













































































transcription and DNA replication are probably more significant in terms of plant
growth than its mutagenic effects. Even a single persisting UV-induced lesion can be
a potentially lethal event, particularly in haploid tissues such as pollen grains (Britt,
1997). However, a variety of mechanisms for repairing or circumventing the damage
are present in both prokaryotes and eukaryotes, and the genes that regulate these

mechanisms are regulated by DNA damage (see section 1.5.2, DNA repair).

Nevertheless, studies suggest that high, but not excessive, irradiance at the visible
wavelengths, before or during exposure to UV-B may ameliorate the inhibitory effects
of UV-B exposure on plant growth. Possibly, one of the effects of increased
irradiance of visible light during UV-B exposure is to help protect normal gene
expression. The cyclobutane pyrimidine dimer and the pyrimidine (6-4) pyrimidone
dimer (the 6-4 photoproduct) make up the bulk of UV-induced DNA damage
products. Unrepaired dimers are lethal to cells because they deform the DNA helix,
interfering with both replication and transcription. These biological effects are
significantly reduced by subsequent exposure to light, a process known as
photoreactivation (Sakamoto et al., 1998). Thus it is important to study DNA damage
and repair mechanisms in plants, particularly since plants have an obligatory
requirement for sunlight. The molecular analysis of DNA repair mechanisms depends
on the assay of pyrimidine-containing dimers as a result of radiation exposure, and

their removal or tolerance in the DNA at various stages of the repair process.

1.5.2 DNA repair

The UV component of sunlight produces cytotoxic, mutagenic and carcinogenic
lesions in DNA. In order to prevent alterations in their genetic information due to
DNA damage, organisms have efficient mechanisms of DNA repair and
recombination (Britt, 1995, 1996; Cerutti ef al, 1993). The evolution of various repair
mechanisms to counteract the deleterious effects of UV radiation on cellular DNA has
led to a number of studies aimed at elucidating these repair processes. The most
important discovery in this area of research in recent years is that all cells have a
remarkable capacity to repair damage that is produced by UV in their DNA. The
most detailed studies have been carried out on E. coli, yeast and mammalian cells

(Sancar and Tang, 1993). Based on these studies, cells appear to have evolved a
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variety of biochemical mechanisms to restore the integrity and retain the stability of
the genetic material after DNA damage. These processes, defined as DNA repair, are
organised into a number of pathways that are functionally distinguished by the type of
chemical modification which they remove (Taylor et al., 1997). The systems of repair
responsible for the removal of damage by UV-B radiation from cellular DNA include
photoreactivation (PHR), excision repair, including nucleotide excision repair (NER)
and base excision repair (BER), recombinational repair and post replication repair
(Sancar and Sancar, 1988). Our knowledge of DNA repair mechanisms in plants lags
far behind our understanding of these pathways in microbial and mammalian systems

in which most of the mechanisms have been elucidated (Britt, 1995).

Photoreactivation

Although a substantial number of DNA photoproducts are probably formed during
UV-exposure, these can in turn be counteracted by specialised photoreactivating
enzyme systems such as photolyases. Photoreactivation is the prevention of the
deleterious effects of far-UV light (200 to 300 nm) by concurrent or subsequent
exposure to near UV-visible light (300 to 500 nm) (Hearst, 1995). Photolyases are
flavoproteins that contain two noncovalently bound flavin chromophores. The
photoreceptor chromophore, which is usually either deazaflavin or folate, binds to an
N-terminal region of the protein. All known DNA photolyases are single polypeptide
enzymes that contain reduced FAD and a second chromophore which is either
methyltetrahydrofolate or a deazaflavin, depending on the source of the enzyme. The
C-terminal portion of the apoprotein binds fully reduced flavin adenine dinucleotide
(FADH'), which mediates the photoreduction of CPDs and (6-4) photoproducts
(Hearst, 1995; Taylor, 1997; Taylor ef al., 1997).

Many organisms, including plants contain direct-acting light-dependent DNA-
photolyase enzymes that specifically bind to UV damage products and split them by
breaking the cyclobutane ring via a UV-A/blue light-dependent mechanism, thereby
reversing the damage in an error-free manner, and preventing mutations. Photolyase
utilises photons of light in the UV-A or blue light region of the spectrum (300-500
nm) as an energy source to monomerise dimers by a process involving photoinduced

electron transfer (Sancar, 1994). During photoreactivation repair, the N-terminal
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flavin absorbs light of wavelengths in the region 375-445 nm and transfers the
excitation energy to the C-terminal FADH', which donates an electron directly to the
dimer. The resulting electrochemical rearrangement restores the pyrimidine bases to
their normal structures and the electron is returned to the FADH' radical (Lin ef al.,
1996; Sancar, 1996).

The light-dependent repair enzyme, photolyase was originally reported to be
responsible for the direct splitting of pyrimidine cyclobutane dimers but not
pyrimidine(6-4)pyrimidone photoproducts. Recent reports have demonstrated that
photoreactivation of UV-induced dimers occurs in higher plants, including
photoreactivation of (6-4) products as well as CPDs (Pang and Hays, 1991, Nakajima
et al., 1998). Pang and Hays (1991) demonstrated the presence of UV-B induced
cyclobutane dimer formation, dark repair and photoreactivation in Arabidopsis
thaliana. The A. thaliana photolyase was induced by UV-B exposure but UV-A
radiation was most effective for photoreactivation. The need for determination of
action spectra for DNA damage in more plant species cannot be overstated as it would
produce a generalised plant response curve incorporating most wavelengths of UV-

radiation.

Photolyases are thought to be critical components of the defence of plants against
damage to DNA by ultraviolet light. A photolyase gene from mustard was recently
cloned (Batschauer 1993). The gene encodes a polypeptide of 501 amino acids with a
predicted molecular mass of 57 kDA and shows a strong sequence similarity to
bacterial and yeast photolyases, and a close relationship to enzymes with a
deazaflavin chromophore. The plant photolyase was shown to be functional in E. coli
pointing to conservation of photolyases during evolution. The fact that photolyase
expression in plants was light-inducible provided good evidence for the adaptation of

plants to their environment in order to diminish the harmful effects of sunlight.

The genes encoding the CPD photolyase are widely distributed amongst species, and
have been characterised in detail (Nakajima er. al 1998). For example, light-
enhanced repair of dimers from total DNA has been documented in tobacco,
Haplopapus gracilis, ginkgo, Chlamydomonas, Arabidopsis and wheat. The action
spectrum for reversal of CPDs by partially purified maize and Arabidopsis
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photolyases has been shown to be similar to that of E. coli (Britt, 1996). Light-
dependent repair of 6-4 photoproducts has been observed in vitro in the higher plant
A. thaliana.. A gene that has sequence similarity to a gene that expresses a protein
with a 6-4 photolyase activity in vitro in Drosophila. melanogaster and Xenopus
laevis was recently cloned from this plant. This gene (called UVR3) produced a

protein with 6-4 photolyase activity when expressed in E. coli.

Excision repair

Excision repair can repair a range of damage to DNA including dimers. DNA
damage, photoreactivation and excision repair in the dark have been reported in
higher plants but mainly following UV-C exposure (Soyfer and Creminis, 1977; Strid
et al., 1994). In contrast with photoreactivation, dark repair pathways do not directly
reverse DNA damage. Instead they replace the damaged DNA with new, undamaged
nucleotides through excision repair pathways, namely nucleotide excision repair and
base excision repair. Excision repair processes are generally referred to as “dark
repair’” processes to distinguish them from other light-dependent DNA repair

processes.

Nucleotide excision repair (NER)

Nucleotide excision repair is considered to be the second major pathway for removal
of UV photoproducts from cellular DNA. It is also the most versatile strategy for the
repair of DNA damage, responding to a diverse range of both chemical and
photochemical lesions, including the UV-induced CPD and (6-4) photoproduct lesions
(Taylor et al., 1997). NER was first elucidated in E. coli and acts on lesions that
have created significant distortions in the DNA double helix (including pyrimidine
dimers and (6-4) photoproducts), and incorporates a multisubunit endonuclease which

incises a segment of single-stranded DNA encompassing the lesion.

It involves a five-step pathway that can remove a variety of unrelated helix-distorting
bulky lesions by replacement rather than the direct reversal of damage. The sequence
of events involves recognition of the damage, local unwinding of the DNA by a

helicase action, endonucleolytic incision and removal of an oligonucleotide
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containing the damage. This is followed by resynthesis of a stretch of DNA using the
complementary strand as template and ligation of the newly synthesised DNA to the
existing chain (Friedberg et al., 1995). This process is widespread amongst species
from bacteria through to mammals (Taylor et al., 1997). Few investigations of NER
in plants have been reported, but light-independent “dark™ repair of CPDs, which
might represent either NER or base excision repair, has been observed in several plant
species (Britt, 1996; Liu et al., 2000, Vonarx et al., 1998; Xu et al., 1998). The rate
of dark repair of CPDs was found to vary widely between plant species. High rates of
repair were demonstrated for carrot suspension cultures and carrot protoplasts,
Haplopappus, petunia, and tobacco, whereas excision repair of CPDs was

undetectable in cultured soybean cells.

DNA repair studies in Arabidopsis indicated that the removal of CPDs in the dark
proceeded at a rate lower than that of photoreactivation. However, repair of (6-4)
photoproducts in the absence of light has been reported in Arabidopsis, in which the
UV-sensitivity of one mutant was determined to be due to defective dark repair of (6-
4) photoproducts (Vonarx et al., 1998). Since photoreactivation is mainly active in
visible light the process involved in repair in the above study is therefore most likely
NER since it has been reported to repair both CPD and (6-4) photoproducts lesions.
Several genes involved in the NER pathway and their homologues have now been
cloned, e.g. a rice RAD23 structural homologue, a gene involved in transcription
control was recently sequenced (Schultz and Quatrano, 1997). In addition, several
putative RAD23 homologues are reported to be present in the Arabidopsis expressed
sequence tags (EST) databases. For example, two Arabidopsis DRT101 and DRT102
cDNAs were found to partially complement the UV-sensitivity of an E. coli mutant
and were suggested to encode UV-specific excision repair enzymes (Pang et al,
1993).

