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ABSTRACT

The nuclear /85 rDNA and chloroplast encoded #hell gene sequences were used to investigate the evidence of
residual UV-B induced mutagenesis in Dimorphotheca sinuata plants. The probes were generated by the polymerase
chain reaction and labelled with a non-radicactive Digoxigenin labeland used in Southern hy bridization studies. High
levels of variability in the /85 rDNA gene were found, pointing to genome rearrangements and possibly genome

instability due to UV-B effects.
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Introduction

Predicted increases in solar UV-B radiation have
served to focus attention on the cytotoxic effects of
UV-B on plants[8,29.33,37,38]. This is because DNA
is considered a primary absorbing chromophore in
plant cells in the UV-B region of the spectrum and
DMA s
damage
chemical agents.
low copy number and acts as a template for s own
synthesis and because ol this, it is a vulnerable target for
UV-induced damage[36].

Cyelobutane  pyrimidine dimers (CPDs)  and
pyrimiding (6-4) pyrimidinone photoproducts make up the
majority of UV-induced DNA damage products and both
are toxic lesions. CPDs are formed when adjacent
pyrimidines become covalently linked by the formation
of a four-membered ring upon UV exposure and have a

a highly reactive molecule that is prone to
from a wide range of both physical and
Nuclear DNA is present in very

Corresponding Author

stable confirmation which s resistant to pH  and
temperature extremes[21,36]. Lesions alter the structure
of DN A and consequently interfere with critical aspects
of DNA metabolism such as transcription, replication and
recombination. Even a single persisting UV-induced
lesion can be a potentially lethal event, particularly in
haploid tissue such as pollen grains[4-6].

Atthe molecular level, pyrimidine dimers are known
to inhibitthe progress of microbial and mammalian DNA
polymerases. Since pyrimidine dimers cannot effectively
base pair with other nucleotides, they are not directly
mutagenic, but instead act as blocks to DNA replication
and transcription, as RNA polymerases have been
reported to stall at the site of these photoproducts[6].
Unrepaired dimers are lethal o the cells because they
deform the DNA helix and interfere with both replication
and transcription. Thus asingle pyrimidine dimer, if left
unrepaired, is sufficient to completely eliminate the
expression ol a transcriptional unit.
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Although reproductive organs are generally
considered to be well protected from UV-B during
developmental and maturation phases, long term exposure
to high UV-B levels may affect the reproductive
structures of plants and cause DNA damage. Mature
pollen grains are potentially very susceptible to UV-B
induced DNA damage during the short period between
anther dehiscence and pollen tube penetration into stigma
tissues[14]. [tis therefore proposed that radiation damage
to DNA might be transmitted via the seceds and
pollen[23,24] and result in morphological, physiological
and genetic changes in plants[25-27].

UV radiation also affects adjacent thymine bases of
DNA, linking them together to form dimers which block
endonuclease recognition or cleavage for
those enzymes that recognise sites containing adjacent
thymines. Since UV-B is known to affect adjacent
pyrimidine bases on the DNA by linking them to form
dimers, Harlow et al.[12] postulated that an assay that
targeted pyrimidine dimers would aid in the detection of
DN A mutations directly linked to UV-damage. Therefore,
genetic analysis of pyrimidine dimer (T=T) formation in
D. sinuata plants was conducted using the Dral assay
method of Harlow et al.[41]. The Dral assay is based on
Whittaker and Southern’s[41] linding that restriction
enzyme activity can be inhibited by the presence ofDNA
damage at the recognition sequence. Since any alteration
of the bases within this recognition sequence would be
expected to mhibit cleavage, UV trradiation of substrate
DNA  should destroy potential cleavage sites. Partial
DNA  digests when UV-irradiated
DNA is digested with enzymes whose recognition
sequences contain adjacent thymidines. This assay was
developed for comparing induction of UV damage in
a wvhl (an Arabidopsis mutant hypersensitive to UV light
and jomsing radiation) and wild-type plants[14] and, to
determine ifDN A was less protected from UV damage in
uvhi plants than in wild-type plants.

