyllodes or leaves from six trees were sampled from each 

species. Sampling procedure was similar to that of experiment 2. 

Photosynthesis, leaf water potential and sugars and sugar alcohols determination 

were as described in Sections 2.3, 2.5 and 2.9 respectively. 
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6.3. RESULTS 

6.3.1. Effect of drought stress on sugar contents in seedlings of A. auriculiformis 

Drought-stress treatment affected the growth of seedlings adversely as expected 

(data not shown), and significant differences in photosynthesis, leaf water potential and 

the sugar contents between drought-stressed and control treatments in 10-week old 

seedlings were observed (Table 6.1). Amax  in all stressed seedlings declined to less than 

half the values in the control as phyllode water potential decreased below -2.2 MPa. There 

was a concomitant decrease in sucrose and total sugars content but the pinitol level 

increased to more than 2 times that of control. Variations in these parameters between 

provenances were generally not significant. 

In the control treatments, sucrose and fructose content was about 50% and 25% of 

the total sugar present compared to a value of about 15% for pinitol (Fig. 6.1). Under 

drought-stress conditions, pinitol became the major sugar present in phyllodes 

representing 50% of total sugars, and the sucrose and fructose content decreased by about 

50%. Glucose also decreased by about 50% under drought stress but the absolute decline 

was relatively small compared to changes determined for sucrose, fructose and pinitol. In 

contrast, the myo-inositol level did not change greatly in the drought-stressed plants 

compared to control. Overall, the total soluble sugars decreased 15% under drought 

stress. 
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Table 6.1. Photosynthesis (Am ), phyllode water potential, pinitol, sucrose and total 

sugar contents in phyllodes of 10-week old seedlings of Acacia auricuitformis seedlings 

in control and drought-stress treatments (Aug. 1996). Data are mean ± s.e.(n=5-6). 

Values followed by different letters are significant at p  <0.05. Phyllodes were sampled 5 

weeks after the drought-stress treatment had commenced. Total sugar content is the sum 

of sucrose, fructose, glucose, pinitol and myo-inositol. Provenances are NT, Northern 

Territory; PNG, Papua New Guinea; and Qld, Queensland. 

Watered seedlings Drought stressed seedlings 

Parameter NT PNG Qld NT PNG Qld 

Amax 25.1±1.94ab 23.1±0.93b 27.7±0.66°  7.84±0.89d 6.43±0.22d 11.1±0.92c 

(imol m 2s) 

-0.78±0.03° -0.91±0.02° -1.06±0.06° 2.39±0.19c 2.64±0.2c 2.25±0.3c 
(MPa) 

Pinitol 9.13±2.1oab 10.1±1.73°  8.48±1.37b 22.3±2.79c 24.1±1.57c 24.5±2.73c 
(mg g1dw) 

Sucrose 25.5±2.17a 21.6±1.78'  27.4±2.30a 12.9±1.77d 16.2±2.48c 13.4±2.9Od 
(mg gdw) 

Total sugars 56.6±2.36°" 53.7±1.65" 60.4±3 .14a 46.2±3.69' 48.6±2.36' 49.3±3.10c 
(mg g dw) 
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Figure 6.1. Sugar contents as (a) concentration in dry matter and (b) % distribution in 

phyllodes of three provenances (NT, PNG and Qid) of Acacia auricui?formis seedlings 

in control (\V) and water-stressed (S) conditions. Seedlings were grown in a 25% shade 

house in May-August 1996 and phyllodes were removed from I 0-week old seedlings. 5 

weeks after the water-stress treatment began for analysis. 
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6.3.2. Sugar contents in clones of A. auriculiformis 

The effect of drought stress on sugar accumulation was further investigated in 1-

year old A. auriculiforinis clones (2 NT, 2 Qld and 2 PNG) in an irrigated and unirrigated 

sites in the dry season. There were significant differences in photosynthesis, phyllode 

water potential and pinitol, sucrose and total sugar contents between irrigated and 

unirrigated sites (Table 6.2). Amax  and phyllode water potential decreased whereas pinitol, 

sucrose and total sugar levels increased at the unirrigated site compared to values 

determined at the irrigated site. Generally, the sugar levels were highest and Amax  values 

were lowest in the NT provenances suggesting that there is provenance variations between 

clones. The overall increase in total sugar content was 23-36% for the unirrigated site. 

These results are different from those obtained for seedlings in section 6.3.1. 

Table 6.2. Photosynthesis (Ama), phyllode water potential and pinitol, sucrose and 

total sugar contents in Acacia auriculifonnis clones at an irrigated and an unirrigated 

site during the dry season (Oct. 1994). Data are mean ± s.e.(n=5-15). Values followed 

by different letters are significant at p  <0.05 compared between provenances at same site. 

Photosynthesis and leaf water potential were determined at midday (1200-1300 h). 

Irrigated site Unirrigated site 

Parameters NT PNG Qld NT PNG Qld 

Amax  17.4±0.98a 18.1±1.02a 22.7±0.78' 2.44±0.42 4.86±0.35d  3.24±0.35 
(mol m 2s') 

0.88±0.03a 0.83±0.02a 0.88±0.06a.1.43±0.49c1.32±0.121.18±0.21c 
(MPa) 

Pinitol 25.2±2.74' 20.0±0.53 a  20.1 ±0.62a 35.3±1.94d 27.8±0.75c 28.3±1.04c 
(mg g'dw) 

Sucrose 5.54±1.48a) 3.16±0.29a 5.78±0.75" 8.99± 1.46c 6.74±0.46c 8.46±0.69c 
(mg g'dw) 

Total sugars 53.7±3.21" 47.9± 1.43a 50.7±3.65' 70.2±5.14d 65.4±3.81c 62.3  ±4.57c 
(mg g 1 dw) 
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Figure 6.2 shows the changes in sugar contents in the clones in both seasons. The 

content of all the sugars increased at the unirrigated site. Pinitol represented 39-50% of 

the total sugar content and formed the major component in total sugars present in the 

phyllodes of these clones at both the irrigated and unirrigated sites. Fructose (11-24%) 

and glucose (15-26%) were the next most abundant sugars. Sucrose content was relatively 

low (6-12%) but this might be partially influenced by the time of sampling since sucrose 

level was found to increase dramatically during the day (Fig. 6.3). In contrast, the level of 

fructose and glucose also showed a small increase in the late afternoon but pinitol did not 

change greatly during the day. However, the sucrose content determined in the late 

afternoon was still less than the values obtained for the other three sugars. Furthermore, 

the sugar contents varied between irrigated and unirrigated sites. At unirrigated site, the 

% distributions of pinitol, fructose, glucose and sucrose were about 46%, 13 %, 23% and 

<10% respectively. At irrigated site, the values were about 42%, 24%, 18% and 13% 

respectively. 

The phyllode pinitol content in 17 different clones were analysed. Table 6.3 shows 

the ranking of these clones with respect to the pinitol content determined in the dry 

season. The highest pinitol content obtained in the NT clone 33 (39.4 mg g dry weight) 

was 2 times the lowest value obtained in the Qid clone 5 (20.1 mg g' dry weight). The 

clones can be divided into five groups based on their pinitol content but there are 

substantial overlaps between groups. The results indicate that two of the 4 clones with the 

highest pinitol content come from the Northern Territory. If one assumes that pinitol acts 

as an osmoregulator during drought stress to protect the cell against degradation and heat 

inactivation (Guo et al. 1995), then the above ranking could be a useful indicator of 

drought tolerance. But more research is needed to validate such a supposition. 
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Figure 6.2. Myo-inositol, sucrose, glucose, pinitol and fructose content in (a) 

concentration of dn matter and (b) % distribution in phvllodes of clones of Acacia 

auricu/jformis growing in an irrigated (I) and unirrigated (U) sites during the dry 

season (Oct. 1994). Abbreviations for provenances are NT. Northern Territory; PNG, Papua 

New Guinea: and Qid. Queensland. 
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Figure 6.3. Diurnal changes of sugars in phyllodes of Acacia auricu1formis clones (NT 

provenance) in an irrigated (•) and unirrigated (0) sites during the dry seasons (Oct. 