Base excision repair (BER)

BER is an excision repair process that may be less important with regard to UV
damage repair, but nevertheless excises modified bases from the genome and replaces
them with normal nucleotides. This process can proceed through various enzymatic

stages. BER consists of a collection of damage-specific DNA glycosylases which
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remove modified bases from DNA in a highly specific and low energy cost to the cell
process, giving BER unique features. The damaged bases are cleaved by the action of
DNA glycosylases, which catalyse the cleavage of the N-glycosylic bonds between
the modified bases and their sugar moieties, leaving the DNA sugar-phosphate
backbone intact (Britt, 1996). This reaction leaves abasic sites within the DNA,
which are then removed by apurinic/apyrimidinic (AP) endonucleases or AP lyases,
which nick the backbone of the DNA at the AP site. The nicked DNA is then restored
to its original sequence through the combined actions of exonucleases, a repair
polymerase, and DNA ligase. These endonucleases specifically catalyse the
hydrolysis of phosphodiester bonds at abasic sites in the DNA (Friedburg ef al,
1995). Apparently, this pathway evolved to protect the cell against effects of
endogenous DNA damage, but the pathway also appears to be essential for the
resistance to DNA damage from exogenous damaging agents such as UV-B. BER is
known to be involved in the repair of minor UV-induced photoproducts such as
thymine glycols which are a direct but minor product of UV-B irradiation (Taylor et
al., 1997). Recently, an Arabidopsis DNA ligase reportedly involved in excision
repair (by homology to eukaryotic endonucleases) was cloned and sequenced (Taylor
et al., 1996). The formation of AP sites in maize seeds attributable to the action of
DNA glycosylases on lesions accumulated during seed storage has also been reported
(Vonarx et al.,1998), suggesting the existence of base excision repair in Zea mays.
The presence of other glycosylases have been reported in cultured Daucus carota

cells, as well as in an Arabidopsis AYES library.

It has been suggested that the relative contributions of the pathways involved in repair
depend upon initial levels of damage incurred to the DNA (Quaite et al., 1994a). For
example, at higher levels of damage to alfalfa seedlings, both types of repair made
significant contributions to the removal of CPDs, but at lower damage levels, only
photoreactivation could be detected. Thus it seems that plants have the capability to
excise UV-photoproducts but in the removal of CPDs, photorepair may be favoured.
It is conceivable however, that some of the lesions produced by UV light may not be
substrates for a photolyase-type repair mechanism, and in these cases excision repair
may be the only method of removal of these photolesions (Taylor ef al., 1997; Quaite
et al., 1994b).
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The repair pathways described above are essentially error free. If, however, a cell
undergoes DNA replication before repair is complete, a “non-informational” DNA
ramage product, such as a pyrimidine dimer, will act as a block to DNA replication.
DNA polymerase will normally reinitiate synthesis 3’ to the lesion, but a gap remains
in the newly synthesized daughter strand at the site opposite the DNA damage product
(Britt, 1996). Although one would expect the persistence of such a lesion to be lethal,
a variety of organisms have been shown to undergo repeated rounds of DNA
synthesis and cell division inspite of the continued presence of non-informational
lesions. Translesion synthesis permits DNA replication, and therefore, enhanced
survival, at the expense of accuracy. One example of such an independent pathway
permitting the completion of replication of damaged chromosomes is recombinational
repair. This pathway is thought of as a “damage tolerance pathway” because it does
not involve DNA repair but instead helps the cell to survive despite persisting damage
(Britt, 1996).

Recombinational repair

DNA double-strand breaks (DSBs) on chromosomes may arise during DNA
replication, cleavage by site-specific endonucleases, or due to exogenous factors such
as ionising radiation or chemical DNA-damaging agents (Michel et al., 1997; Haber,
1999). DSBs are key intermediates in recombination reactions of living organisms
and play an important role in homologous recombination in eukaryotes (Puchta ef al.,
1996). Induction of DSBs has been shown to increase the frequency of homologous
recombination. Since DSBs represent a lethal lesion, all organisms have developed
repair pathways to correct such errors. Double strand breaks in DNA can be repaired
in several ways and the most economical is ligation with another available DNA end.
The two broken ends may be stuck back together by a process called non-homologous
end-joining (also called illegitimate recombination) or the break may be repaired
through genetic exchange with a homologous chromosome (homologous
recombination).  This dark repair system, also termed post-replication or
recombinational repair, takes place after normal DNA replication (Caldwell, 1981;
Vonarx et al.,1998; Van Dyck et al, 1999). In this case, the undamaged portions of

the DNA strand undergo normal replication leaving an appropriate-sized gap in place
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of the lesion, which is then filled by DNA polymerase after initiating new DNA
synthesis using the redundant information in the cell. Homologous recombinational
repair usually proceeds by gene conversion, in which new DNA is copied from a
donor template. It is of great importance that cells recognise the DNA DSBs and act
upon them rapidly and efficiently, because major deleterious consequences can result

if these are left unrepaired or are repaired inaccurately.

It should be noted that at present, very little is known about the genes required for
illegitimate recombination in plants, but some Arabidopsis mutants displaying
sensitivity to ionising radiation have been isolated (Britt, 1996). In E. coli, UV-
photoproducts that are not repaired or removed prior to DNA replication may be
“tolerated” by recA-dependent translession synthesis or post-replication mechanisms,
and similar tolerance mechanisms have been reported in yeast involving members of
the RADG epistasis group for repair of UV-damage (Vonarx ef al, 1998). Genes
encoding these post-replication homologues have now been isolated from wheat and
Arabidopsis. For example, two cDNAs (DRT111 and DRT112) for genes potentially
involved in homologous recombination were isolated and they are postulated to play a

role in DNA repair and /or recombination in Arabidopsis.

In a recent paper (Ries ef al., 2000a), elevated UV-B radiation was reported to reduce
genome stability in plants. Elevated solar UV-B doses increased the frequency of
somatic homologous DNA rearrangements in Arabidopsis and tobacco plants. The
authors analysed the recombination frequency in somatic (non-reproductive) cells in
response to natural spectral tolerance and also when UV-B was raised to higher levels.
The progeny of plants exposed to high UV-B levels had a higher somatic mutation
rate than their predecessors, and elevated UV-B was found to reduce genome stability
in Arabidopsis thaliana, suggesting that plants were undergoing heritable and

cumulative changes in the expression of genes involved in DNA metabolism.

Even though UV-B has been found to cause changes mainly in somatic tissue that is
not going to transmit genes to the next generation, Ries et al., (20002} reported UV-B
induced recombination in the reproductive (germ) cells, pointing to the likelihood of
permanent changes in plant populations as a result of increased UV-B radiation levels.

Plants showed somatic recombination in response to ecologically relevant increases in
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UV-B radiation, and large elevations in UV-B radiation caused further genomic
instability. In the same study, increases in recombination were accompanied by
strong induction of expression of genes putatively involved in major DNA repair
pathways (photoreactivation and recombination repair), namely photolyase and
Rad51. This study presented intriguing data suggesting that elevated UV-B exposure
over several generations may lead to progressive increases in somatic recombination
rates as well as to higher numbers of permanently altered plants. An interesting
observation was that effects of UV-B on genomic instability increased with each
generation, suggesting that plants are undergoing heritable and cumulative changes in

the expression of genes involved in DNA metabolism.

The strategies employed for the removal of DNA lesions show a high degree of
evolutionary conservation between micro-organisms and humans, and CPD product
repair in most organisms is due in large part to different combinations of the repair
processes already described. Only recently have investigations focused upon DNA
repair mechanisms in plants where it is assumed that similar mechanisms to those in
other organisms operate. The precise mechanism of the DNA excision repair, which
is prevalent from prokaryotes to eukaryotes, remains unknown, although a full
understanding of its molecular basis is crucial for cell biology and the medical

sciences.

1.6 Dimorphotheca sinuata and UV-B radiation

1.6.1 Distribution of D. sinuata

D. sinuata is an arid environment winter ephemeral of the family Asteraceae that
grows in areas rich in other ephemeral species which differ in geographic
distribution, leaf polyphenolic content and pollen type. Its range extends between
33056'S, 18029'E (Cape Town, South Africa) (see Figure 2.0) its southerly
distribution, and 26038'S, 16018'E (Aus, Namibia) the northerly distribution limit
where the anticipated stratospheric ozone depletion is 20% (Musil and Wand, 1993;

Musil 1995). The plants are found in abundance on soils of variable fertility in areas
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with unpredictable rainfall at lower latitudes in the north western Cape (van Rooyen
et al., 1990).

1.6.2 Protection by plant structures

The maintenance of genomic integrity is crucial to cellular survival. The genomes in
a developing plant’s reproductive organs seem better screened from UV-B radiation
than in the leaves (i.e. shielding of the germline). For example, anther sacs shield
male gametes by attenuating UV-B radiation by at least 98%, and the relatively thick
ovary wall in most seeds protects female gametes well (Caldwell, 1981). Low UV-B
transmitting perianth tissues, that also contain a variety of pigments (flavonoids,
expoxy-carotenoids and xanthophylls) that absorb in the near UV-region, shield both.
Dicotyledonous Asteraceae possess trinucleate pollen and high polyphenolic levels
(Wand, 1995). D. sinuata forms seeds with two distinct morphologies : the ray
morphs which have thick seed coats believed to protect seeds during conditions which
are not conducive to germination, and the disk morphs which are lighter and aid in
dispersal (C. Musil, personal communication). These two distinct morphologies
could possibly play a role in shielding the seeds from the damaging effects of UV
radiation during the time when they may lie exposed on largely barren soil surfaces

for months and even years between rainfall events.

1.6.3 Physiological and biochemical effects of cumulative UV-B exposure on D.

sinuata

Physiological and biochemical effects of cumulative exposure of D. sinuata to UV-B
have already been studied in vifro (Musil and Wand, 1993; Musil, 1995, 1996;
Midgley et al., 1998). Data from these studies point to the possibility that UV-B
effects could be cumulative over the life history of the study plant. The studies also
showed that accumulated UV-B effects had a greater impact on plant performance
than immediate UV-B effects (Musil, 1994, 1995).
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Table 1.0. Summary of findings of prolonged UV-B exposure effects on offspring of
D. sinuata from previous studies (see Musil 1995, 1996; Musil ef al., 1999a).