The genetic analysisemployed in this study involved
investigations of D. sinuata chromosomal DNA for
evidence of UV-induced mutagenesis. To determine the
dimer content of Dralsites or UV-B-induced mutations in
specific DNA fragments, suitable hybridisation probes
were used, /85 rDNA and rbel genes in this case. Since
the probe sequences do not contain Dral sites, only one
band is to be expected following complete digestion of
plant DNA with Dral[14]. The appearance of partially
digested bands is a function of UV fluence and amount of
dimers presentinthe DNA or UV-B induced mutations at
dimer sites. The proportion of damaged molecules thus
represents the average frequency of dimer production in
one or more of Dral sites that flank the probed region.
The advantage of this assay lies in the fact that only
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specific sites flanking the gene ol interest are being
investigated unlike, other methods which look at all
regions of the genome, Examples of such methods are
amplified fragment length polymorphisms (AFLPs),
restriction fragment length polymorphisms (RFLPs) and
random amplified polymorphic DNA sequences (RAPDs).
These methods suffer the main drawback in that they tend
to be too general. In this study, plants were grown in the
absence of UV-B radiation and the aim of the study was
to assay for evidence of UV-B induced mutagenesis.

Materials and methods
Germination of seed material and growth of plants.

Populations of the desert annual D. sinuata, derived
from a common seed stock (Generation 0) obtained
from populations in the National Botanical Gardens,
Kirstenbosch, Cape Town, South Africa, were exposed
concurrently over three successive generations to either
ambient (representing no stratospheric ozone depletion),
or elevated (representing 20% stratospheric
depletion) UV-B levels during the complete life cycles
[27]. 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°5678, 18"29°E: Cape Town, South
Africa) (a seasonal range of 2.55-8.85 kl/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"387S, 16"18°E: Aus, Namibia) (a seasonal
range of 4.70-11.41 kJ/m“/day) (Musil, 1996). The UV
treatments lasted over the Tull species’ growth cycle and
were given over the natural growing period (mid winter or
late spring).

The first two generations were grown in the absence
of natural UW-radiation in a polycarbonate-cladded
greenhouse (with no transmission below 400 nm) where
UWV-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 (spring to midsummer)
from 600 to 1800 mmol/m~/s[27]. Lamps above treatment
plants were [iltered 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 oUV-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[9,19]. In the third generation
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(Generation 31, these population groups were exposed o
either ambient or ambient plus elevated levels of
LV-B ouwdeors in an osen natural setting, simulating
anproximate fleld growth conditions.

Seeds from generaton O and the third generatior
were soaked For five minaws in 4 3% scluton of sodium
hypochlorite and rinsed five tmes in distilled water. The
seeds were then placed on [ve lavers of moistenzc
Whatman filter paper on petri dishes and these were
staled with paralfin-wax {ilm to minimise cvaporation.
Seeds were zerminated in the dark for three days hefore
bemg trensterred o potting medinm Comprising coarse
sand, leal mould and loaw (2:1:1, vov) in 20 cm diameter
pots and wotered doily therenfter. The stndord conditions
in the growth room were as [Dllows: temperature = 229C,
relative humidity = 63%, 16 kours light and & hours
darkness with a light intensity of L 100 mmol'm¥s. Aler
six weeks, leal samples were taken for DNA analysis.

Irolation and guandtation of wial plant DNA

All standard DN A manipulations were performed as
described by Sambrock er af.[34], with some minor
modifications and according o saccifications of the
manufacturers and suppliers of the DNA modifving
enzymes (Koche Diagnostics GmBH., Amersham or
Promegza). DNA was isolated from theoriginal seed siock
{(Generation 0) and contral (G3A) and test plants (G2H)
from Generzetion 3.