1994). 
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Table 6.3. Clonal variations in phyllode pinitol content of Acacia auriculiformis in the 

dry season (Sept. 1996). Data are mean ± s.e. (n=5). Values followed by different 

letters are significant at p  <0.05. 

Ranking Prov Clone Pinitol Ranking Prov Clone Pinitol 

1 NT 33 39.4 ± 2.04 a  

2 NT 44 37.0 ± 0.33a) 

3 Qid 16 35.8 ± 0.76a 

4 PNG 30 31.9 ± 2.07a 

5 PNG 10 30.6 ± 1.91' 

6 Qid 12 30.2 ± 1.64' 

7 PNG 26 bcd 30.1 ± 1.79 

8 Qid 31 30.0 ± Icd  

9 NT 32 29.5 ± bcd  

10 PNG 20 29.3 ± Icd  

11 PNG 24 29.1 ±1.90 lcde 

12 PNG 22 27.4 ±0.95 bcde 

13 QId 35 26.9 ± 1.33c 

14 Qid 11 24.9 ± 1.42  de 

15 PNG 19 23.5 ± 1.35  de 

16 PNG 25 23.3 ± 0.47  de 

17 Qld 5 20.1 ± 1.40 

6.3.3. Phyllode sugar contents in different tree species in the dry and wet season 

The Amax,  leaf water potential and content of pinitol and total soluble sugars in three 

acacia species and E. pellita during the dry and wet seasons are shown in Table 6.4. Dry 

season leaf water potential decreased significantly in A. auriculiformis and E. pellita, and 

a corresponding decrease in Amax  was observed in both species. However, the phyllode 

water potential in A. mangiuln and A. crassicarpa did not change significantly between 

seasons even though Amax  declined in the dry. In contrast, both pinitol and total sugars 

increased significantly in the dry season in all four species examined. Pinitol increased 20-

40% and total sugars (mg g 1  dw) 20-70% in the dry season compared to the wet season, 

apparently in response to increasing water deficit. The increases in total sugar were only 

16-40% when expressed on a jmol g 1  dw basis. A. auriculiformis and A. crassicarpa had 

the largest increase in pinitol while A. man gium and E. pellita the largest increase in total 
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Table 6.4. Photosynthesis (Ainax), pliyllode water potential and contents of pinitol and total sugars in acacia and eucalyptus growing in 

Howard Springs during the dry (Oct. 1994) and wet (May 1995) seasons in 1-loward Springs. Data are mean ± s.c. (n5). Marked 

differences are significant at p<0.05 compared between seasons. Photosynthetic activity and phyllode water potential were determined in the 

midday (1200-1300 h). 

Species 

A IIIIIX 
(tmol 111 ,2  S 

------------------------------- 

dry wet 

Leaf water potential 
(MPa) 

--------------------------- 

dry wet 

Pinitol Total sugars 
(nig g 1 dw) (mg gdw) 

dry wet dry wet 

Total sugars 
(tmol g'dw) 

---------------------- 

dry wet 

A. auriculforinis 10.1±0.31 18.2±0.61 * -1.55±0.10 ,.1.10±0.06*  22.7±0.66 15,7±0.32* 53.7±3.80 45.5±1.23* 244±16 206±7.9* 

A. nangiuin 4.37±0.34 6.55±0.52 -1.07±0.02 -1.01±0.08 20.610.37 17.6±0.43* 71.9±2.91 51.1±2.92* 332±16 232±16* 

A. crassicarpa 6.45±0.45 9.7210.65* -1.10±0.03 -1.04±0.06 19.1±0.28 14.9±0.57* 67.2±1.98 40.7±2.49*  333±13 203±18* 

E.pellita 2.42±0.43 8.814--0.61* -1.41±0.09 1.14±0.08* 9.07±0.63 6,51±0.28* 67.4±1.74 42.61-1.08* 350±14 226±8.5* 
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sugars in the dry season. Total sugar content was comparable in all species but the pinitol 

content in acacias was more than 2 times that of E. pellita. 

Changes in other sugars were also observed (Fig. 6.4). Fructose, sucrose, glucose 

and myo-inositol all increased in the dry season in all species except A. auriculiformis. E. 

pellita had high fructose but low sucrose content. In contrast, the three acacias had high 

sucrose and low fructose content. Glucose and myo-inositol content was comparable 

between species. Figure 6.5 shows the relative distribution of the sugars in all four 

species. Total sugars (mg g'dw) was highest in A. mangium for both seasons and lowest 

in A. auriculiformis for the dry season. All sugars increased individually in the dry 

season in all four species but the relative content (% total sugars) of each component, with 

some exceptions, remained comparatively constant in both seasons. The exceptions are 

pinitol and fructose in A. mangium and A. crassicarpa in which the percentage of pinitol 

decreased while that of fructose increased in the dry season. The relative content of 

glucose also decreased in E. pellita in the dry season. 

The results indicate that there are distinct differences in sugar content between 

acacias and eucalyptus. Pinitol and sucrose were the major soluble sugars in acacia while 

fructose and glucose were the major components in F. pellita in both seasons. Pinitol and 

sucrose represented 60-80%, and fructose and glucose represented 70% of total sugars 

present in acacia and eucalyptus respectively. This difference indicates that different 

osmolytes are probably involved in osmoregulation during dought stress in acacias and 

eucalyptus. 

Figures 6.6 and 6.7 show the diurnal changes in sugars during the dry and wet 

seasons in the four species. Dry season values are generally greater than those determined 

in the wet season, but there are no dramatic diurnal variations in sugar contents in all four 

species examined. Pinitol level was higher in the dry season but the level remained 

relatively constant throughout the day in all species in both seasons. Glucose level 

increased during the day in the dry season in A. auriculiformis and in the wet season in A. 

crassicarpa but remained relatively constant in the other two species (Fig. 6.6). Fructose 

level was constant in A. auriculiformis, A. crassicarpa and F. pellita but increased during 

the day in A. mangium (Fig. 6.7). Sucrose level increased during the day in all species 

examined. The diurnal changes observed above are probably related to photosynthetic 

carbon metabolism rather than to drought stress. 
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Figure 6.4. Changes in fructose, sucrose, glucose and myo-inositol content in 

phyllodes/leaves of 2-year old trees of Acacia auricul[ormis (Aa), Acacia mangium 

(Am), Acacia crassicarpa (Ac) and Eucalyptus pellita (Ep) during the dry (Oct. 1994) 

and wet (May 1995) seasons in Howard Springs. 
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Figure 6.5. Sugar contents as (a) concentration in dry matter and (b) % distribution in 

phyllodes/leaves of 2-year old trees of Acacia auriculiforinis (Aa), Acacia mangium 

(Am), Acacia crassicarpa (Ac) and Eucalyptus pellita (Ep) during the dry (Oct. 1994) 

and wet (May 1995) seasons in Howard Springs. 
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Figure 6.6. Diurnal changes of pinitol and glucose content in phyllodes/leaves of 2-year 

old trees of Acacia auriculformis, Acacia mangium, Acacia crassicarpa and Eucalyptus 

pellita during the dry (0, Oct 1994) and wet (•, May 1995) seasons in Howard Springs. 
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Figure 6.7. Diurnal changes of fructose and sucrose content in phyllodes/leaves of 2- 
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Eucalyptus pellita during the dry (0, Oct 1994) and wet (•, May 1995) seasons in 

Howard Springs. 



6.4. DISCUSSION 

The results in this chapter indicate a clear difference in sugar accumulation under 

drought stress between seedlings and trees of A. auriculiformis. In young well watered 

seedlings sucrose represented about 50% of total sugars in the phyllode while in drought-

stressed seedlings the major sugar (about 50%) was pinitol (Table 6.1). In 1- year old 

trees in the field, pinitol was the major soluble sugar (> 40%) in both irrigated and 

unirrigated sites (Table 6.2). Thus, field-grown trees of A. auriculiformis in an irrigated 

site accumulated more pinitol than seedlings grown in a shade house, presumably because 

high light and high temperature in the field impose constraints on photosynthesis and 

transpiration that would affect osmotic adjustment and water availability in plant tissues. 