Attributes of offspring of progenitors grown under elevated UV-B

Diminished photosynthetic rate — a consequence of a reduced leaf density
Diminished foliar levels of carotenoids, polyphenolics and anthocyaning
Substantial reductions in drymass

Decreased stem and inflorescence production

Earlier reproductive effort

Diminished steady state fluoresence yields

Diminished chlorophyll concentrations

Diminished pollen tube growth and germination of seed set

Increased non-structural carbohydrates

YV V.V V ¥V V V V¥V VvV Y

Increased chlorophyll-b levels

Altered physiology was accompanied by reduced apical dominance and earlier
flowering — features generally considered under photomorphogenic control, increased
branching and inflorescence production and greater partitioning of biomass to
reproductive structures, but diminished seed production. Comparisons with earlier
generations revealed trends with cumulative generations of enhanced UV-B exposure
of increasing chlorophyll-6 and non-structural carbohydrates, decreasing
polyphenolics and biomass allocation to vegetative structures, and diminishing seed
production despite increasing biomass allocation to reproductive structures (Musil ez

al., 19992).

Changes brought about by accumulated UV-B included earlier reproductive effort,
substantial reductions in dry mass, decreased stem and inflorescence production,
diminished steady-state fluorescence yields, chlorophyll-a concentrations, pollen tube
growth and germination of seeds set. On the other hand, immediate UV-B effects

caused only diminished non-photochemical quenching, reduced concentrations of
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chlorophyll-a, soluble sugar and starch, decreased pollen germination and- increased
carotenoid contents (Musil, 1996). The effects of UV-B irradiation on growth and
allocation of biomass appeared to accumulate as subsequent generations were exposed
to UV-B irradiation. Furthermore, after four generations of UV-B irradiation, the
effects persisted in a fifth generation that was not exposed to UV-B treatment,
implying that the effects of UV-B irradiation changes could be amplified. This

phenomenon could also be apparent in long-lived woody plants.

Damage to DNA caused by UV-B exposure during plant development may not be
fully repaired, and thus could be inherited by offspring and accumulated over
successive generations in this species (Musil, 1996). Since the genomes of plant
reproductive organs are generally well screened from UV-B during both
developmental and mature phases (by thick ovary walls and thick anther sacs for male
gametes and perianth tissue that has been reported to transmit low UV-B levels), it
has been postulated that pollen grains are the most likely candidates for damage by
UV-B radiation. Pollen grains have indeed been reported to be particularly
susceptible to UV-B radiation during the short period between anther dehiscence and
pollen tube penetration into stigmatic tissue (Musil and Wand, 1994; Midgley et al.,
1998). Findings of UV-B-induced reductions in pollen viability have also been
reported in several South African annual species grown under enhanced UV-B (Musil,
1995). From these findings it has been postulated that pollen grains form an
ecologically critical developmental stage of the plant, and in its natural state, D.
sinuata pollen could be exposed to UV-B during the period between anther
dehiscence pollination, and therefore is potentially vulnerable to genetic damage by
UV-B. A diminished reproductive capacity with increased UV-B radiation has
potentially deleterious consequences for seed bank and population dynamics in
natural ecosystems, particularly those of South African semi-arid and arid winter
rainfall areas which are subject to periodic natural perturbations as a result of fire and

high physicochemical stress (Musil, 1995).

Diminished pollen quality could imply that UV-B radiation interferes with pollen
development or that there has been DNA damage in the pollen grains, which could
cause mutations during replication of damaged DNA after fertilisation. This would,

in turn, alter DNA integrity sufficiently to affect subsequent plant performance (Jiang
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and Taylor, 1993). McLennan (1987) has reported the partial purification of the
enzyme photolyase from maize pollen and several types of bean, implying that repair
of DNA damage to pollen is essential for survival. UV-B irradiation of maize pollen
has been reported to activate cryptic transposable elements and under such conditions,
recombination processes may also be induced, thus affecting the genome stability of

future plant generations (Walbot, 1999).

Even though UV-B has been found to cause changes mainly in somatic tissue that is
not going to transmit genes to the next generation, UV-B-induced recombination has
been reported in the reproductive (germ) cells, pointing to the likelihood of permanent
changes in plant populations as a result of increased UV-B radiation levels (Ries et
al., 2000a,b). The progeny of plants exposed to high UV-B levels had a higher
somatic mutation rate than their predecessors, suggesting that plants were undergoing
heritable and cumulative changes in the expression of genes involved in DNA
metabolism. In a recent study, elevated UV-B was found to reduce genome stability
in Arabidopsis thaliana, and the results suggested that plants were undergoing
heritable and cumulative changes in the expression of genes involved in DNA
metabolism (Ries ef al., 2000a). In the case of D. sinuata, if it were not repaired
fully, damage to pollen may be inherited by successive generations, and thus
accumulate in the genetic material. Seeds from plant material that has been subjected
to enhanced UV-B radiation for five generations of the plant are available (Musil
1994, 1995) and were used in this study to address the aims of this study.

1.7 Aims of Study

From the literature it is apparent that there has been a reduction in the amount of
ozone in the stratosphere due to man-made CFCs resulting in an increase in UV-B
radiation reaching the earth’s surface. This increase in UV-B has been found to cause
both photomorphogenic as well as genetic changes in plants. Photoreceptors acting
through signal transduction pathways are responsible for sensing this ultraviolet
radiation. Several components of the photosynthetic apparatus have been found to be
affected by UV-B, with nuclear encoded genes being more sensitive to UV-B than
chloroplast encoded genes. Despite this plethora of information, long-term effects of

UV-B radiation in plants are still not well understood. Studies need to be carried out

36



over longer time periods to provide definitive answers to questions such as cumulative
effects of UV-B, effects of UV-B at ecosystem level, and interactions of elevated UV-
B with other stress factors. This study is aimed at elucidating some of these effects

and to shed some light on the long-term effects.

The aim of this study is therefore to look at the genetic effects of cumulative exposure
to UV-B exposure in an indigenous species D. sinuata. Currently not enough is
known about the reasons for the large UV-B response differences among
treatments/cultivars observed by Musil (see Table 1.0). Ideally it is necessary to
understand the genetic basis (heritability) of UV-tolerance and sensitivity. Once this
is known, an estimate of the possibility of using conventional breeding practices to
minimise the potential effects of UV-damage could be made. At present plant

breeders have not yet considered UV-sensitivity as a selective factor.

The changes observed by Musil could possibly be a result of an altered DNA integrity
rather than an indirect UV-B effect of photomorphogenic origin, as exemplified by
reduced seed size producing smaller seedlings and adult plants. This study is
therefore also aimed at establishing whether the observed accumulated effects are
genetically based. To achieve this objective, three different approaches were used. In
the first, genetic variation in chloroplast DNA between populations of plants from
different latitudes were studied. The results of this study could give an indication of
the evolutionary history of plants growing in an inherently higher UV-B environment.
The second approach employed the use of the Dral assay method of Harlow et al.
(1994) to look for direct evidence of UV-induced dimerisation in the DNA isolated
from study plants. The third approach looked at differences in gene regulation in key
photosynthetic pathways using mRNA studies. Biochemical analyses of the same
gene products were carried out to correlate mRNA levels with the actual gene

products they encode.
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Chapter 2

Effects of UV-B radiation on natural populations of the desert annual D. sinuata:
chloroplast DNA analysis.

2.1 Introduction

Significant latitudinal variation in incident UV-B radiation has been reported (Green,
1983; Musil et al., 1999b). Solar UV-B increases modestly with elevation above sea
level e.g. about 14-18% per 1000m elevation. Much larger changes are observed with
latitude because of prevailing solar angles. The change of solar UV-B radiation with
latitude is large relative to the expected increases of UV-B radiation that would result
from ozone reduction. For example, the amount of UV-B experienced at tropical
latitudes is greater than in temperate regions because the angle of the sun is such that
there is less absorption by the atmosphere. In addition, the natural latitudinal gradient
in the ozone layer results in a thin ozone layer in the equatorial regions and a thicker

one at the poles (Caldwell ef al. 1989).

A few studies have been carried out in which plant performance across natural solar
UV-B gradients and in natural taxa distributed at different elevations was compared.
Contrasting sensitivities to UV-B radiation have been reported which implies the
presence of natural adaptations to UV-B stress (Caldwell, 1980; Ziska et al.,, 1992).
These indicate that species and ecotypes from high UV-B irradiance environments
e.g. montane and low latitude locations, are often less sensitive to elevated UV-B
radiation than those from low UV-B irradiance locations with a few exceptions (Ziska
et al., 1992; Musil et al., 1999b). This has led to suggestions that genotypic
differentiation may have developed among plants along these gradients. Species that
are distributed over extensive geographic areas are subjected to large spatial and
seasonal variations in solar UV-B exposure (Caldwell, 1980). This is a function of
the natural latitudinal gradient in thickness of stratospheric ozone layer, prevailing

solar angles at different latitudes, elevation above sea level, cloud amount and form.

Studying UV adaptations in natural plant populations could enable us to find novel or
unique protective mechanisms that have not been detected in crop plants already
exposed to intensive artificial selection. Perhaps the first place to search for UV-B

responsiveness in native plants is in regions where natural levels of UV-B are already
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quite high. Plants that naturally occur in high UV environments would undoubtedly
have evolved specific adaptations that protect them from the deleterious effects of
UV-B. However, this does not mean that they do not respond to UV-B: indeed it
might suggest quite the opposite in that their anti-UV mechanisms may be
permanently induced. Such plants could also show reduced responsiveness mainly

because of reduced sensitivity to UV-B radiation.

Assessing UV-B radiation sensitivity in plants is not easy. This is because sensitivity
differs between species and even varieties, and is further influenced by other
environmental conditions as well as the developmental history of the plants and
geographical origin of the species. It has been hypothesised that species originating
from areas that receive high levels of UV-B radiation would be highly resistant to
UV-B radiation. There is evidence that species and ecotypes native to low latitudes

are inherently more resistant to UV-B irradiation (Caldwell et al., 1989).

Characterisation of chloroplast DNA

Chloroplasts are the chlorophyll-containing, photosynthesising organelle of plants and
are thought to be descendants of endosymbiotic cyanobacteria. Each chloroplast is
surrounded by a double membrane and contains a system of internal thylakoid
membranes, which form stacks of flattened discs called grana in which chlorophyll
molecules are embedded. Organelles such as mitochondria and chloroplasts contain
their own genomes. Even though chloroplasts are semi-autonomous organelles, their
reproduction and functioning is under the control of both nuclear genes and those of

the organelle.