Fresh plantmaterial (100 mg) from D2 siswata plants
was ground to ¢ fine Free lowirg powder ina mottar ie
the presence of liquid nitrogen. The powder was
transterrac 1o an eppendort tube ard 750 ml ol extraction
buffer (100 mb Tris, 50 mM EDT A, 0.5 M NaCl, 10 mM
b-mercaptoethanol) and 50 ml of 20% SDS (w/iv) were
adced. This was mixed thorougkly by vortexing. Ten ml
of KNAse A (10 mg/ml) was added and the twbe wasg
shaken to mix the contents. The tubes were incuseted at
634 ina water bath Tor 10 minutes. The mixture was ther
emulsilied n an equal volume ol phenolichloratorm
and cenirifuged at 14 000 rom for 10 minates. The
agqueous phase wes then extracted with an equal volure
of ehleraformm and centrifoged for 10 minures ar 14 000
rpm. Cnz-tenth volures of 3 M sodium acetate, pH 5.2
was added 0 the agueous phase which was iher
precipitated with 2.5 volumes of 1ee cold ethanol.

The DN A pelletwas washed with 70% ethanol and
resuspended in TE suffer (pH 8.0]. DNA corcentrations
were determined by measurir g the absorbance et 260nm,
or 2y [ractionating DNA aliquols on a gel azeinst knowr
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iz, 1: PUR products used asprobes i the swdy. Lane
1 = thel, lene 2 = 185 rDNA. The two POR
products were L.okb (185 rDNA) and 1.1 kb
(rbel). Lambda DNA digeswed with Pl (lang)
wis used as molecular weight standard. The sizes
of the citferent tragments are shown on the nght.

concentrations of DN A standards and quantilying
densiomerrically. Equal emounts 12 mg) of DNA were
routinely digested to completior witk Dial overnight,
separeted by clectrophoresis ard then transtered w
positively nylon hybridisatior  membrancs
(Hybend+) (Roche Diagnostics GmBH, Manakeim,
Germany 1 according o stenderd procedures[34].

charged

(reneralion of the 55 rONA and rbel probes

The avelear-encoded (JAS fDNA)Y and chloroplast
encoded rbel gene probes were used ic the assay. The
probes were generated by the polymerase chamn renction
(PCRT Trom  seedling  genomic DNA ol D, sinwata
(Figure 1), The DNA used for makicg probes was isolated
from alarts from Generation 0, the perental seed stock
from which all experitiental mewerial was derived

PSS rONA probe

Olizonucleotide primers designed to complement an
mternal fragment of the 55 rfDNA gene sequence from
Arabidopsiz thaliana[39] wene used o prodace a 1.6-kb
fregmert of the F88 fDNA gene s sequence of the
forward primer (primer Jwas - GTC TAA GTA TGA
ACG AAT TC-2" and that of the reverse primer (pricier
ywas 57 GGAATT CTT CGT TGA AGA CC 17, The
POR condinons were 2¢ follows: 70 e rr.mplnm NxNA-S
mlof LU pricaer 135 mlofl 10 mM promer 2; 4.0 mlof
5 mM dNTI's; 8 ml of 25 mM MgCly: 10 ml 10X
PCR huffer; 05 ml Tag polymerase (511'ml) Roche




Diagnostics GmEH, Mannheim, Germany, supplied
reagents used for PCR. The wtal reaction volume was
made up w100 ml with distullec water and then
overlud with nuneral @il to elminate evaporation. The
PCR eycle profile was as lollows: initial deraturation at
94°C for OO followed by 30 cycles of
denawration at 94°C for 60 seconds, primer anneclicg at
S0°C for 30 seconds and PCR product extension £t 7270
for 90 seconds, followed by a final extensior at 72°C for
S minutes. PCR products werz visualized by running 2 ml
of the reaction mixture on a | % agarose gel.

scoonds,

rhel gene probe

A 1.1-kb fragment of the D0 sineaia rbcl gene was
amplified from genomic DNA by PUR (see Figare 1)
Oligonueleotide primers designed to complement an
mterral fragment of the #hel sequence rom the gran
amaranth, Amaranihus hypochondriacus[17] were used.
The sequence of the forward #hel primer (primer 1) was
SLGATATC TTG GOA GCA TTC CG=37 and that far
the reverse primer (primer 2) was 3'-TGT COT AAA
GTT CCT CCA CC-2°. The
visualization were as for the /85 TDNA probe.