High-temperature and high-salinity stress have been reported to increase pinitol 

accumulation in plant tissue (Guo et at. 1995; Thomas et at. 1995). Furthermore, my 

results showed that, under drought stress, total sugars decreased 15% in seedlings but 

increased 30% in trees. These results are similar to published reports which showed that 

sucrose content decreased in young plants under rapid drought stress in the short-term 

(Ford 1984; Quick et at. 1988; Keller and Ludlow 1993), but increased in old plants 

under slow drought stress in the long-term (Quick et at. 1992; Prior 1993; Massacci et al. 

1996). 

Plants normally experience slow rather than rapid drought stress in the field. 

Furthermore, my results suggest that drought stress had different effect on sucrose and 

pinitol level at different stages of plant development in A. auriculiformis. Well-watered 

seedlings have higher rates of photosynthesis and accumulate more sucrose during the day. 

But inhibition of photosynthesis during drought stress would decrease sucrose synthesis 

and the rate of sucrose export and transport in order to maintain higher pool of sucrose 

and total soluble sugars in the phyllode. Sugar accumulation in field-grown acacias and 

eucalyptus (Tables 6.2-6.4), and Acacia karroo and Acacia tortilis (Prior 1993) and sweet 

sorghum (Massacci et at. 1996) during the dry season was also the result of long-term 

drought stress where the resultant levels of pinitol and total sugars were higher than those 

determined in the wet season. 

Pinitol concentrations in phyllodes of A. auriculiformis, A. mangium and A. 

crassicarpa were similar to those reported for other species (Table 6.5). Pinitol 



concentrations in some plants have also been found to increase dramatically under drought 

stress (Ford 1982 and 1984; Nguyen and Lamant 1988; Keller and Ludlow 1993; Prior 

1993; Zrenner and Stitt 1991; Quick et al. 1992; Massacci et al. 1996). The evidence 

indicates the importance of pinitol in the osmotic adaptation of many species including 

acacia. Interestingly, pinitol synthesising legumes are found to tolerate the lowest water 

potential in plants under drought stress (Keller and Ludlow 1993). The accumulation of 

pinitol and sucrose in all the drought-stressed tissue in this chapter suggests that these 

compounds are likely to be important in osmoregulation in acacias. 

Table 6.5. Comparative values of pirutol concentration in different species. 

References Species of plants Organs Pinitol (mg g 1 ) 

Hansen 1978 Trifolium repens leaf 25 

Glycine max (Soybean) leaf 27 

Guyon 1980 Macroptillium atropurpureum leaf 10 

1982 Honkenya peplodes leaf 14 

Bieleski 1982 4 clover species leaf 15-30 

different species of alfalfa and clover leaf 15-30 

Crowe 1984 Pinus sylvestris needle 30 

Ford 1984 7 crop species of tropical legumes leaf 2-20 

7 pasture species of tropical legumes leaf 2-20 

Nguyen 1988 10 species of tropical legumes leaf 2-20 

Pinus pinaster needle 1-2 

Prior 1993 2 acacia species (A. tortilis and A. karroo) leaf 15-30 

Colophospermum mopane leaf 30-50 

Keller 1993 Pigeonpea leaf 14-30 

Orthen 1993 18 chickpea cultivars shoots 3-27 

Guo 1995 Glycine max (Soybean) leaf 10-30 

present work 3 acacia species leaf 15-3 5 

1 eucalyptus species (E. pellita) leaf 5-10 

102 



There was a marked difference of sugar accumulation between acacia and 

eucalyptus examined in this study (Table 6.4; Fig. 6.4-6.7). In E. pellita leaf pinitol 

content was low (6-9 mg g'dw) compared to values of 15-20 mg g'dw in the wet season 

and 25-40 mg g'dw in the dry season for acacias (Table 6.4). These difference may be 

related to species variations and variations in metabolism. In any case the evidence 

suggests a minor role for pinitol in osmoregulation in E. pellita. On the other hand, 

fructose and glucose are probably more important in osmoregulation in this eucalyptus. 

My results suggest that A. auriculformis has higher pinitol content and higher 

photosynthesis during the dry season than other species examined (Table 6.4). Pinitol 

content in A. auriculiformis accounted for 40-50 % of the total sugars even at an irrigated 

site or in the wet season (Fig. 6.2 and 6.5). Furthermore, ecotype differentiation in pinitol 

accumulation was also observed in A. auriculiforinis from different origins. The ecotype 

from NT provenance exhibited the highest level of pinitol in 17 clones examined (Table 

6.3) suggesting that plants originating from arid environments may possess enhanced 

drought tolerance (Nguyen and Lamant 1988; Orthen et al. 1993). 

In legumes pinitol is derived from primary photosynthetic carbon metabolism, 

either directly through hexose-P or indirectly through starch and sucrose (Fig. 6.8). High 

levels of pinitol and sucrose in phyllodes of A. auricuhforinis may contribute to the 

osmotic potential and possibly ameliorate effects of drought and heat in the field. 

However, the accumulation of pinitol and sucrose during drought stress might occur at the 

expense of glucose and fructose. Low contents of glucose and fructose were indeed found 

in all three acacia species (Fig. 6.4). 

PHOTOSYNTHESIS 

STARCH <- - TRIOSE-P 

FRUCTOSE 

GLUCOSE ----+ G6P --- SUCROSE 

INOSITOL 

PINITOL 

Figure 6.8. Simplified scheme depicting the partitioning of carbon between starch, 

sucrose, glucose, fructose and pinitol in pigeonpea leaves (Dittrich and Brand! 1987). 
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Decrease of starch (starch = = > sucrose) levels with drought stress has been 

observed in leaves of many plant species (Huber et al. 1984; Bensari et al. 1990; Fox and 

Geiger 1986; Harn and Daie 1992; Zrenner and Stitt 1991; Gaff 1989; Quick et al. 1992; 

Keller and Ludlow 1993). Many species deplete their starch or sucrose content but 

maintain their level of soluble sugars during drought stress even though photosynthesis has 

been inhibited (Quick et al. 1992). Sucrose and starch were found to decrease in four 

tropical legumes (Ford 1984) and pigeon pea (Keller and Ludlow 1993) under drought 

stress. In contrast, Prior (1993) reported that the sucrose levels in the drought stressed 

phyllodes of two acacia species remained high or even increased compared to the watered 

controls. My results (Fig. 6.4) indicated that sucrose level increased in all three acacias 

and E. pellita in the dry season. I did not determine the starch content in my study but it 

is conceivable that the increase in soluble sugars observed in the three tropical acacias and 

E. pellita during drought stress was derived from starch. 

In conclusion, the results in this chapter suggest that drought stress significantly 

altered the soluble sugar content in the phyllode/leaf. The observed accumulation of 

pinitol and total soluble sugars in tropical acacias and the observed accumulation of 

fructose and glucose in E. pellita might be an adjustment mechanism to protect the cell 

against degradation and heat inactivation. Finally, there is preliminary evidence in this 

chapter to suggest that pinitol level in acacia phyllode may be a useful indicator of drought 

tolerance in A. auriculiforinis. 
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NATURAL SOLAR UV-B RADIATION ON GROWTH, 

PHOTOSYNTHESIS AND THE XANTHOPHYLL CYCLE 

7.1. INTRODUCTION 

UV-B radiation has potentially deleterious consequences for plant growth and performance 

because it is readily absorbed by proteins and DNA. It affects many plant processes including 

photosynthesis, transpiration, leaf expansion, dark respiration and biomass allocation directly by 

altering photosynthetic enzyme activity and/or causing disruption of photosystem II reaction 

centre (Teramura et at. 1980; Mirecki and Teramura 1984; He et at. 1993; Strid et at. 1994; 

Bornman 1995), or indirectly by affecting stomatal function, leaf growth or biosynthesis of 

photosynthetic pigments and carotenoids (Sullivan and Teramura 1990; Ziska et at. 1993). It 

depresses the level of photosynthesis pigments, chlorophyll and carotenoids in leaves (Teramura 

1983; Jordan et at. 1991; Bornman 1995), probably because of depressed expression of the gene 

involved (Jordan et at. 1991; Strid et at. 1994). UV-B radiation decreases plant height, stem length 

and leaf area in a number of species including wheat, rice, pea, sunflower, tomato and lettuce 

(Krupa and Kickert 1989; Tevini and Teramura 1989; Tevini et at. 1988; Sullivan and Terumura 

1989; He et at. 1993; Tezuka et at. 1993; Huang 1996). However, plants are more sensitive to 

artificial UV-B radiation and are more easily to be photodamaged in artificial UV-B than natural 

UV-B radiation because the spectral balance (ratio of PPFD/UV-B) of a supplementary artificial 

UV-B radiation condition in growth chamber or glasshouse is small and seldom similar to the 

normal solar spectrum. 