The chloroplast genome is the most widely studied plant genome with regard to both
molecular organisation and evolution (Clegg et al, 1994). The picture that has
emerged from these studies is of a relatively stable genome with marked conservation
of gene content and substantial conservation of structural organisation. Chloroplast
genomes have a number of prokaryotic as well as eukaryotic features. Even though
several chloroplast genes are monocistronic, most chloroplast genes are organised in
clusters and are co-transcribed as polycistronic pre-RNAs which are then processed

extensively into shorter RNA species. Polycistronic primary transcripts thus obtained
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consist of messages for proteins or RNAs with related function, such as in
photosynthesis, transcription and translation, and other functions. This indicates that
post-transcriptional RNA processing of primary transcripts plays an important role in
the control of chloroplast gene expression. Although the chloroplast genomes of
many higher plants are matemally inherited (Sager and Lane, 1972; Gillham, 1974;
Kuroiwa, 1985; Birky Jr., 1995), most components of the chloroplast genetic system
are not coded by the chloroplast but are instead nuclear-encoded. As a result,
chloroplasts rely on the nucleus for most of their structural proteins and the regulatory
factors that control the expression of their genes. In other words, formation of the
chloroplast genetic system requires the co-ordinate expression of nuclear and

chloroplast genes (Sugita and Sugiura, 1996).

Vascular plant and algal chloroplast genomes contain approximately 100 genes, most
of which encode components of the photosynthetic electron transport machinery and
elements of the transcriptional apparatus (Stern ez al., 1997). These intracellular
organelles contain the entire enzymatic machinery for the process of photosynthesis
(Shinozaki et al., 1986a). The chloroplast genomes of higher plants exist as multiple
copies of circular, covalently closed dsDNA that range in size from 80-200 kb
(Kolodner and Tewari, 1979; Hoffer and Christopher, 1997). The variability in
chloroplast DNA size is due to differences in the size of an inverted repeat and small
differences in gene content among plant species. A relatively stable arrangement of
sequences has been reported in those genomes with a large inverted repeat and a much
more dynamic arrangement in those that have lost it (Palmer and Thompson, 1982). It
has been postulated that the inverted repeat may play a direct role in maintaining a
conserved arrangement of ctDNA sequences. Restriction endonuclease digestion has
been used extensively in the past to reveal RFLPs in ctDNA of several plants species
(Palmer and Thompson, 1982; Wagner et al., 1987; Chen et al., 1990; Knox and
Palmer, 1995, Hultquist et al., 1996). Chen et al., (1990) showed consistently
distinguishable restriction endonuclease patterns of ctDNA between fertile and male-

sterile cytoplasms of sorghum [Sorghum bicolor (L.)].

In general, chloroplast genomes encode a similar group of approximately 100 protein
genes, 30 to 31 tRNA genes, and a complete set of rRNA genes, which function in

photosynthesis, transcription and translation. Most of these genes code for
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components of the plastid’s own protein-synthesising apparatus and for many proteins
important to photosynthesis i.e., they function either in photosynthesis or as

components in the chloroplast protein-synthesising system, (Palmer 1986).

Plants occupy a special niche owing to their ability to obtain energy directly from
sunlight for photosynthesis and, as a result, are obliged to be continuously exposed to
the ultraviolet (UV) radiation that is present in the spectrum of solar radiation. By
virtue of being the light harvesting machinery of the plant, chloroplasts have a
significantly greater potential for acquiring ultraviolet induced genetic damage. Like
nuclear DNA, organellar DNA is subject to damage (e.g. the induction of pyrimidine
dimers) by UV irradiation (Chen et al., 1996). Since the UV component of sunlight is
capable of inducing photo-damage in DNA, plants must possess means to prevent
DNA damage and, in addition, repair those UV-induced lesions that invariably occur
(Cannon et al., 1995). UV-irradiation is probably a major contributor to plastome
damage, but since the chloroplast contains DNA that is used as a transcriptional
template for gene products essential for photosynthesis and, therefore plant growth
and productivity, it is reasonable to assume that a very efficient mode of DNA

damage repair is operational in this organelle (Cannon et al., 1995).

Plants sense many aspects of light in their environment, including its wavelength,
duration, intensity, and direction. This information is used to optimise growth for the
ambient light environment, thereby allowing the plant to function as an efficient
photosynthetic machine throughout development (Chory, 1997). Light is essential for
normal plant growth and development not only as a source of energy but also as a
stimulus that regulates numerous developmental and metabolic processes (Gilmartin
et al., 1990). While absorbing visible light energy for photosynthesis, plants are
unavoidably exposed to ultraviolet radiation, which is particularly harmful at shorter

wavelengths.

Genetic changes induced by environmental stress and the potential impact these
changes have on organismal evolution are areas of both great interest and controversy.
Stress-induced mutations have been documented in many organisms and are reported
to play an important role in the evolution of plants (Waters and Schaal, 1996).

Unfortunately, the mechanisms that generate these mutations, the types of stress-
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induced mutations that occur in plants and whether or not these mutations are
inherited and thus of evolutionary significance are still unknown, except for a few
instances. For example, in certain flax varieties, the occurrence of environmentally
induced heritable changes has been shown to be accompanied by changes in the
genomic DNA (Cullis ef al.,, 1999). Unlike animals, plants do not sequester a germ
line early on in development, thus a stress-induced mutation in any cell that later
gives rise to reproductive tissue can be passed onto the next generation. Such
heritable stress-induced somatic mutations may play a potential role in the

evolutionary process.

Findings of UV-B induced reductions in pollen viability in several South African
annual species grown under enhanced UV-B have been reported (Musil, 1995).
Recently, it has been suggested that, even under experimental treatments using natural
white light, damage to the plant genome caused by elevated UV-B may also be
inherited by successive generations of the desert annual D. sinuata and thus
accumulate in the genetic material (Musil, 1996). This form of damage may be
extremely important in populations that have rapid turnover of generations, such as
annual species, which are common in high-radiation environments. Furthermore,
populations which are isolated by habitat fragmentation may be further at risk to this

form of damage due to limited outcrossing opportunities.

Based on the observations that plant exposure to episodic or steadily increasing doses
of UV-B damages photosynthetic reaction centres, cross-links cellular proteins, and
induces mutagenic DNA lesions, it was proposed that D. sinuata plants that occur
naturally at higher latitudes associated with higher UV-B levels may be
physiologically and reproductively less sensitive to UV-B radiation. It was therefore
decided that chloroplast DNA (ctDNA) from natural populations would be analysed.
Genomic variation in plant populations can be studied using a number of methods.
Examples include subtractive hybridization and polymerase chain reaction based
methods such as random-amplified polymorphic DNAs (RAPDs) using random
arbitrary oligonucleotide primers (Cullis ef al, 1999). These methods normally
identify DNA changes that are distributed throughout the genome. From these studies,
there has been an indication that the susceptible sites depended on the inducing

stimulus. Chloroplast DNA restriction endonuclease analysis was used in this study
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because T=T sites in the DNA were being proposed as potential candidates for
indicating UV-B effects. This is because the chloroplast genome, by virtue of being
housed in the light harvesting apparatus, is likely to be targeted by the damaging
effects of UV-B radiation. It also has a significantly higher likelihood of acquiring
UV-induced genetic damage, especially at T=T sites and this could be tested using
restriction endonucleases which target T=T sites in the DNA such as Dral, EcoRI and
HindlII.

Growing a selection of D. sinuata plants taken from different latitudes (Figure 2.0) in
a greenhouse and determining their RFLPs patterns tested this hypothesis. The
objective of this chapter was to determine if ctDNA restriction fragment length
polymorphisms occur in Namaqualand daisy plants taken from different localities.
An analysis of ctDNA was carried out and a comparison of the southern-most latitude
plant populations with those growing in an inherently higher UV-B environment
(northern latitudes) was conducted. This chapter represents a study of the natural
populations of D. sinuata that addressed two main questions — firstly whether the
natural populations show any evidence of variation in the chloroplast genome, and
secondly if the changes could be attributed to prior damage by UV-B i.e. via the
formation of pyrimidine dimers at some stage in their history. These questions were
addressed by analysis of ctDNA using various restriction endonucleases. These
included the Dral (TTTAAA), EcoRI (GAATTC) and HindIIl (AAGCTT) enzymes
whose recognition sequences are possible targets for UV-B radiation, and other
enzymes such as BamHI (GGATCC) and EcoRV (GATATC), whose recognition

sequences are not obvious UV-B targets.

2.2 Materials and methods

2.2.1 Origin of seed material

The seeds that gave rise to the plants used in ctDNA analysis in this study were
collected from different regions as shown in Figure 2.0. Even though Aus in Namibia
(26°38’S, 16°18°E) is reportedly the northern-most limit for D. sinuata, samples were
not available from this point, and the northern-most point analysed was Augrabies

Falls (28°38’S, 20°25°E), and the southern-most was Kirstenbosch Botanical Gardens,
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Cape Town (35°12°S, 18°25’E). Seeds for the Kirstenbosch population were
collected from the wild several generations in the past and have since been propagated
in the Kirstenbosch Botanical Gardens till the present time. Samples were also
collected from Bitterfontein, representing the mid-latitudes (Figure 2.0). MW Van
Royen of the University of Pretoria supplied the seeds from Augrabies Falls, (Rosch
et al., 1997). Seeds from Bitterfontein were generously supplied by Silverhill Seeds,
Kenilworth, Cape Town.

2.2.2 Germination of seed material

Seeds were soaked for five minutes in a 5% solution of sodium hypochlorite, and
rinsed five times in distilled water. They were then placed on five layers of moistened
Whatman filter paper on petri dishes, which were then sealed with paraffin-wax film
to minimise evaporation. Seeds were germinated in the dark for a week before being

potted. After six weeks, leaf samples were taken for ctDNA isolation and analysis.
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Figure 2.0 Map showing location of sites from which samples were collected.

2.2.3 Isolation and characterisation of chloroplast DNA

All procedures were carried out at 4°C unless otherwise specified. Prior to ctDNA

extraction, plants were kept in the dark for 12 hours to destarch the leaves.