PCIR conditiors ard

Cloning and sequencing of the [85 rDNA PCR producis

Both FCR products were fractionated ina 1% agarose
zel by electrophorzsis and the fragment was excised ard
purified wsing the Geneclean 2 Kit according to the
monufneture's protocol (B1C 101 Ire. La Jolla, USA).
Thzse were then cloned into the EcoRWY sie of pSK
ip-Bloescripty by blunt end ligation and named pl 88
and prbel for the 7AY rONA and rbcl fragments,
respectively. The authenticity of the clored 85 rDNA
and rbel gene fragmerts was determined by end
seguencing. DNA sequencing was done by the dideoxy
chain-termination method of Sanges &f ol [35] with a
secuenase fluorescert labelled primer cyele sequencing
kit with 7-deazo-dGTP { Amershom Phormaocion Biatech).
This method is utilised for sequencing clones in M13
hased vectors. All reactions were performed according w
the marulacturer's mstructons  and cycle sequenced
using the GeneAmp PCR System 9700 amplifier (Perkin
Elmer Applied Biosystems). The data was processed by
ALFwir version 2.1 software., (Amersham Pharmacia
Rintech) and hemalegy searches and sequence analysis
was done using the BLAST programme[2].

Lalbelling of probes and Seutheen hybridization

The probesused for detection were D1G-labelled | 13 ]
either by the random-pririirg method or through PCR

oo
s

incorporation according to the supplier’s protocol {Roche
Diagnostics GmBH , Mannheim, Germany ). All Southern
hvbridization steps were done according to standerd
procedures[34]. Hvbridizations 42°C
ovemight in DIG-Easy Hy? acconding w
the suaplier’s protocol (Roche Diagnostics GraBH,
Mannheim, Germany). At the end of the bybridisation,
the memhbrane wes washed twice, 5 minutes per wesh in
2X wash solatian (03 M NaClL 30mM sodium citrate: pH
7.0, contzining 0.1% SDS (wiv)) &t room temperature.

were done ot

solution

Alter these low stuingency washes, high  stingency
washes were cerried out by washing the membrane twice,
15 minutes per wash in 001X wash buller (15 mM NaCl,
1.5 mM sodium citate; pH 7.0, conlaiing 0.1% SDS
(w0 (prewarmed o 65°Chat63°C.

A fterthe posti-hyhridisation washes, membranes were
trzated with blocking reogent for 20 minutzs to pravent
nen-specific auraction of the mnuibody to the membrane.
Membranes were then mcubated with a diluien ol
anti-digoxigenin Fab [ragments conjugeted 1o alkaline
phosphatese for 20 minutes (Roche Diagnostics GmBH,
Mannheim, Germany)  Tollowed  hy
Buffer 1 (100 mM malzic acid, 130 mM Nall; pH 7.5 +
0.3% 200 for 15 minutes
temperature, The membranes carrying the ayoridised
probe and bound antibody conjugate were [linally
equilibrated in detzcuon buffer (100 mM Trs-HCI,
100 mM NaCl; pH 9.5) for two minutes, belore heing
reacted with the chemiluminescent substrate, CSPD and

two washes in

. ]
Tween cach at room

caposed to X-ray film to record the chemiluminescent

signal.
Results
Generation of the 188 v DNA and rhel probes

The amplified products of the /85 rDNA and rbel
fragments are shown m Figure 1.