Recent studies with plants (e.g. rice, soybean, tomato, cassava, mangroves and datura) 

grown under natural growth irradiance and solar UV conditions produced more variable results 

(Lovelock 1993; Tezuka et at. 1993; Caidwell et at. 1994; Huang 1996; Ballare et at. 1996). A 

reduction in biomass accumulation was obtained in tomato (Tezuka et at. 1993) and datura plants 

(Ballare et at. 1996) but there were little evidence of solar UV-B effects on leaf morphology, 

biomass accumulation, PS II activity and carotenoids/Chi ratios in several tree (Lovelock 1993) 

and crop species (Becwar et at. 1982). 



Because tropical plants receive much higher levels of ambient UV-B radiation than plants 

growing in temperate regions, it is generally thought that tropical species have an inherent 

resistance to UV-B radiation (Caidwell et al. 1980; Frederick et al. 1989). The above results of 

Lovelock (1993) with mangroves are consistent with this supposition. Data from the Bureau of 

Meteorology, Brisbane (1996) show that UV radiation index in Darwin (1 2°S; 1310E) exceeds 12 

compared to a moderate to high index of 3-8 for other regions in Australia. Darwin is an ideal 

place to investigate the effect of natural solar UV-B on plant growth. This chapter reports the 

effects of natural solar UV-B radiation on the growth, photosynthesis and the xanthophyll cycle of 

tropical acacia and eucalyptus. 

7.2. MATERIALS AND METHODS 

The experiments on the effect of UV-B radiation were conducted in a non-U V-B radiation 

chamber (wlh: 1.3 m x 2 m x 2m) made of a specific polymethyl acrylic sheet (JIUHMEILITE. 

Taiwan) which greatly reduces the levels of solar UV-B. The transmission spectra of the acrylic 

material is shown in Fig. 7.1. This non-UV-B chamber was placed inside a 25% shade house. 
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Figure 7.1. The transmission spectrum of the UV-B screening material used in the non-U V-B 

radiation chamber. 
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The diurnal changes of PPFD and natural solar UV-B radiation (measured with LI-COR 

6200 gas analysis system and IL 1700 Research Radiometer with calibrated photodetector and 

filters) in the shade house and the non UV-B radiation chambers are shown in Fig. 7.2. The non 

UV-B chamber reduced photosynthetically active radiation (PAR) level by 5.1% and global solar 

radiation (GSR) level by 2.3%, temperature by <0.1 °C and relative humidity by 1% as measured 

with a Starlog Micro-meteorology Station and Unidata Data Logger. Control experiments were 

done in a 25% shade house. Experiments were conducted in Oct 1994-Jan 1995, June-Sept 1995 

and May-Aug 1996. 

Seedling of A. auriculformis, A. mangium, A. crassicarpa, A. aulacocarpa, E. 

camaldulensis and E. pellita were germinated in a shade house and five 2-week old seedlings per 

species were transplanted into 3.5 L pots with sterilized soil containing fertilizer (Osmocote) and 

placed in a shade house and the non-UV-B chamber. The experimental design was a complete 

randomised block. To avoid positional effects, all five pots were randomised every three weeks. 

Plants were watered twice a day. After 8-12 weeks, three fully expanded phyllodes or leaves from 

each seedling and five seedlings per species were used for biochemical, physiological and 

morphological determinations. A nax  and related parameters, leaf pigments and sugar contents were 

determined as described in Chapter 2 and Section 2.3, 2.4, 2.8 and 2.9. Plants were harvested 17 

weeks after germination. Biomass, total leaf area and leaf number, branch length and dry weight 

were determined. 

The content of UV-B absorbing compounds in phyllodes or leaves was determined as 

described by Mireki and Teramura (1984). Three leaf discs (1.77 cm2  each) were ground in a 

1:20:79 mixture of HC1: water: methanol (v:v) and the extract centrifuged at 3,000 g for 10 mm. 

Absorbance of the supernatant were recorded at 270 nm, 280 nm, 300 nm and 325 nm. 
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Figure 7.2. Diurnal growth irradiance (PPFD) (a) and UV-B irradiance (280-320 nm) (b) 

measured at the experimental site (*), inside the shade house (•) and inside the non-UV-B 

radiation cabinet (0) in Darwin in Nov. 1994. 

MLO 



7.3. RESULTS 

7.3.1. Growth parameter and biomass 

Fig. 7.3 shows the increase in plant height under solar UV-B and non-UV-B conditions 

over 12 weeks. The plant height of all species examined, particularly in week 10-12, was greater in 

non-UV-B condition over the entire growth period. Natural solar UV-B radiation affect growth 

and biomass accumulation in acacia and eucalyptus seedlings differently (Tables 7.1 and 7.2). 

Plant height (Table 7.1; Plate 7.1) and SLA (Table 7.2) decreased in all species grown under +UV-

B conditions but not every species showed a corresponding decrease in biomass (Table 7.1). In 

contrast to the other four species, A. crassicarpa and E. pellita increased their biomass under solar 

UV-B conditions. Shoot/root ratio decreased in eucalypts but either increased or remained 

unchanged in acacias under solar UV-Bradiation. In A. crassicarpa and A. aulaucocarpa the 

increase was directly related to increases in total branch length, total leaf number and total leaf 

area and decreases in shoot/root ratio (Table 7.2). Conversely, the decrease in shoot/root ratio in 

the eucalyptus was directly related to decreases in these parameters although leaf area in E. pellita 

actively increased under natural UV-B. A. auriculiformis and A. mangium which showed little 

change in shoot/root ratio also showed a decrease in these parameters under UV-B conditions. The 

results indicate that under solar UV-B conditions C partitioning into the shoot was increased or 

remained unchanged in acacias but decreased in eucalyptus. All the acacias examined had larger 

shoot/root ratio compared to eucalyptus. The ratio determined in A. crassicarpa was 2-3 times 

those of the two eucalyptus. 

Together, the results indicate that eucalyptus partitioned a greater proportion of its biomass 

into roots whereas acacias did the reverse. This is consistent with the belief that eucalyptus are 

deep-rooted species, compared to acacias. These results clearly show that solar UV-B has a 

profound effect on plant growth, C partitioning, plant development, biomass accumulation and 

morphology in acacia and eucalyptus seedlings. It affects these parameters differently in different 

species. 
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Figure 7.3. Increases in plant height in acacia and eucalyptus seedlings grown under 

solar UV-B (•) and non-UV-B (0) conditions. 
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Table 7.1. Effect of solar UV-B radiation on plant height, dry weight of shoot and root 

(biomass) and shoot/root ratio in acacias and eucalyptus seedlings. Marked differences are 

significant at p<0.05. Data are means ± s.e. (n=5-10). 

