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Wild-type Arabidopsis L. leaves exposed to low ultraviolet-B (U V B ) conditions contained 
predominantly kaempferol glycosides, with low levels of quercetin glycosides. The flavonoid 
level doubled on treatm ent with U V B and an increase in the ratio of quercetin: kaempferol 
was observed. These results suggest that flavonols protect Arabidopsis plants from U V B  
damage, and indicate that the flavonoid 3 ’-hydroxylase (F 3 ’H) enzyme, which converts dihy- 
drokaempferol to dihydroquercetin, may play a crucial role. The ttl mutant lacks this gene 
and, after treatm ent with sub-ambient UVB, contained kaempferol glycosides exclusively, to 
a level of total flavonols similar to that in wild-type Arabidopsis. Total flavonols after en­
hanced U V B  treatment were higher in tt7 than in similarly treated wild-type plants, and only 
kaempferol glycosides were detected. Despite this high level, ttl plants were less tolerant of 
U V B  radiation than wild-type plants. These observations suggests that kaempferol is a less 
effective photoprotectant than quercetin. The chalcone isomerase (CH I) mutant (tt5) surpris­
ingly did not accumulate naringenin chalcone, and this suggests that the mutation may not 
be restricted to the CHI gene alone. The concentration of hydroxycinnamic acid derivatives 
did not change with U V B  treatment in most varieties indicating that their role in U V  pho­
toprotection may be subordinate to that of the flavonoids.

Abbreviations: CHI, Chalcone isomerase; CHS, Chalcone synthase; FLS, Flavonol syn­
thase; F3H , Flavanone 3-hydroxylase; F 3 ’H, Flavonoid 3’-hydroxylase; he, hydroxycinnamic 
acids; H PLC , High pressure liquid chromatography; Ler, Landsberg erecta ecotype; PAL, 
Phenylalanine ammonia-lyase; RT, retention time; tt, transparent testa; Q, quercetin glyco­
sides; K, kaempferol glycosides; Q:K, quercetin to kaempferol ratio; UVA, Ultraviolet-A  
radiation (3 2 0 -4 0 0  nm); U V B, Ultraviolet-B radiation (2 8 0 -3 2 0  nm); +UVB, enhanced 
U V B ; amb, Ambient U V B ; -U V B, low UVB.

Introduction

The loss of polar ozone has become a global 
problem over the last decade due to movement of 
ozone-poor air to temperate latitudes where it may 
result in increases in biologically harmful solar 
UVB radiation (Madronich et al., 1998). Unlike an­
imals, plants cannot avoid exposure to incident ra­
diation, and many studies have shown that plants 
grow poorly under enhanced levels of UVB flux 
(Caldwell et al., 1998). In several of these studies, 
plants were grown under unnaturally excessive arti­
ficial U VB fluxes, and estimates of UVB induced 
damage may have been overstated. In many cases, 
plants appear to have adequate protection against 
moderate ozone-induced changes in UVB flux (Fis- 
cus and Booker, 1995). However, even within a sin­
gle species such as soybean, marked varietal differ­
ences in U VB sensitivity have been noted

(Teramura and Murali, 1986). Similarly, Hoffmann 
et al. (2 0 0 0 ) have observed differences among clo­
ver varieties, where the more UV sensitive varieties 
were those bred for agronomically useful traits such 
as increased yield and palatability.

Plant breeding regimes might inadvertently en­
hance U VB sensitivity (Li et al., 1993; Hoffmann 
et al., 2000). With the advent of modern gene tech­
nology, plant breeders now have access to tech­
niques to rapidly develop new phenotypes, 
increasing the risk of introducing undesirable 
UVB sensitivity. The latter may be particularly 
likely if the enhancements involve traits controlled 
by the general phenylpropanoid pathway, which is 
perhaps the best characterised of all metabolic 
pathways in plants. For example, increased palat­
ability or altered flower colour can be achieved 
by modifying the genes controlling production of 
phenolic compounds including flavonoids, tannins

0939-5075/2001/0900-0745 $ 06.00 © 2001 Verlag der Zeitschrift für Naturforschung, Tübingen • www.znaturforsch.com ■ D

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



746 K. G. Ryan et al. ■ Flavonoids and U V  Photoprotection in Arabidopsis Mutants

and hydroxycinnamic acid derivatives. However, 
up-regulation of the general phenylpropanoid 
pathway is a common response to a number of 
environmental stresses in plants including UVB 
(Daugherty et al., 1994). Some of these com­
pounds absorb strongly in the U VB region of the 
solar spectrum, and many authors have suggested 
that they play a key role in the protection of plants 
from the effects of U VB radiation by acting as the 
plant’s sunscreen (Jordan, 1996; Landrey et al., 
1995; Reuber et al., 1996). It is therefore possible 
that a reduction in phenolic compounds in leaf tis­
sue introduced by plant breeders may inadver­
tently lead to an increase in UVB sensitivity. A 
detailed understanding of the mechanisms of fla- 
vonoid biosynthesis in response to environmental 
stresses such as U V B is therefore required so that 
the potential for accidental introduction of UVB 
sensitivity is reduced.