Cloning and sequencing the 185 rDNA and vbel pene
probes

The [A5DNA gene sequence was verified by
end-sequencing approximately 400 bp ol the 3-end
ol the cloned PCR product (plasmid pl8S) The /85
rDNA gene sequence was found o ae =95% identical
to the reported 4. thaliana 188 fDNA  gene[30] The
rhel Trogmert (prbel) was secuenced from both ends
and was found w have over 98% identity w0 a repored
sequence ol D, plyvialis, a close relative &t the nucleotide
level.
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Fig. Z: The Dral assay. A representative southern blotshowing zenomic DMA digested with Dral ard srobed with a
DIG-labelled 188 rDNA probe. Lare M is the molecular weight marker while lanes 1 to 9 represent planis from
amhient TIV-R (G3IA), and lanesa ta dare plants fmm the snhanced TIV-R groop (GAH)Y The molecnlar weight

sizes are shown to the left of the figure.
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Fig.3: The Dral assay. A represcntative blot ofgenomic DN A from Generation O digested with Dral and probed with

a DIG-labelled rbell probe.
The Dral assay

Giels were blotted overnight ard probed with a
DIG-labelled 185 fDNA probe (Figures 2 gnd 3
respectively). The F88 rDNA probe hybridized to several
high moleculer weight bands ranging i size fiom 7w
1.5 ko (Figure 2). Hyoradizing the same blot with the
ricl prose gave a single mntense band of approximately
751 ko (Figure 3. A wotal of 101 DN A samples from
indivicual seedlings were znelysed. These consisted of
45 samples front the original seed batch, 22 G3A planis
(representirg  three genzsrations of ambiemt UY-B
irraciation) and 34 GIH plants (three generations of
cuhenced UV-B lnadiation. A wilal of 30 DMNA samples
1soleted from plants grown from the original seed batch
(GOorcontrol placts) and arother 30 from the enhanced
LW -B grous (G3H) were digested with Dral and probed
with the riwcl gene. Genomic DMNA ftom both enbanced
UV -B groun and contrel samples consistertly showed a
single intense banc of approximately 7.5 kb (Figure 3).

Discussion

The Dralassay 1s atechnigue thatis used in assaying
genomic DNA for evidence of UV-induced mutations. [t
wits used in this siudy w aralyze varadons in the two
study populations. The assay isbesed on the premise that
loss of Dral sites would point to evidence for targeted
damage by UV, If Dral sites are lost. one weuld
anticipate highermolecular weizght bandsin alents with an

enhaneed UV.-B exposure history. Batk chloroplast(#kel)
(185 rDNA)
signilicance of evaluating a chloroplast as well as a
nuclear gene 15 that mutations in the #hel gene would
have been contributed to the seed genetic material through
matzrnal  DMNA  as
irherited[ 15].

The 145 rDNA gene 1s a single copy gene arrarzed
it tundem repest. For thiz reason, inlense signals were

and  nuclear probes were used. The

calercplasts  ere  maternally

always cbtained and  the
bands ranging both in size and number. This result,
however, 1s contrary 10 what was proposed in the work by
Harlow ¢f ol [12] in whick a single band was found when

probe  rowinely produced

conwol samples were hybridized with the f85 (DNA.
Harlow e¢ al[12] attributed the appearance of partial
bands to UV-B effects. Ir this study a nurmber of bends
were found in the control sarmples that had no known
history of UV-B exposwe, indicating the presence of
variation i the arrangement of the (85 rtDNA tandem
repeats of D, sinuata, hence the unsuitability of the JAS
DM A asa probe in the Dral assay.

One well decvmented  result of UV-B is the
appearance of double-strand breaxs (DSBg) in DNA
[28,18] and pyomidinge dimers. The cyclobutare
pyrimidine dimer (CPD) (and possibly DSBs) burden
resulting from sublethal doses of UV-B may inhibit plant
growth end cevelopment by slow ing tanscription and
mitosis through imposing energetic costs associated
with DNA repair. These DSBs can be repaired via several
repair patbways st the most economical 15 simple
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ligatonwith another available DNA strand. Thispathwey
is preponderant in higher eukaryotes although it has
sericus disadvantages since eventually i is accompanied
by the loss of genctic material and may even lead to gross
chromoszomal re-zrrangements. The variability observed
with the [45 rDNA arone could have arisen from this.
Ries ef al[30,31] reported that elevated solar UV-B
does increase the frequency of somatic homolegous
DNA  rearrangements in Arabidopsis  end tobacco
planis. Increases o recomrnation were accompanied
by swong induction of phowlyase and Fad51 gene
expression. Both genes are putatively invelved in
majer DNA repair pathways-photo reactivation ard
recombimation| 7,407,