UV-B Height Shoot dry wt Root 4y wt Total 4y wt Shoot/Root 
Species (cm) (g) (g) (g) ratio 

A.auriculformis + 110±3.7 55.2±2.4 15.9±2.0 68.2±2.0 3.28±0.3 

- 13 1±3.9* 60.3±4.3 17.9±3.1 78.2 ±3.0*  3.37± 0.4 

A. mangium + 98.8±3.0 50.9±3.3 15.8±1.8 66.7 ±4.6 3.22 ±0.4 

- 117±2.9* 51.8±3.2 16.4±2.1 68.2 ±5.0 3.15±0.4 

A. crassicarpa + 92.8±4.5 38.4±2.1 6.04±0.4 44.4 ±3.8 6.36 ±0.5 

- 96.8±5.3 30.3±2.7* 6.32±1.0 36.6 ±2.9*  4.80 ±0.4 

A. aulacocarpa + 96.8 ±8.1 29.6±2.5 6.96±0.6 36.6 ±2.6 4.25 ±0.4 

- 111 ±3.2 28.6±1.0 10.2±0.4 38.8 ±1.0 2.80 ±0.1* 

E. camaldulensis + 103 3±.5 24.0±1.5 12.8±1.3 36.8 ±2.7 1.88 ±0.2 

- 120±5.3* 37.4±3.4* 16.8±1.3 54.2±6.8* 2.24±0.4 

E.pellita + 89.9±3.9 32.0±1.6 16.8±1.2 48.8±2.3 1.90±0.2 

- 107±4.3* 29.4±1.4 11.2±0.8 40.6±1.4*  2.65±0.6 
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Plate 7.1. Comparison of plant height of Acacia auriculformis (a) and Eucalyptus pc/lila (b) 

(12 week old) under solar UV-B and non UV-B conditions. 
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Table 7.2. Total branch length, leaf number and leaf area and specific leaf area (SLA) of 

acacia and eucalyptus seedlings grown under solar UV-B and non-UV-B conditions. Marked 

differences are significant at p<0.05. Data are means ± s.e. (n=5-10). 

Species 
UV-B Branch length 

(cm) 
Leaf# Leaf area 

(cm2) 
SLA 

(m2  kg 1 ) 

A. auriculi/ormis ± 372 ±26 149±5.4 3054±134 11.4±0.6 

- 493±28* 174±9.2* 4036±212* 13.4±0.5* 

A. mangium + 240±16 64.1±5.6 3888±149 12.1±0.3 

- 228 ±33 69.3±8.6 4495±240* 15.2±0.5* 

A. crassicarpa + 147±7.8 34.4±5.7 2899±268 13.6±1.2 

- 72.8 ±3•7* 27.6±2.5 2694±203 14.9±0.4 

A. aulacocarpa + 378±68 156±20 2513±130 13.3±0.7 

- 312±2.8 108±4.3* 2170±35* 13.8±0.3 

E. camaldulensis + 110±13 46.4 ±6.0 1343 ±151 11.2 ±0.1 

- 230±24* 83.6±14* 2526±413* 13.6±0.7* 

E.pellita + 362 ±46 112 ±16 2885 ±140 16.4 ±0.1 

- 406±19* 119±6.0 2515±148* 17.5±0.2* 

The reduction in SLA under solar UV-B conditions suggests that leaves grown under this 

condition are thicker compared to those grown under non-UV-B condition. Phyllodes of A. 

auriculi/ormis, A. man gium, A. crassicarpa, A. aulacocarpa, leaves of E. camaldunensis and E. 

pellita under solar UV-B condition was 3-10% thicker than those in non-UV-B condition (Table 

7.3). The increase was primarily due to increases in the size of the palisade, spongy mesophyll and 
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epidermis cells. The cuticle in A. auriculiformis and A. man gium was also thicker under UV-B 

conditions. Cuticle thickness in A. crassicarpa and A. aulacocarpa was not determined due to the 

development of relatively large epidermal cells (2 1-26 ptm compared to 12-19 im in other species) 

at the time of measurement. 

Table 7.3. Leaf structure of acacia and eucalyptus seedlings grown under solar UV-B and 

non-UV-B conditions. Marked differences are significant at p<0.05. Data are means ± se (n=20); 

n.d., not determined. Unit used, .tm. The data for epidermis and cuticle layer was sum of upper 

and lower layers. 

Species UV-B Leaf Palisade Spongy Epidermis Cuticle 
thickness mesophyll mesophyll layer layer 

A. auriculiformis + 286 ± 4.2 138 ± 2.3 128 ± 2.8 15.1 ± 0.2 5.30 ± 0.1 

- 266 ± 43* 124 ± 2.7* 124 ± 2.6 13.0 ± 0.3* 4.80 ± 0.1 

A. mangium + 254± 3.5 126± 1.4 108± 1.2 14.5±0.1 5.50±0.1 

- 239±4.3 120±1.3*  102±2.2*  12.1±0.1*  4.60±0.1* 

A. crassicarpa + 287 ± 2.4 132 ± 2.3 129 ± 2.3 26.2 ± 0.5 n.d. 

- 272±2.8* 125± 1.8*  124±2.4 23.4±0.4*  n.d. 

A. aulacocarpa + 287 ± 3.3 137 ± 1.0 128 ± 1.6 22.2 ± 0.4 n.d. 

- 266±2.2* 124±2.3*  121 ± 1.7* 21.2± 0.2 n.d. 

E. camaldunensis + 268 ± 2.6 129 ± 1.6 118 ± 1.4 18.3 ± 0.4 2.9 ± 0.1 

- 255±3.2* 123±2.1 112±2.1 17.3±0.3 2.8±0.2 

E. pellita + 263 ± 4.5 122 ± 2.5 118 ± 2.8 19.6 ± 0.4 3.5 ± 0.1 

- 259±3.2 121±1.6 117±2.3 17.8±0.3 3.2±0.1* 
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7.3.2. Photosynthesis and respiration 

Amax  and stomata conductance were higher in seedlings grown under natural solar UV-B 

conditions but the increase was insignificant except for E. pellita (Table 7.4). Dark respiratory 

activity was significantly higher in UV-B-grown A. auriculiformis and A. mangium. There was 

little difference in Fv/Fm values in all species except E. camaldunensis. Solar UV-B radiation also 

had little effect on stomata density. But soluble protein content increased significantly under solar 

UV-B indicating that plants grown under solar UV-B accumulated more soluble protein in leaf or 

phyllode tissue than plants grown under non-UV-B radiation. This is consistent with the lower 

SLA obtained for all species (see Table 7.2). The increase in soluble protein content was greatest 

in A. aulacocarpa (117%) and smallest in A. auriculiformis (24%) but this increase did not lead to 

an equivalent increase in There is a 10-fold variation in soluble protein contents (2.2 to 21.9 

mg g) determined but the A,,, ,,, values only varied by about 0.5-fold. The lower protein values are 

likely to be an underestimate caused by incomplete extraction. Although significant differences 

were observed for growth and plant development (see Tables 7.1 and 7.2), overall, solar UV-B 

radiation appeared to have little effect on photosynthetic activity, stomata conductance, stomata 

density and chlorophyll fluorescence in all the species examined. 

7.3.3. Chlorophyll and xanthophyll cycle intermediates 

Total chlorophyll concentrations were significantly lower (p<0.05) in plants (except A. 

aulacocarpa) grown under solar UV-B irradiance compared to depleted UV-B conditions (Table 

7.5). In contrast, variations in the total xanthophyll and total carotenoid pools did not follow any 

particular trend amongst species. VAZ pool decreased significantly in A. auriculiformis and E. 

camaldulensis but increased significantly in A. man gium under UV-B conditions while no 

significant difference was observed for all the other species. Zeaxanthin pooi and EPS did not vary 

significantly in all species but both the eucalyptus showed significant difference in violaxanthin 

and antheraxanthin content between UV-B and non-U V-B conditions. A. crassicarpa showed little 

difference in the xanthophyll cycle intermediates but significant difference in lutein and carotene 

content between treatments. On the other hand, A. aulaucocarpa showed no significant difference 

for all the pigments except chlorophyll, examined. In general, the pooi sizes 



Table 7.4. Effect of solar UV-B radiation on photosynthesis, stomatal conductance, respiration, chlorophyll fluorescence (Fv/Fm), 

stomatal density and soluble protein in photosynthetic tissues of acacia and eucalyptus seedlings. 