Chloroplast DNA was isolated according to the method by Palmer (1986) with minor

modifications. Five grams (5 g) of young healthy leaves were harvested and washed




in dH,O then cut into small pieces. The leaves were homogized in 30 mL of cold
isolation buffer (0.35 M Sorbitol, 50 mM Tris-HCl pH 8.0, 25 mM EDTA, 0.1% BSA
and 0.1% 2-B-Mercaptoethanol — BSA and 2BME are added just before use) with five
5-second bursts in a milk-shake blender (Sorvall® Model Omni-Mixer 17106, Dupont
Instruments). The homogenate was filtered through 4 layers of cheesecloth and then
centrifuged at 500 rpm for 5 minutes in a GSA rotor to pellet nuclei and debris. The
supernatant was collected and centrifuged at 3000 rpm for 10 minutes at 4°C in a
GSA rotor to pellet the chloroplasts. The pellet was then resuspended in 8 mLs of
cold wash buffer (0.35 M Sorbitol, 50 mM Tris-HCI pH 8.0, 25 mM EDTA) with the
aid of a fine artist’s paintbrush. Sucrose gradients (24 mL of 52% and 8 mL 30%
sucrose in 25 mM EDTA, 50 mM Tris-HCI, pH 8.0) were prepared and left to stand
overnight at 4°C to give a diffuse interface. The resuspended pellet was gently loaded
onto the sucrose gradient and centrifuged at 26 000 rpm for 90 minutes in a swinging
bucket SW-281I rotor. At the end of centrifugation the chloroplast band was removed
with a cut-end blue Gilson pipette tip or a wide-bore pipette and diluted with 5
volumes of wash buffer. This was then centrifuged at 4000 rpm for 15 minutes in an

SS-34 rotor and the supernatant was discarded.
2.2.4 Lysis of the chloroplasts

The isolated chloroplasts were lysed either using the lysis buffer method, or they were
osmotically shocked in distilled water as described below. With the lysis buffer
method, the pellet was resuspended in wash buffer to a final volume of 10 mL and 1/5
volume of lysis buffer [S% (w/v) N-lauryl sarcosinate sodium salt (sarcosinate), 50
mM Tris-HCI pH 8.0, 25 mM EDTA] with 0.1 % (w/v) proteinase K added just
before use. The suspension was incubated at 50°C for 15-30 minutes. For the
osmotic shock method, the pellet was resuspended in 1 mL of distilled H,O and
transferred to a 2-mL eppendorf tube, and 10 pL of proteinase K (20 mg/ml stock)
was added. The resuspended pellet was left at room temperature overnight. The
extent of lysis was routinely checked by placing a drop of the lysate on a microscope

slide and viewing under a light microscope.
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2.2.5 Extraction of nucleic acids

All standard DNA manipulations and electrophoresis were performed as described in
Sambrook et al. (1989) with some minor modifications. After lysis, chloroplast DNA
was extracted at room temperature with an equal volume of TE-buffered phenol, (TE
= 10 mM Tris-HCI, 1 mM EDTA, pH 8.0) followed by a phenol: chloroform: iso-
amyl alcohol (25: 24: 1) extraction, and finally a chloroform: iso-amyl alcohol (24:1)
extraction. The DNA solution (aqueous phase) was transferred to a 30 mL correx
tube (for the lysis buffer method), or a 2 mL eppendorf (for the osmotic shock
method) containing an equal volume of iso-propanol and 1/10 volume of 10 M
ammonium acetate. The DNA was precipitated at room temperature for 30-60
minutes. The DNA pellet was collected by centrifugation, washed in 80% ice-cold
ethanol, vacuum dried and then resuspended in 30ul of TE+RNAse A buffer (pH 8.0).
DNA concentrations were then determined spectrophotometrically and samples were

stored at 4°C.

2.2.6 Restriction endonuclease digestion of ctDNA and agarose gel
electrophoresis

The restriction enzymes BamHI, Dral, EcoR1, EcoRV, and HindIIl (Roche Molecular
Diagnostics) were used according to the recommendations of the manufacturers. Five
microgram aliquots of ctDNA were digested in 30 pl of reaction mixture with 10-20
units of the restriction enzyme and incubated for 12 — 20 hours. Aliquots of the
digests were run on a slide gel to check the extent of digestion. The entire digest was
then loaded onto a 25 cm-long, 0.8% agarose gel and subjected to electrophoresis for
16 hours at 30V. These samples were used to estimate the ctDNA genome size and to
compare the restriction endonuclease digestion patterns of plants from different

latitudes.
Estimation of the ctDNA genome size
Equal amounts of chloroplast DNA samples from Kirstenbosch Botanical Gardens

were digested with various restriction endonucleases (BamHI, Dral, EcoRI, EcoRV,

and HindIIl). Samples were divided into two and were separated by electrophoresis
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on 0.6% and 1.5% agarose gels according to Sambrook et al. (1989) to resolve the
high molecular weight and low molecular weight fragments respectively.
Alternatively, digests were resolved by electrophoresis on 0.8% agarose, blotted onto
a positively charged nylon membrane according to standard procedures and probed
with a DIG-labelled BamHI digest of ctDNA. Five micrograms of ctDNA from
Kirstenbosch was digested to completion with BamHI in a 40pul reaction. At the end
of digestion, the volume of the reaction mixture was made up to 100 pl with TE
buffer. This was then extracted once with phenol/chloroform, and then with
chloroform. The supernatant (aqueous phase) was precipitated with an equal volume
of isopropanol and 1/10 volume of 5SM ammonium acetate. After washing in 70%
ethanol, the pellet was resuspended in 15 pl of dH,O. Five microlitres of this was
used to set up a random primed Digoxigenin- (DIG) DNA labelling reaction
according to the manufacture’s protocol (Roche Diagnostics GmBH, Mannheim,
Germany). The labelling reaction was done overnight at 37°C. The concentration of

the probe was then determined as described in the supplier’s protocol.

To estimate the size of the chloroplast genome, a log plot of the molecular weight
marker was made and from this, band sizes were estimated from the distance migrated

on a gel. Three enzymes (Dral, EcoRI and EcoRV) were used in this estimation.

2.3 Results

2.3.1 Estimation of ctDNA genome size

The DIG-labelled ctDNA was used to aid in the detection of modified bands on the
blots (Figure 2.3). It was also used to highlight the lower molecular weight fragments
that were not easy to discern from the gels. This was crucial in working out the total
size of the chloroplast genome. The lysis buffer method resulted in better lysis and
this method was used in this study. The restriction patterns of ctDNA from
Kirstenbosch, digested with various enzymes are shown in Figure 2.1. This is a
representative gel used in the determination of the size of the chloroplast genome of
D. sinuata. The chloroplast genome size of D. sinuata was estimated to be 123.80 +

11.57 kb.
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sinuata plants from Kirstenbosch was digested with three different enzymes Dral (lane 1), HindIIl

(lane 2) and EcoRV (lane 3). Lambda DNA digested with Ps#I (lane A) and the high molecular
weight marker IV (lane M) (Roche Diagnostics GmBH, Mannheim, Germany) were used as the

molecular weight standards.

2.3.2 Restriction endonuclease digestion of ctDNA

Chloroplast DNA from all the sample sites (various latitudes) showed the same
pattern when digested with restriction enzymes with the potential dimer formation
sites (Dral, EcoRl and HindIIl) although the samples were from different sources
(Figure 2.2 and 2.3). Analysis of ctDNA from Augrabies Falls samples showed
alterations in BamHI and EcoRV restriction fragments when compared to those from

Kirstenbosch (Figure 2.2). The Kirstenbosch samples were taken as a standard and
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were compared to the other sample sites. For the BamHI digest (Figure 2.2 lanes 3
and 4), three polymorphic bands (8.0, 4.8 and 4.0 kb) indicated by arrows, were
identified in the Augrabies Falls samples. The 4.8 kb band is not visible on the
agarose gel (Figure 2.2) but is more distinct in the Southern blot of the same gel
(Figure 2.3, lane 3, indicated by top arrow). This particular band is not very clear in
the picture depicted here but it was visible on the actual blot. When the same samples
were digested with EcoRV (Figure 2.2 lanes 5 and 6), two polymorphic bands of 7.7
and 4.3 kb were identified in the Kirstenbosch sample while the Augrabies Falls
sample showed one polymorphic band, 4.5 kb in size (Figure 2.3).

Figure 2.2 Restriction endonclease digestion of chloroplast DNA. Samples from Kirstenbosch
(lanes 1, 3 and 5) and Augrabies Falls (lanes 2, 4 and 6) were digested with various enzymes as
indicated. Lanes 1 and 2 = Dral; lanes 3 and 4 = BamH], lanes 5 and 6 = EcoRV. M = High
molecular weight marker and A = lambda DNA digested with Pstl used as molecular weight

standards. Polymorphisms are indicated by the arrowheads.



Figure 2.3. Southern blot of chloroplast DNA. Samples from Kirstenbosch (lanes 1, 3 and S), and
Augrabies Falls (lanes 2, 4, and 6) are as shown in Figure 2.1. The gel was probed with DIG-labelled
ctDNA that has been digested with BamHI. Lanes 1 and 2 = Dral, lanes 3 and 4 = BamH], lanes 5 and
6 = EcoRV. The arrowheads indicate the polymorphic bands from the different restriction

endonucleases. Fragment sizes are indicated on the right of the figure.

Figure 2.4 shows chloroplast DNA from different latitudes digested with the EcoRV
restriction endonclease. The figure is a composite of ctDNA digests of samples from
Aurabies Falls, Bitterfontein and Kirstenbosch Botanical Gardens. These samples
were resolved on the same gel from which a composite was made for comparison
purposes and for clarity. The Bitterfontein samples are very different from either

Augrabies Falls or Kirstenbosch.
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Figure 2.4 Chloroplast DNA restriction endonuclease analysis. CtDNA was digested with

EcoRV and separated by electrophoresis on a 0.8% agarose gel. Lane | = Aurabies Falls, lane 2 =
Bitterfontein; lane 3 = Kirstenbosch. A = A-Pstl molecular weight marker, M = high molecular
weight marker [V. Samples were resolved by electrophoresis on the same gel, and a composite is

shown here for comparison purposes. See Figure 2.0 for location of sampling sites.