Basal variation in Generatior 0 sarmples indicated
that there was toe muck variability stemming ‘rom the
arrangement of the [85 tDNA gene for conclusive
deductions to be made from the siudy using this assay.
Similar levels of variability were observed when contral
plants (Generstion 3A) were compared with test plants
(Generation 3H) sageestng that there is inhereat
varietion ir the arrangement of the 185 tDNA gene and
that this was rot necessarily a result of stressful growth
concitions in the greenhouse. However, the UV-B
irradiated  samples (G3IH), showed shightly greater
variebility than ambient levels (G3A), even though no
bigger bands were evident This varoton could be o
result of stress-indnead re-arrangemert or duplicatinon in
the I8StDMNA gene as opposed 0 evidence o pyrimidine
dimer formation or UV-B induced mutations resulting
inloss of Dral sites[22]. Since the mainterance of genetic
mtegrity 15 essential for cellular survival, it could be that
an efficient repair mechanism, such s homologous
recombmation repair pethways, might be involved in
eliminating UV.B  induced DNA
study plants.

Variation in the number of subrepeat elements per
repeat unit probably eccounits for much of the dilferences
observed when genomic DN A is probed with the [#5
rOMNA. The variability in the f85 rDNA possibly crises
EMNA
variztion in the number of tandem repeats. Only minor

lesions  in the

from duplications, gene rearrangements ard
variztinns have heen reported in the eoding regions of
rDNA within a species, thouzh variation is common in the
intergeric spacer resulting from a series of repetitive
elements in the nortranscribed spacer (NTS) region.
Morzover, since rDNA 1s a repelitive DNA sequence
within the genome, individuals may contain different
length variants[1,3,32]. The existence of dilferences
hetween fINA repaats of
with respect to the degree of base modilication at
certein restriction sites and incomplete cleavage of
genemic TDNA heve seen reported resulting mostly from

a single penatype in pea

36

methylation[15]. It would be very interesting to look at
the effect of UV-B on DNA metaylation as this would
also help explain the possibility of sequerce variation
beirg the cause of observed differcnces m this study.

The #bel gene 15 a single copy chloroplast-encoded
gene which, like the 785 rDNA, gives an intense signal
due to the multicopy nature of the chloroplast genome.
Since ro differerces could be detected with this probe,
thiscould be an indication that the actual rbel gene is rot
mutated orthet any eriginal mutavons are either lethal or
are never seen. Previous studies on biochemical and
physiological nspects ol ). sinwata|27] pointed to o focet
af the photasyntketic machinery keing possibly alfecied
by UV-B radiation. Therefore, if the #bel zene has rot
been muteted, perhaps the regulation of genes involved
in photosynthesis may have been affected. This could
explain the biocherical variations observed in plent
assays.

Ar alternative approach would be to employ the use
of ¢ pyrimidine dimer specilfic endonuclesse to detect
pyrimidine dimers directly in DNA. However, this can
only be used in sitwations where the DNA is irradiated
and then immediately assayed for CPDs as was the case
in the study by Harlow e al,[12] The other alternative
may be o use the RAPDs o identily polymorphisms in
the zenomme. Cullis eral[11] have studied the owunence
of environmentolly induesd changes in cernin flax
varicties and these were foond o be sceompaniad by
changes v the genomic DNA. Such technigues look at
changes inthe whole genome and are notspecific. In this
instance, we were looking for evidence of residual
mutaticns at dimer sites aller the plants had been
irradiawed over several generations and then grown in a
greenhouse in the absence of UV-B radiation.
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