Marked differences are significant at p<0.05. Data are means + s.e. (n=20). n.d., not determined. 

UV-B A11  g Respiration Fv/Fm Stomatal density Soluble protein 

Species 
-) -t (tmo1 m s ) 

-i (mol ni-,  s ) 
-2 -1 (trno1 m s ) (ratio) - (mm 2) -1 (ing g ) 

A. auriculijonnis + 24.0 + 2.1 3.75 ± 0.8 -1.80 + 0.10 0.80 + 0.01 375 + 5.4 21.9 + 0.94 

- 20.9± 1.9 3.54+ 0.6 1.44+0.12* 0.80±0.01 355±9.5 17.6+0.67* 

A. lnangiun2 + 20.5±0.9 1.72+0.4 -1.02±0.07 0.80±0.01 349±6.5 17.4±0.95 

- 19.8+ 1.3 1.56+0.3 0.74+0.08* 0.82±0.01 320+13 12.6±0.91* 

A. crassicalpa + 17.5 ± 1.4 2.61 ± 2.4 n.d. 0.79 ± 0.01 156 ± 3.8 6.68 + 0.62 

- 17.5 ± 0.7 2.16 + 0.2 n.d. 0.78 + 0.02 160 + 7.2 3.55 + 0.19* 

A. aulacocarpci + 18.0+ 1.6 0.64+0.05 -1.09+0.08 0.79+0.01 255+4.9 12.7+ 1.12 

- 16.6+1.0 0.42+0.1 -0.92+0.14 0.76±0.02 249+6.9 5.86+0.45* 

E. camaldulen.sis + 23.2 + 1.5 0.96 ± 0.07 n.d. 0.83 ± 0.01 603 ± 5.9 4.31 ± 0.38 

- 21.6±0.9 0.80+0.04 n.d. 0.79±0.01*595±4.6 2.50±0.08* 

E. pellita + 20.0 ± 0.9 0.53 + 0.02 -0.94 ± 0.07 0.77 ± 0.01 563 ± 18 3.48 ± 0.16 

- 15.6 ± 0.6* 0.57 ± 0.02 -0.90 ± 0.08 0.79 ± 0.01 543 + 12 2.23 ± 0.18* 
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Table 7.5. Effect of growth solar UV-B irradiance on chlorophyll, xanthophylls and carotenoids in phyllodes/leaves of acacia and 

eucalyptus seedlings. Marked differences are significant at p<0.05. Data are means + s.e. (n=5-10). 

Abbreviations are V, violaxanthin; A, antheraxanthin; Z, zeaxanthin and *Eps,  the epoxidation state, [(0.5A+V)/VAZ]. 

species UV-B Chlorophyll V A Z VAZ Neoxanthin Lutein Carotene EPS* 

(.trno1 m 2) (mmol mo1' Chi) 

A. ciuriciilfr.rniis + 696±16 73.5±4.7 17.5±1.2 7.12± 0.11 98.1±2.3 75.2±1.6 157±4.0 130±6.0 0.84±0.01 

- 756±11* 87.2±3.1* 15.8±1.1 6.87±0.25 110±4.2*  84.0±2.1* 163±3.9 135±7.1 0.87±0.01 

A. mangium + 597±21 75.7±1.9 12.1±1.8 6.12±0.22 93.9+1.7 71.9±2.1 137±2.4 140+7.8 0.87+0.01 

- 717±12* 71.7±1.6 10.2±1.6 5.65±0.32 87.64-1.7* 76.9±1.2* 144±3.0 141±4.2 0.88±0.01 

A. cl'assicalpa + 644±14 63.0±2.9 16.5±0.5 9.35±0.09 88.8±3.3 86.9±4.9 161±4.1 142±52 0.80±0.01 

- 701±17* 61.4±1.2 19.5+1.2 8.14+0.14 89.012.0 80.5±2.3 143±4.5* 9615.9* 0.80±0.01 

A . aulacocai'pa + 590±7.1 72.4±4.7 5.52+0.2 4.56±0.36 82.514.7 65.8+0.6 148±2.9 143±5.3 0.91+0.01 

- 606±26 70.1±2.7 5.16±0.4 4.23±0.11 79.5±2.6 71.0±3.2 146±9.4 134±4.7 0.91+0.01 

E. canialdulensis + 450±12 54.5±1.8 20.1±0.7 8.23±0.56 82.8±2.1 73.6±1.1 170±2,7 146±3.3 0.78±0.01 

- 492±10* 62.2+1.6* 26.211.8* 7.58±0.35 96.0±3.3* 74.7±1.4 17410.7 147±4.9 0.78+0.01 

E.pellita + 367±15 42.8±2.5 22.0±1.2 10.3±0.23 75.3±2.6 71.1±3.2 176±4.6 14112.9 0.71±0.01 

- 407±10* 51.8+1.5* 16.3±0.8* 9.25±0.21 77.4±1.9 73.2±3.2 153±9.1* 128+5.3 0.77±0.01 
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of all the pigments were similar between species. This is probably not surprising since all the 

seedlings were grown under well-watered conditions. 

7.3.4. Sugars and UV-absorbance compounds 

The sugar, sugar alcohol and total sugar contents between treatments did vary 

dramatically between treatments in all the species examined (Table 7.6). A. mangium was 

the most responsive species examined. Fructose and glucose decreased significantly but 

sucrose increased significantly in A. mangium under solar UV-B condition. Except for A. 

aulaucocarpa, no species showed any significant difference in pinitol content between 

treatments. Total sugar content did not vary significantly between treatments in all species. 

But there were interesting differences in the sugar compounds determined between species. 

A. mangium had the highest and A. crassicarpa the lowest total sugar content. Sucrose was a 

major sugar compound in acacias but it was hardly detectable in eucalyptus where fructose 

was the major sugar present. These results are similar to those obtained in Fig. 6.1 and 6.2 in 

the Chapter 6. Pinitol contents represented 7.8-23.9% of the total sugar pool determined. 

The highest level of pinitol was found in A. mangium and the lowest in A. crassicarpa. The 

results show that solar UV-B radiation had no significant effect on sugar and sugar alcohol 

synthesis. 

Increases in protective pigment (U V-absorbing compounds, mostly phenolic 

compounds and flavonoids) concentration under UV-B radiation have been reported for 

many species (Tevini et al. 1991; Deckmyn and Impens 1995). Absorption spectra of 80% 

aqueous methanolic extracts of leaves or phyllodes grown under solar UV-B and non UV-B 

radiation after 10 weeks are shown in Fig. 7.4. The content of UV absorbing compounds 

varied in different species and between UV-B treatments. But significant differences were 

observed between treatments at all four wavelengths only in A. auriculiformis. Also the 

concentration of UV-B absorbing compounds were highest in A. auriculformis, and lowest 

in A. crassicarpa. The values of the UV-absorbing compounds were not affected by solar 

UV-B radiation in A. aulacocarpa and E. camaldulensis. 
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Table 7.6. Effect of growth solar UV-B irradiance on sugar and sugar alcohol content in phyllodes/leaves of acacia and eucalyptus 

seedlings. Marked differences are significant at p<0.05. Data are means ± s.e. (n=5-10). n.d., not detected. 