2.5 Discussion

Experimental procedures designed to isolate specific organelles are required to
physically separate the organelle from other sub-cellular fractions without disrupting
its structural integrity. The cellulose cell walls of most plant tissues are so rigid that
the forces needed to disrupt the cell walls tend to rupture fragile organelles as well
unless special care is taken during homogenisation. Of particular concern is the large
central vacuole, which contains tannins, acids, and hydrolases that can seriously

damage the sub-cellular components (Palmer, 1986). Thus the first requirement is
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that the cells be disrupted under mild conditions. The second requirement for
purification of enzymatically active chloroplasts is that the chloroplasts be protected
chemically from the vacuolar contents released during cell disruption. The grinding
medium must be sufficiently buffered to stabilise the pH when vacuolar acids are
released. In addition, because the chloroplasts are osmotically responsive, the
medium must contain an osmoticum similar in concentration to the cytoplasm of the
cell, and solutions used for cell fractionation must be kept cold (0-4°C) to arrest

activity of hydrolytic enzymes.

A ctDNA isolation protocol was optimised for D. sinuata and an analysis of ctDNA
profiles of samples from different latitudinal locations was carried out. Two different
methods were used to lyse the isolated chloroplasts and the lysis buffer method was
found to yield greater quantities of ctDNA compared to the osmotic shock method.
The chloroplast genome size of D. sinuata estimated to be 123.80£11.57 kb lies
within the range reported for chloroplast DNA sizes of higher plants (80-200 kb)
(Hoffer and Christopher, 1997).

The chloroplast genome is reportedly highly conserved with respect both to genetic
content and an operon-like clustering of certain genes (Clegg et al., 1994; Lidholm
and Gustafsson, 1991; Wakasugi et al., 1997). However, an analysis of the entire
chloroplast genome of D. sinuata has revealed that this is not always the case. An
analysis of ctDNA done by comparing ctDNA profiles of plants from Kirstenbosch
Botanical Gardens, Cape Town (35°12’S, 18°25’E) to those growing at more
northerly latitudes where the plants are exposed to inherently higher UV-B levels
showed different restriction patterns. The DNA samples showed alterations in BamHI
and EcoRV restriction fragments and these are enzymes that do not portray obvious
UV-B targets in their recognition sequences. On the other hand, those enzymes used
in the analysis and selected on the basis of being potential UV-B targets did not show

any differences.
This chapter describes the analysis of restriction patterns obtained from chloroplast

DNA isolated from natural populations of D. sinuata collected from different

locations with different UV-B profiles. A number of the polymorphic bands were
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found in plants from the different sampling areas experiencing different UV-B
regimes but there is no evidence for UV-B causing the changes via mutation at the
T=T sites. However, at this stage, one cannot really pinpoint the cause of these
RFLPs, whether they are spontaneous or induced mutations. One possibility is that
these may be attributed to evolutionary processes acting on this natural population
possibly resulting in re-arrangements of the genome, which is in agreement with
previous reports that chloroplast genomes usually undergo re-arrangements when
subjected to stress (Lidholm and Gustafsson, 1991; Cullis et al, 1999), UV-B
radiation being the stress factor in this instance. It is clear from the results that to
address this issue, a far more extensive analysis is required but this was clearly
beyond the remit of this thesis. The results obtained however, do indicate the
potential for this approach and provide some (useful) insight into the complexities

involved.

To further enhance the relevance/significance of the results obtained, future studies
should look at differences in the sensitivity to UV-B between the samples, and
identifying a few plants of different sensitivities and limiting studies to those. From
the results, it was concluded that there is a difference between the various samples
from the different locations. These may be true but unless the differences in
sensitivity are very great, it would always be difficult to elucidate the mechanisms
behind the differences based on a limited analysis of chloroplast DNA. Since the
differences in sensitivity between the various samples are not known but would have
possibly explained the lack of any potential “UV-B-based differences” between the
samples, future studies should focus on identifying plant sensitivity to UV-B prior to

ctDNA analysis.

Despite a conservative rate of evolution and a relatively stable gene content,
comparative molecular analyses reveal complex patterns of mutational change (Clegg
et al., 1994). Non-coding regions of ctDNA are reported to diverge through
insertion/deletion changes that are sometimes site dependent. The observed
differences clearly indicate the existence of genetic variation in the chloroplast
genome of the Namaqualand daisy. This suggests that there might be some
geographically significant genetic structure in D. sinuata. This could be characterised

further by looking at more samples from different populations. It was postulated that
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samples from northerly latitudes are likely to have experienced continued UV-B
exposure, but there was no obvious distinction in genetic structure with latitude. For
example, restriction endonuclease digestion of ctDNA from Bitterfontein and
Augrabies Falls which are at more northerly latitudes showed different patterns to
Kirstenbosch plants. Knowledge of the plants’ UV-B sensitivity would also shed
light on the genetic structure of the different populations and the likely existence of
heterogeneity in plants from the different populations, and the existence of distinct
geographic patterning of populations. Future studies could also focus on determining
the level of polymorphism between ecotypes of other species growing in the same
environment as this would then shed some light on the sensitivity of these particular
plants to UV-B. The samples from Bitterfontein showed very different patterns from
either the Augrabies Falls or Kirstenbosch Botanical Gardens sites, clearly indicating

the existence of genetic variation and different population structures at both sites.

Even though polymorphisms exist in samples from all three sites, there is less
variability between the Augrabies Falls (a more northerly latitude) and the
Kirstensbosch samples than there is between Bitterfontein samples (mid latitude) and
Kirstenbosch Botanical Gardens. This rules out the variability in UV-B with latitude
as being the cause of the observed differences. Since none of the observed genetic
variation could be attributed to direct UV-B effects, there is a high possibilty that the
observed differences may be due to a number of stress factors that play a pivotal role
in the evolutionary history of the Namaqualand diasies in their natural environment.
Extensive occurence of environmentally induced heritable changes in plants has been

reported in a recent paper (Cullis ez al., 1999).

Another possible mechanism of genetic modification is via transposition. UV-B has
been reported to activate transposons, especially the immobile Mutator (Mu)
transposons in maize sperm (Walbot, 1999). These transposons amplify the effects of
UV-B exposure by causing mutations beyond the extent of immediate DNA damage.
Increasing terrestrial UV-B amounts have been reported to be cytotoxic to pollen
(since haploid pollen has been reported to be a sensitive target of UV-B irradiation),
thereby increasing the frequency of new mutations. Activation of cryptic transposable
elements could also increase the mutation rate. Such transposons can be activated by

genomic shock as an adaptive mechanism. Whereas damage to DNA is immediately
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repaired or fixed as stable mutations, transposons produce cycles of insertion and
excision long after activation. Therefore large genomes may be particularly
susceptible to destabilisation. For instance, about half of the maize genome is
constituted by inactive retrotransposons, serving as a reservoir of potential mutagens
(Walbot, 1999). Because plants lack a dedicated germ line, mutations in somatic stem
cells can be represented in the subsequent gametes. Normally, stringent selection on
the vegetative cell of haploid pollen maturation and growth counterbalances the
accumulation of deleterious alleles in the diploid soma. Mutations induced in the
individual sperm are not subject to such rigorous selection, because genetic activity is
thought to start after fertilisation. As a result, transposon activation in individual

sperm could greatly increase the genetic load in higher plants.

Ericaceae (perennial shrubs < 1m in height) constitute an important component of the
natural vegetation of the South African Mediterranean climate zone. Some of these
plants occur in strongly leached, nutrient-impoverished soils in semi-arid areas of the
southern and south-western Cape (Bond and Goldblatt, 1984; Musil and Wand, 1993).
In such environments, plant growth rates are generally low, and excess carbon is
partitioned with secondary phenolic compounds, such as flavonoids, which have a
substantial UV-B absorbance and potential antioxidant properties, yet are largely
transparent in the visible portion of the solar spectrum. Since the Asteraceae occur in
similar environments as the Ericaeae, there is a possibility that such stresses together
with UV-B could be contributing factors to the genetic variation observed in natural

populations of the Namaqualand daisy.

Contrasting sensitivities to UV-B radiation have been reported in natural taxa
distributed at different elevations, which implies the presence of natural adaptations to
UV-B stress. To understand the process of chloroplast genome evolution, information
on repeated sequences, intergenic regions and pseudogenes in chloroplast DNA is
extremely useful (Wakasugi et al,, 1997). There can be no doubt that the primary
response to UV radiation is shielding via pigment and wax production and associated
cuticular thickness. To address these questions, the next step was to carry out
pigment analysis in plants grown under controlled conditions simulating a predicted

stratospheric ozone reduction of 20% (Chapter 3).
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Chapter 3

Physiological and biochemical studies on the cumulative effects of elevated UV-B

on photosynthetic pigments over multiple generations of Dimorphotheca sinuata.

3.1. Introduction

3.1.1. Photosynthesis

Photosynthesis is one of the most important biological processes on earth. Because of
this, scientific research into photosynthesis is extremely important. If we can
understand the intricacies of the photosynthetic process, we can learn how to increase
crop yields, fiber, wood, and fuel, and how to use our lands in a more benign way.
The energy-harvesting secrets of plants can be adapted to synthetic systems which
will provide new, efficient ways to collect and use solar energy. Because
photosynthesis contributes to the makeup of our atmosphere, understanding this
process is crucial to understanding how carbon dioxide and other greenhouse gases

affect the global climate.

During photosynthesis, the energy of the absorbed light is converted into chemical
and electrochemical energy which is used to support cell growth. The process occurs
in pigment-protein complexes called reaction centers, which are embedded in
thylakoid membranes (Raven and Johnson, 1990; Anderson and Beardall, 1991).
There are two photosystems that work sequentially during the process. First, when a
photon of light strikes a pigment molecule in photosystem II (PS II), it excites an
electron and this high energy-electron is ejected from PS II. This electron is coupled
to a proton stripped from water by a Z protein and is passed along a chain of
membrane-bound cytochrome electron carriers to a proton pump. There the energy
supplied by the photon is used to transport a photon across the membrane into the
lumen of the thylakoid. The resulting proton gradient drives the chemiosmotic
production of a molecule of ATP. The electron then passes to photosytem I (PS I)
along a chain of cytochromes. Secondly, when PS T absorbs another photon of light,
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its pigment passes a second high-energy electron to a reduction complex, which
drives NADPH generation (Anderson and Beardall, 1991).