Fructose Pinitol Glucose rnyo-inositol Sucrose Total 
species UV-B 

(mg g dry weight) 

A. auricu1forrnis + 5.75 ± 0.13 10.8 ± 0.45 6.63 ± 0.53 0.57 ± 0.04 21.4 ± 1.10 45.2 ± 0.03 

- 5.80 ± 0.42 10.6 ± 0.69 6.71 ± 0.41 1.10 ± 0.12* 23.7 ± 0.95 47.9 + 2.59 

A. mangium + 9.33+0.96 11.7+0.77 7.98±0.27 2.15±0.23 24.0±0.05 55.2±0.24 

- 17.8+ 1.06*  11.7+0.47 11.5+0.57* 2.67±0.18 15.4±0.20* 59.1±2.48 

A. crassicarpa + 10.1 ± 2.22 4.28 + 0.93 7.15 + 0.94 3.24 ± 0.17 7.83 + 0.68 32.6 + 1.78 

- 8.91 ± 1.60 4.94± 0.71 8.47± 0.11 1.96± 0.15* 11.0± 0.73 35.3 + 2.58 

A . aulacocarpa + 16.2 ± 0.40 6.49 ± 0.36 11.1 + 0.91 2.27 ± 0.24 12.8 ± 0.70 48.9 ± 1.89 

- 15.2 ± 0.98 4.29 ± 0.27* 15.5 ± 0.86 1.66 ± 0.10 16.7 ± 0.81 53.4 ± 3.01 

E. carnaldulensis + 29.1 + 1.20 6.74 + 0.47 8.45 ± 0.15 4.21 ± 0.07 2.20 ± 0.31 50.7 ± 1.29 

- 28.9 ± 0.20 6.72 ± 0.27 8.01 + 0.22 3.60 ± 0.48 n.d. 47.2 ± 0.06 

E. pc/lila + 25.9 ± 0.8 4.89 ± 0.34 16.9 + 0.75 3.60 ± 0.06 n.d. 51.3 ± 0.01 

- 28.2+ 1.38 4.40±0.42 21.3± 1.17 2.60±0.10* n.d. 56.5±2.66 
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Figure 7.4. UV-absorbing compounds in phyllodes/leaves of acacia and eucalyptus 

seedlings grown under solar UV-B and non UV-B conditions. Aa- Acacia auriculiformis; 

Am- Acacia mangium; Ac- Acacia crassicarpa; Aau- Acacia aulacocarpa; Ec- Eucalyptus 

camaldulensis; Ep- Eucalyptus pellita. 
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7.4. DISCUSSION 

Many studies have shown that UV-B radiation may reduce plant biomass, leaf area, 

plant height and photosynthesis and influence plant development not only at the 

physiological and biochemical but also at the genetic level (Tevini and Teramura 1989; 

Jordan et at. 1991; Strid et at. 1994; Deckmyn et at. 1994; Bornman and Sundby-

Emanuelsson 1995). Most of these were indoor experiments where high UV-B doses were 

used in conjuction with low PPFD, and the effect was often compared with a control 

treatment without UV-B. For instance, short-term supplementary UV-B radiation resulted in 

a reduction of maximum photosynthetic rate of about 10-60% in rice, 3 5-80% in pea (He et 

at. 1993; Huang et at. 1993) and 13-29°/ in soybean (Mirecki and Teramura 1984). High 

UV-B doses may decrease the activity of rubisco (Jordan et at. 1992; Strid et at. 1994) and 

damage the photosynthetic apparatus (PS II, Dl protein) (Tevini et at. 1991; Oquist et at. 

1992). In contrast, experiments done on tomato and radish (Tezuka et at. 1993), cassava 

(Ziska et.al. 1993), soybean (Caidwell et al. 1994) and mangroves (Lovelock 1993) in solar 

UV-B radiation with natural high PPFD, either increased or had little effect on 

photosynthesis. 

My study was done under normal solar UV-B radiation with natural high PPFD. The 

results showed that, although solar UV-B radiation affected a number of growth 

characteristics in acacias and eucalyptus, it did not significantly reduce biomass and 

photosynthesis in most of the species examined (Table 7.1 and 7.4). The different results 

obtained between experiment done under natural solar radiation (including my own studies) 

and those done indoor may be related to the ratio of UV-B radiation to PPFD. High UV-B 

radiation relative to PPFD was used in all indoor studies and this may well have resulted in 

greater photodamage of the photosynthesis apparatus. Thus the results between indoor and 

outdoor experiments are not exactly comparable. 

My results also show that certain growth characteristics such as plant height and 

branch length were more sensitive to solar UV-B radiation compared to shoot/root ratio 

(Table 7.1 and Table 7.2). These results are similar to those determined for many outdoor 

experiments where morphological and photomorphogenetic characters appeared to be more 

sensitive to UV-B radiation than photosynthetic rate and total dry weight production 
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(Dumpert and Knacker 1985; Ryel et al. 1990; Ziska et al. 1993; Tezuka et al. 1993; 

Caidwell et al. 1994; Huang 1995; Ballare et al. 1996). 

Decrease in SLA (m2  kg 1 ) has often been reported in response to UV-B radiation 

treatment, and the formation of thicker leaves supposedly reduces sensitivity to UV-B 

radiation (Cen and Bornman 1990; Bornman and Vogelmann 1991; Adams and Britz 1992; 

Day 1993). In my experiments a reduced SLA, and an increased leaf thickness and size of 

palisade cell and epidermis (presumably to reduce UV-B damage) were observed in all 

plants examined (Table 7.2). Likewise, dark respiration increased but chlorophyll content 

decreased under solar UV-B radiation condition (Table 7.3 and 7.4), as was found in other 

studies (Lovelock 1993; Deckmyn et al. 1994; Huang 1996). 

It has been suggested that UV-B radiation caused a down-regulation of the expression 

of genes which encode for the chlorophyll alb-binding (Jordan et al. 1991; Strid and Porra 

1992; Strid et al. 1994). My results showed that decreased chlorophyll content did not result 

in reduced photosynthesis (Table 7.4). But decreased chlorophyll caused changes in light 

penetration and scattering within the leaves (Bornman and Vogelmann 1991; Deckmyn and 

Impens 1995) which could possibly cause a restructuring of the photosynthetic apparatus 

that would improve the efficiency of the light-harvesting complexes. 

Any environmental stress factor that causes a decrease in photosynthesis rate will have 

the effect of increasing the ratio of PPFD/photosynthesis and zeaxanthin-associated energy 

dissipation (Demmig-Adams and Adams 1992). Because photosynthesis and the ratio of 

PPFD/photosynthesis did not change greatly between UV-B treatments, solar UV-B 

radiation apparently had a strong effect on chlorophyll degradation rather than the size of 

xanthophyll cycle pool in my study. It seems that xanthophyll, including zeaxanthin, 

formation was more strongly affected by PPFD than by solar UV-B radiation. 

In indoor experiments, the decrease in photosynthesis observed after UV-B treatment 

was accompanied by increases in soluble protein contents (Vu et al. 1982; Tevini et al. 

1981). But there are reports showing that both soluble protein contents and rubisco activity 

decreased after UV-B treatment (Vu ci' al. 1984; Strid ci' al. 1990; He ci' al. 1993). In my 

study, solar UV-B radiation led to a significant increased accumulation of soluble protein 

(Table 7.4) and UV-B absorbing compounds (Fig. 7.4) in leaf or phyllode tissue of acacias 

and eucalyptus without any effect on photosynthetic capacity and total biomass. These 

increases may be related to other responses to UV-B radiation (Bornman 1989), such as 
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increased leaf thickness (Table 7.3) which would lead to an increase in sensitive organelles 

and overall protein content. The increases in soluble protein could also be related to that 

observed in rice plants during UV-B hardening (He et at. 1994 b). In this study, the soluble 

content increased but rubisco protein, the major chloroplast stromal protein, remained 

relatively constant. The role of soluble proteins in UV-B treated plants remain unclear. 

Presumably the increase is a direct response to the UV-B treatment. 

The results are summarised in Table 7.7. Generally, acacia and eucalyptus species 

varied in their response to solar UV-B radiation. UV-B radiation had more negative effect 

(12-13 compared to 1-8 for other species) on A. auriculformis and E. camaldutensis but 

more positive effect (10-11 compared to 3-8 for other species), especially in their growth 

and morphology, on A. crassicarpa and A. aulaucocarpa. In contrast, A. man gium was not 

particularly sensitive to solar UV-B radiation, as it showed little change in growth 

performance between treatments. 