Research into photosynthesis is at a particularly exciting stage since the molecular
structures of many of the relevant proteins and pigment-protein complexes are now
being characterized in detail (Lichtenthaler, 1987; Anderson and Beardall, 1991;
Barber and Anderson, 1994; Baker ef al, 1997). The main focus of photosynthesis
research has been the functional and structural aspects behind the energy transducing
process. The progress has been significant, and the photosynthetic protein complexes
can now be described at a very refined molecular level. Amino acid sequences of
important polypeptides are becoming available, as is 3-dimensional structural
information from X-ray diffraction and electron microscopy. Model systems are
being constructed to help elucidate the chemistry and physics of the in vivo system,
and to discover principles for possible application in the construction of efficient solar
cells. However, relatively little is known about the acclimating, regulatory, and
protective processes that maintain high photosynthetic efficiency during ever
fluctuating and even stressful environmental conditions (Yang et al, 1998). The
identification of such auxillary processes associated with thylakoid membranes and
the characterisation of the enzymes involved are therefore central tasks of current

photosythesis research.

3.1.2 Photosynthetic pigments

The photosynthetic pigments chlorophylls and carotenoids, together with sterols,
prenylquinones, and prenols, belong to the group of isoprenoid plant lipids, the so-
called prenyl lipids (Lichtenthaler, 1987). Carotenoids as tetrapenoids are simple or
pure prenyl lipids, the carbon skeleton of which is made up solely of isoprenoid units.
Chlorophyll a and b are mixed prenyl lipids and they posses an isoprenoid chain

which is bound to a non-isoprenoid porphyrin ring system.

The chlorophylls of higher plants consist of chlorophyll a as the major pigment and
chlorophyll 4 as an accessory pigment. Both chlorophylls are genuine components of
the photosynthetic membranes and occur in a ratio (chlorophyll a/b) of approximately

3:1. Growth conditions and environmental factors can modify the chlorophyll a/b
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ratio (Lichtenthaler, 1987). For example, high light and sun-exposed plants (high-
light chloroplasts) exhibit chlorophyll a/b ratios of 3.2 to 4, whereas shade plants (low
light chloroplasts) possess lower ratios of 2.5 to 2.9.

The group of primary plant carotenoids can be divided into the oxygen-free carotenes
and into the xanthophylls which contain oxygen in different forms. The xanthophylls
comprise a group of oxygenated carotenoids with structural and functional roles in the
photosynthetic antennae complexes of higher plants and algae. They can function as
accessory light-harvesting pigments, structural entities within the light harvesting
complex (LHC) and as molecules required in photoprotection of photosynthetic
organisms from the potentially damaging effects of light (Masojidek ef al., 1999).
Since xanthophylls contain oxygen in different forms (such as one or several hydroxy
groups), two types of isomers exist, one on each oxidation level, the a-carotene
derivatives and the B-carotene derivatives. Introduction of hydroxy and epoxy
functions into a-carotene gives rise to lutein and lutein epoxide. PB-carotene is the
precursor of the xanthophylls zeaxanthin, violaxanthin and antheraxanthin. The
carotenoids of green, photosynthetically active plants, which are needed for
photosynthetic function, are classified as primary carotenoids, whereas those of red

fruits and flowers have been termed secondary carotenoids.

The carotenoids of functional chloroplasts include P-carotene, lutein, violaxanthin,
and neoxanthin as major regular components of the photochemically active thylakoids
of higher plants and green algae. B-carotene may partially serve as a light-absorbing
pigment: its main function, however, seems to be the protection of chlorophyll ¢ from
photooxidation in or near the reaction centre (Lichtenthaler, 1987). Except for
violaxanthin, which to some extent is bound to the chloroplast envelope, all
carotenoids and chlorophylls are bound to the thylakoids, the photochemically active
photosynthetic biomembranes. Within the thylakoids, the pigments are associated
with several chlorophyll-carotenoid proteins that possess differential chlorophyll
composition. For example, the major light-harvesting complex of higher plants is the
most common pigment-protein complex on earth constituting more than 40% of the

photosynthetic membrane protein. Oxygenic photosynthesis is largely reliant upon



the efficiency and adaptability of this complex to collect light energy and deliver it to
the reaction centres of photosynthesis (Ruban et al., 2000).

Since these pigments have been reported to be modified by growth conditions and
environmental factors, and because UV-B also has several effects on the physiology
of terrestrial plants, it was felt that a determination of levels of these pigments would
help elucidate the effects of UV-B on the physiology of D. sinuata. With enhanced
UV-B some of the induced changes which can modify subsequent plant responses
include anatomical alterations, quantitative and qualitative changes in epicuticular
wax, and pigment changes among others. Potential biochemical changes include the
xanthophyll cycle. This cycle is a protective mechanism for the dissipation of excess
amounts of visible radiation, otherwise known as photoinhibition. The degree of
damage caused by UV-B should be strongly dependent on the efficiency of
constitutive and UV-induced mechanisms of protection and repair, such as the
accumulation of UV-absorbing sunscreens and the activation of antioxidant defences
(Mazza et al., 2000).

It should be noted however, that UV-B radiation exerts opposing effects on plants.
Because it is of high energy, UV-B radiation causes damage to DNA and protein,
lipid peroxidation, and pigment oxidation (Kim et al., 1998). On the other hand, UV-
B can provoke plant photomorphogenic responses, some of which appear to be
adaptive. These include hypocotyl growth inhibition, cotyledon curling, and rapid
induction of expression of a variety of genes, including those involved in synthesis of

phenylpropanoid and flavonoid UV sunscreens (see chapter 1).

In the earlier stages of this study, accumulated UV-B was found to have a greater
effect on plant performance than immediate effects (Musil 1996). The former could
be identified by earlier reproductive effort, substantial (up to 35%) reductions in dry
mass (stems, leaves and reproductive organs), decreased stem and inflorescence
production, diminished steady-state flourescence yields, chlorophyll a concentrations,
pollen tube growth and germination of seeds set. The latter caused only diminished
non-photochemical quenching, reduced chlrophyll a concentrations, reduced soluble
sugar and starch concentrations, decreased pollen germination and increased

carotenoid contents. With the above in mind, an experimental design was embarked
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upon which addressed whether previously observed attributes in the test plants (Musil,

1996) were of a photomorphogenic nature or had a genetic basis.

The aim of this section of the study was therefore, to look at both photosynthetic
pigment and secondary compound levels in two groups of plants: those with a history
of enhanced UV-B exposure and those with a history of ambient UV-B.

3.2 Materials and methods
3.2.1 Cumulative UV-B treatments

Populations of the desert annual D. sinuata, derived from a common seed stock
(obtained from populations in the National Botanical Gardens, Kirstenbosch, Cape
Town, South Africa), were exposed concurrently over four successive generations to
either ambient (representing no stratospheric ozone depletion), or elevated
(representing 20% stratospheric ozone depletion) UV-B levels during the complete
life cycles (Figure 3.1). The ambient UV-B group was exposed to UV-B fluences
approximating those received daily over the natural growing period of D. sinuata at
its southerly distribution limit (33°56’S, 18°29’E: Cape Town, South Africa) (a
seasonal range of 2.55-8.85 kJ/m*/day), while the enhanced UV-B group was exposed
to UV-B fluences simulating those at the northerly distribution limit of this species
(26°38°S, 16°18°E: Aus, Namibia) (a seasonal range of 4.70-11.41 kJ/m?*/day) (Musil,
1996). The UV treatments lasted over the full species’ growth cycle and were given

over the natural growing period (mid winter or late spring).

Seeds were sown at a depth of 10 mm in potting medium comprising coarse sand, leaf
mould and loam (2:1:1, v:v) contained in 20 cm diameter pots. UV-B treatments
commenced when seeds started germinating (Musil, 1995). Pots were irrigated daily
with equivalent volumes of water and fertilised at 2-weekly intervals with 5.8 mg
nitrogen, 0.8 mg phosphorus and 1.7 mg potassium per kg of dry soil. The first two
generations were grown in the absence of natural UV-radiation in a polycarbonate-
cladded greenhouse (with no transmission below 400 nm) where UV-B radiation at
ambient and enhanced levels was supplied exclusively from artificial sources. Peak

daily photosynthetic photon flux densities (PFD) in the greenhouse ranged seasonally
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(spring to midsummer) from 600 to 1800 pumol/m?/s (Musil, 1996). Lamps above
treatment plants were filtered with 0.075 mm thick cellulose acetate film (Coutaulds
Chemicals, Derby, UK) with transmission down to 290 nm (which was replaced
weekly). For control plants receiving ambient UV-B levels, lamps were filtered with
0.12 mm thick Mylar -D film (DuPont De Nemours, Wilmington, Delaware, USA)
with no transmission below 316 nm. This was done in accordance with reports on the
importance of UV-A radiation and total photon flux ratios of UV-B:UV-A and UV-
B:PFD as mitigating factors in plant responses to UV-B (Middleton and Teramura,
1993; Caldwell et al., 1994). In the third and fourth generations, these population
groups were exposed to either ambient or ambient plus elevated levels of UV-B
outdoors in an open natural setting, simulating approximate field growth conditions.
In the fifth generation, random seed samples of both treatments from generation four
were grown in the greenhouse in the absence of further UV-B radiation exposure. Dr
Charles Musil of the National Botanical Institute, Kirstenbosch, Cape Town carried
out the initial stages of the study and then generously supplied seed material from

generation four plants, which were used in the study.

Generation 0

Generation 1

Generation 2

Generation 3

Generation 4

Generation 5

Figure 3.1 Schematic representation of experimental design showing sequence

of treatments and derivation of experimental material used in the study.
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3.2.2 Germination of seed material and growth of plants in the absence of UV-B

treatment.

Seeds from the fourth generation were soaked for five minutes in a 5% solution of
sodium hypochlorite, and rinsed five times in distilled water. The seeds were then
placed on five layers of moistened Whatman filter paper on petri dishes and these
were sealed with paraffin-wax film to minimise evaporation. Seeds were germinated
in the dark for three days before being potted and were watered daily thereafter. The
standard conditions in the growth room were as follows: temperature = 22°C, relative
humidity = 65%, 16 hours light and 8 hours darkness with a light intensity of £ 100
umol/m%/s. After six weeks, leaf samples were taken for DNA and RNA isolation,
and for biochemical analysis. These plants were designated generation five (Figure
3.1).

3.2.3 Extraction of pigments and metabolites

Photosynthetic pigments and secondary compounds were determined from either
fresh leaves or liquid-nitrogen frozen leaf material sampled from six-week old plants
from the fifth generation offspring. Four mature leaves were randomly selected from
mid-axial positions on each plant. The leaves were subdivided into manageable
samples of approximately equal size and placed in plastic 15 ml containers that could
withstand freezing and thawing. The leaves were immediately used for pigment

analysis or flash-frozen in liquid nitrogen and then stored at —70°C.

In each subdivided leaf sample, photosynthetic pigments were extracted in 10 ml of
100% methanol at 2°C in the dark. Absorbencies of filtrates were measured with a
spectrophotometer (Beckman DU640, Beckman Instruments Inc., Fullerton, USA) at
specified wavelengths required for computation of chlorophyll a (665.2 nm),
chlorophyll & (652.4 nm) and total carotenoid (470.0 nm) concentrations
(Lichtenthaler, 1987). Precipitates were dried at 60°C in a forced draft oven and

weighed. Concentrations were expressed per unit dry mass.
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Secondary compounds (total polyphenolics and anthocyanins) were extracted in 10 ml
of acidified methanol (79:20:1), v:v, methanol:water:HCI). Absorbances of filtrates
were measured at 657 nm and 530 nm, and at 300 nm after appropriate dilution.
Precipitates were dried at 60°C in a forced draft oven and weighed. Total phenolics
(methanol-extractable UV-B absorbing compounds) were computed from measured
absorbances (Ap) at 300 nm (Mirecki and Teramura, 1984). Anthocyanins were
computed from Ap530 nm — 1/3 Ap657 nm (Lindoo and Caldwell, 1978). Absorbance
values were expressed per unit dry mass. For each sample, readings were taken in

duplicate and the overall means computed.

Statistical analysis

A single-factor nested analysis of variance (subdivided leaf samples comprising
nested measures within each plant sample) was used to test for significant differences
in foliar pigment and secondary metabolite concentrations between offspring from the
two differently UV-B irradiated ancestral populations (enhanced UV-B treatments
and the ambient UV-B controls).

3.3 Results

Plants grown from seeds from the enhanced UV-B treatments showed significant
reductions in foliar chlorophyll a, total carotenoids and total photosynthetic pigments
and an increase in secondary metabolites as a function of dry mass (Table 3.1).
Statistical analysis showed that these reductions were significant at the 5% level of
significance. Chlorophyll b levels also showed reductions in the progeny from an
enhanced UV-B level history but these were not statistically significant at the 5%
level of significance. Of the increased levels of secondary metabolites in the
enhanced UV-B group, only anthocyanins showed significant differences at the 5%
level of significance. The increase in phenolics did not attain statistical significance

(Table 3.1).
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Table 3.1. Statistical analysis of the photosynthetic pigment and secondary metabolite

concentrations in leaves of D. sinuata offspring expressed per unit leaf dry mass.

Parameter Ancestors from | Ancestors from Analysis of | Significanc
ambient UV-B | elevated UV-B Variance e level ®
environment environment

Chlorophyll a ug mg™ 21.88" 19.18 Fi4s=27.73 | P<0.001
Chlorophyll & ug mg™ 6.72 6.46 Fias=212 | P<0.142
Chlorophyll a/b ratio 3.44 3.02 Fi45=16.53 P <0.001
Carotenoids pg mg™ 2.97 2.65 Fi14s=15.27 | P <0.001
Total chlorophylls ug mg™ 28.60 25.64 Fi=1874 | P<0.001
Total photosynthetic pigments

ug mg™ 31.57 28.29 Fi4s=1939 | P<0.001
Phenolics Abs (300 nm) g™ 94.10 98.30 Fias=3.69 P <0.056
Anthocyanins Abs (530 nm) g™ 7.29 7.96 Fi44=4.55 P <0.034

*Each value represents a mean of at least three independent observations of twenty-
one plants from the ambient UV-B group, and twenty-six plants from the elevated
UV-B group. "Significant (P < 0.05) contrasts presented in bold type.

Foliar pigment and metabolite concentrations in fifth generation D. sinuata offspring
are represented graphically. The graphs are a scatter-plot showing the distribution of
pigment and metabolite concentrations, with each point representing a mean of at
least 4 observations for a given plant. Photosynthetic pigments (which showed a
decreased trend in the elevated UV-B group) are shown in Figure 3.2 graphs a to c,
and secondary metabolites which were found to increase in the elevated UV-B group

are depicted in Figure 3.3 graphs a and b.
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Chlorophylla {(plant meansyg rng’1

Chlorophyllb (plant meanslug mg’1

Carotenoids (plant meansjug mg'1

Figure 3.2. Foliar pigment and metabolite concentrations in progeny of D. sinuata derived from
ancestors with either an ambient- or an elevated-UV-B history. Photosynthetic pigments are shown in
graphs a to ¢ : (a) chlorophyll @ levels; (b} chlorophyll b; (¢} carotenoids. Values are shown as means

of at least four observations (vertical bars represent two standard errors). x =individual plant means of
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Figure 3.3. Foliar pigment and metabolite concentrations in progeny of D. sinuata derived from
ancestors with either an ambient- or an elevated-UV-B history. Secondary metabolites are shown in
graphs a and b: (a) phenolics; (b) anthocyanins. Values are shown as means of at least four

observations (vertical bars represent two standard errors). x =individual plant means of at least three

observations, @= overall mean for each group, I =standard error.
3.4 Discussion
Of the measured leaf parameters from the progeny of plants with a history of elevated

UV-B exposure, only chlorophyll 4 and phenolics did not show significant differences
at the 5% level of significance. A reduction in all the photosynthetic pigments
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measured was observed (Figure 3.2, a to c¢) and an increase in secondary metabolite
levels (Figure 3.3, a and b). This suggests that such parameters may be heritably
affected by repeated exposure to enhanced UV-B radiation. Even though an increase
in total phenolics was observed in the elevated UV-B group, it did not attain statistical
significance (Table 3.1 and Figure 3.3 a). For all the measured parameters, the last
six observations in the graphs represent values obtained from frozen material. These
values are generally lower than the rest of the values and could be the result of the
effects of freezing and storage on the pigments, especially the anthocyanins which are
water solube and very labile. The specific leaf area and specific leaf mass were
determined for this group of plants. There was a tendency towards thinner leaf area in
higher UV-B plants. Statistical tests were done on pigment and metabolite
concentrations expressed either as a function of dry mass or per unit area. There was
no difference in the level of significance obtained for both parameters i.e. morphology
did not have any compounding effect on pigment and metabolite concentrations. The
observed differences were, therefore, probably due to significant change in
photosynthesis and productivity. In addition, photosynthetic rates were measured in
plants in another study taken from the same seed set and similar results were found
(Musil ef al., 1999a).

In the early stages of this study in which seeds were taken from the same common
stock but grown under ambient and enhanced UV-B conditions (generations one to
four), an enhanced UV-B history was found to have greater negative effects on gross
plant characteristics such as total leaf area, leaf dry mass, and stem mass (Musil,
1996). Foliar chlorophyll @ concentrations, steady-state fluorescent yields, pollen
tube growth rates and the germination success of seeds set were all significantly lower
in the enhanced UV-B group (Musil, 1996). Seeds from the plants from these earlier
studies were used in this section of the study but in the absence of further UV-B
exposure. The results from generation 5 confirm the hypothesis that the modifications
in the plants resulting from prolonged UV-B are heritable as they were observed in
the absence of UV-B radiation. This could be an indication that gene regulation has

been modified in these plants during past exposure to UV-B radiation.

Results from previous studies (Midgley et al., 1998; Musil, 1996; Musil et al., 1999a),

in combination with the present study in which plants were grown in an essentially
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UV-B-free environment, point to the heritability of several photosynthetic parameters.
Important targets of UV-B radiation include nucleic acids, proteins and membrane
lipids. Damage to these key elements will reflect a direct alteration in a number of
key photosynthetic reactions (Teramura ef al., 1996). Together, the above constitute
good evidence that some aspect of gene regulation could have occurred during
exposure of the parent material to enhanced UV-B conditions. In addition, facets of
the photosynthetic apparatus, or the regulation of genes involved in photosynthesis,

could have been affected by this history of enhanced UV-B exposure.

Of special note is the non-significant reduction in the level of chlorophyll b observed
in the elevated UV-B group. Musil ef al, (1999a) reported an observed trend of
increasing foliar chlorophyll b levels with cumulative generations of enhanced UV-B
exposure. However, this was most pronounced when the offspring were grown in the
presence of other stresses such as limiting nutrients and CO; levels. This contrasting
observation could be explained by the fact that in this study the plants were grown
under normal greenhouse conditions in the absence of any stress. It is possible that
more carbon was allocated to the protection mechanisms in the epidermis (secondary
wall growth, and the synthesis of wall-bound phenolics) at the expense of
photosynthetic area. A reduction in productivity of plant irradiated with UV-B
throughout development is usually associated with a reduced ability to intercept light
due to a smaller leaf area and not an inhibition of photosynthetic competence (Allen et
al., 1998). The subtle changes in leaf area reported previously (Musil, 1996) could
lead to reductions in the whole plant photosynthetic area and probably total plant
carbon assimilation, which has been suggested as an explanation for the possible
accumulation of growth reduction in response to UV-B (Laakso et al., 2000; Sullivan
and Teramura, 1992; Sullivan, 1994; Sullivan ef al., 1994).

It is, therefore, conceivable that the significant differences observed in the enhanced
UV-B group may have been initiated by altered molecular signals resulting from
DNA damage. The diminished chlorophyll a and & concentrations measured in the
enhanced UV-B group could imply modification in the regulation of genes involved
in photosynthesis, since down-regulation of these genes by UV-B radiation has been
reported to cause substantial losses in chlorophyll-protein content and activity that led

to diminished photosynthetic capacity (Strid et al., 1994).
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Since the results from these experiments and those reported previously in the earlier
stages of the study (generations one to four) (Musil, 1996) point to the likelihood of
heritable and cummulative DNA damage by UV-B, experiments were designed to
assay for evidence of UV-B induced mutagenesis. This included the Dral assay
discussed in Chapter 4, and the cloning of the rbcL gene which was used as a probe to

look at variation in the study plants both at DNA and mRNA levels (see Chapters 4
and 5).






























































































































































































