My study shows that natural solar UV-B radiation did not significantly affect 

photosynthetic activity and leaf xanthophyll content or cause any detectable photodamage in 

acacia and eucalyptus plants. Nonetheless, it had a significant effect on growth and 

metabolism such as plant height, canopy size, branching, leaf thickness and the content of 

chlorophyll and soluble protein. 
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Table 7.7. Summary of the effect of solar UV-B irradiance on plant growth, gas 

exchange, pigment content and related parameters on acacia and eucalyptus seedlings. 

Abbreviations: Aa, A. auriculformis; Am, A. mangium; Ac, A. crassicarpa; Aau, A. 

aulaucocarpa; Ec, E. camaldulensis; Ep, E. pellita; +, positive effect; --, negative effect; 

and ±, neutral effect. 

Parameter Aa Am Ac Aau Ec Ep 

Growth and morphology 
Plant height -- -- ± -- -- -- 
Branch length -- ± + + -- -- 
Leaf number -- ± + + -- ± 
Leaf area -- -- + + -- + 
Fresh weight -- ± ± -- -- + 
Dry weight -- ± + ± -- ± 
SLA -- -- 

± -- 
Shoot/Root ratio ± ± + + -- -- 

Leaf thickness + + + + + ± 
Gas exchange 

A max 
+ ± ± ± ± + 

g ± ± ± + ± ± 
Respiration + + + ± 
Fv/Fm ± ± ± ± + ± 

Pigments 
Chlorophyll -- -- -- -- -- -- 
Chlalb ratio + + + + ± ± 
Violaxanthin -- ± ± -- 
VAZ -- +  
EPS -- 
Carotene -- ± + + + + 
Total carotenoids -- ± + ± -- + 

Chemical composition 
Soluble protein + + + + + + 

Total sugars  

UVabsorbing + + ± ± ± + 

Total negative effect (--) 13 5 1 4 12 8 
Total positive effect (+) 6 6 11 10 3 8 
Total neutral effect (±) 4 12 10 9 7 7 
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GENERAL DISCUSSION 

Aspects of photoinhibition of photosynthesis and the xanthophyll cycle in high 

visible light and UV-B radiation were examined in a number of acacia and eucalyptus species 

in this thesis. Light in excess for photosynthesis occurs throughout the year in the Top End 

region of the Northern Territory. In addition, plants are often subjected to the combined effects 

of high light, high temperature and water deficits during the dry season in this region. How 

high light irradiance in combination with drought stress and solar UV-B radiation affects 

photosynthesis and how the xanthophyll cycle plays a photoprotective role during 

environmental stress are the central themes in my thesis. 

8.1. EFFECT OF HIGH LIGHT ON PLANTS 

8.1.1. Role of leaf angle against photodamage 

Photoinhibition under field conditions has been reported in a number of species 

including eucalyptus (Quick et al. 1992; Groom et al. 1990; Massacci et al. 1996). In my 

study, the extreme high light and drought stress environments in the Northern Territory 

predictably caused photoinhibition of photosynthesis in several acacia and eucalyptus species 

leading to a decrease in photosynthesis, chlorophyll and soluble leaf protein but a 

corresponding increase in carotenoids, particularly zeaxanthin. 

Native species have adapted to the harsh environment utilizing a number of strategies 

for protection against the excessive light, heat, aridity and drought. For example, the near 

vertical leaf angle of A. crass icarpa reduced light absorption directly and lowered leaf 

temperature for optimal photosynthesis (Chapter 4). Such a strategy seems cost effective 

because of savings in reduced xanthophyll biosynthesis (Lovelock 1993) and chioroplast 

repair cost (Greer et al. 1986) that would eventually lead to increased productivity (Table 

4.4). In contrast, A. auriculi/ormis with small leaf size and leaf angle exhibited high 

photosynthetic activity and substantial xanthophyll cycling activity, useful for the dissipation 

of excessive energy (Chapter 5). Finally, E. pellita with moderate photosynthetic capacity 
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had enormous xanthophyll cycle activity to help dissipate excessive energy and reduce 

photoinhibition (Chapter 4). In addition, smaller epidermal and palisade and spongy 

mesophyll cells, as well as a thick cuticle, were found in phyllodes of acacias and eucalyptus 

in the dry season. A thicker cuticle apparently increased light reflection and decreased light 

absorption (Ehieringer et. at. 1976; Mooney et. at. 1977). These features would also help to 

protect the photosynthetic apparatus against photoinhibitory damage. 

8.1.2. Xanthophyll cycle 

A photoprotective function for radiationless energy dissipation via xanthophyll 

cycling in acacias and eucalyptus is supported by the findings in Chapter 4 and 5. The results 

show that field plants had higher zeaxanthin and xanthophyll content compared to plants in 

the shade house. Likewise, higher zeaxanthin and xanthophyll content was found under high 

growth irradiance compared to low irradiance, at midday, in vertical or small leaf angle 

leaves/phyllodes and under drought stress conditions. In addition, there was a strong 

correlation between the course of photoinhibition and zeaxanthin formation during the dry 

season when high light and drought stress conditions prevailed. My results and other 

published reports (Demmig-Adams and Adams 1992; Owens 1994; Demmig-Adams et at. 

1995) provide strong evidence for a role of the xanthophyll cycle in photoprotection even 

though the precise mechanism of energy dissipation via xanthophyll cycling remains to be 

elucidated. 

8.2. EFFECT OF DROUGHT STRESS ON PLANTS 

Pinitol, sucrose and other sugars play a protective role as osmotically active solutes in 

plants under drought stress. Leaf pinitol level increased dramatically during drought stress 

(Ford 1984; Jones 1984; Nguyen and Lamant 1988; Prior 1993). Field-grown trees of acacia 

accumulated more pinitol and total sugars but less sucrose than seedlings grown in a shade 

house (Chapter 6). The observed difference may be related to the developmental conditions 

between seedlings and trees. 
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The pinitol level also varied significantly between genotypes (clones) of A. 

auriculformis but more studies are needed to establish the role of this metabolite as a useful 

indicator of drought tolerance in this acacia. 

Different patterns of sugar accumulation were also observed between acacia and 

eucalyptus. High pinitol and sucrose and low fructose contents were obtained in acacias 

but the reverse was found in E. pellita (Figs. 6.4-6.7). Such differences could be due to 

species variations and different metabolism in the two groups of plants. Presumably, 

pinitol played a major role in osmoregulation in acacia while fructose was more important 

in eucalyptus. 

8.3. EFFECT OF SOLAR UV-B RADIATION EFFECT ON PLANTS 

Natural solar UV-B radiation had a significant effect on plant height and form but not 

on photosynthetic activity or xanthophyll and sugar content in acacia and eucalyptus 

(Chapter 7). It also had a strong effect on chlorophyll and leaf soluble protein concentration 

as well as on UV absorbing pigments. These results are similar to other published reports on 

solar UV-B (Lovelock 1993; Deckmyn et al. 1994; Caidwell et al. 1994; Huang 1996). 

However, they are different to studies with supplementary UV-B irradiance (Jordan et al. 

1991; He et al. 1993; Cen and Bornman 1990: Day 1993; Ziska et al. 1993; Huang 1996). 

The evidence indicates that the effect of UV-B is likely to be complex and deserves a study 

of its own. 

8.4. GENERAL CONCLUSION 

Plants may dissipate excess energy and maintain high photosynthetic activity through 

different adaptive pathways. The present study attempts to determine how tropical acacia and 

eucalyptus adapt to a high light, high temperature and high water deficit environment. It 

investigates how the xanthophyll cycle plays a role in thermal energy dissipation, how leaf 

angle can play an important role in light absorption and how soluble sugars including pinitol 

contribute to osmotic adaptation during drought stress. These questions are pertinent to plant 
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physiologists seeking to understand the underlying mechanisms associated with plant growth 

and development in the wet-dry tropical regions of Australia. Obviously, more studies are 

required to provide a comprehensive mechanistic understanding of the major processes 

involved. 
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