Recent studies have demonstrated that ortho- 
dihydroxylated flavonoids may be synthesised in 
preference to their monohydroxylated counter­
parts in response to increasing UVB treatment 
(Ryan et al., 1998; Markham et al., 1997; Olssen et 
al., 1998). The reasons for this preference are not 
clear because the U VB absorption profiles for 
both mono and dihydroxylated compounds are 
quite similar. In fact, as hydroxylation increases, 
the U V B absorption decreases slightly (Lavola et 
al., 1997). Orr/zo-dihydroxylated flavonoids are 
more effective free radical scavengers/antioxidants 
than their monohydroxylated equivalents (Mon- 
tesinos et al., 1995), and we have suggested (Ryan 
et al., 1998) that this may account for their pro­
duction in plants under UV stress. Another pos­
sible benefit to the plant may be that ortho-dihy- 
droxyflavonoids may be better able to dissipate 
absorbed UV energy in a harmless way (Smith and 
Markham 1998). It therefore appears that the bio­
synthetic conversion from mono- to orf/io-dihy- 
droxylation may be a crucial part of the plant’s 
protection mechanism against U VB damage. The 
monohydroxylated and orr/zo-dihydroxylated fla- 
vonols that are found in Arabidopsis thaliana L. 
leaves are glycosides of kaempferol and quercetin 
respectively. The key step in the pathway therefore 
is the conversion of the kaempferol precursor to 
the quercetin precursor, which is catalysed by the 
cytochrome P450 enzyme, flavonoid 3’hydroxylase 
(F3’H) (Graham, 1998).

Arabidopsis has become increasingly valuable 
for studies on phenylpropanoid metabolism and 
many flavonoid biosynthesis mutant lines are 
available (Chappie et al., 1994), some of which are 
susceptible to the damaging effects of U V B radia­
tion (Li et al., 1993). In particular, the Arabidopsis 
mutant tt7 lacks the F3'H  enzyme (Koornneef, 
1982, 1990) and does not produce quercetin (Shir­
ley et al., 1995). To our knowledge, no detailed 
assessment has been made of the response of this 
mutant to ambient and enhanced U VB levels, 
both in terms of biomass production and in the 
quantities of total flavonoids produced. Given the 
importance we have assigned the F3'H  enzyme af­
fected in this mutant, it is clear that an analysis 
of the physiological and biochemical responses to 
enhanced UVB is required. Comparisons with 
wild-type and other Arabidopsis flavonoid biosyn­
thetic mutants were also made, and the observa­
tions on the latter allow a direct assessment of the 
relative roles of sinapate esters and flavonoids in 
the protection of plants from U VB damage.

Methods

UVB treatments

Plants were grown in an outdoor plastic covered 
chamber which admitted natural solar radiation at 
slightly reduced intensity. The chamber was di­
vided into three sections providing enhanced 
UVB, ambient UVB, and very low UVB. The clad­
ding material was transparent to solar U VB in the 
+UVB and amb regions, and opaque to U V B in 
the -UVB section. The U V B illumination system 
was continuously adjusted to provide a constant 
enhancement of U VB over ambient levels 
throughout the day. For details of this system see 
Ryan et al. (1998) and Ryan and Ireland (1997). 
The experiment was conducted during autumn, 
when ambient levels of U V B were relatively low. 
The level of enhancement was set to provide UVB 
radiation similar to that on a clear day in mid sum­
mer, which amounted to approximately 50% over 
ambient at this time of the year. The -UVB region 
was clad in Mylar, which allows approximately 5% 
of ambient UVB to penetrate into the chamber. 
Similar levels of ambient UVA to those in the 
other two parts of the chamber were present in 
the -UVB region. The UV radiometer used was 
an International Light Inc. (Newburyport, MA),
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type SED240/ACTS270W. This broad band radi­
ometer has a response spectrum similar to that of 
many UV biological action spectra and the relative 
doses quoted here (5% , 100% and 150% of ambi­
ent UV) are equivalent to relative biologically ef­
fective doses.

Plant material

Arabidopsis thaliana seeds of wild-type 
(Landsberg erecta ecotype, Ler) and mutant lines 
tt4, tt5, tt6, and tt7 were obtained from the Notting­
ham Arabidopsis Stock Centre and germinated on 
sterile agar. Seedlings were obtained from all lines 
by germinating fresh seed on sterile agar in sealed 
plastic pots. Seedlings were transplanted into indi­
vidual pots when the rosettes were about 1  cm di­
ameter, and all were grown for 3 days in the -UVB 
region of the chamber to harden off. Plants of 
matched sizes were then allocated to the three re­
gions of the chamber. An automatic system wa­
tered plants to excess. Measurements of rosette 
width were made at intervals during the following 
3 week period. For each individual plant, a linear 
regression model of the following form was fitted:

Wi = c + rdi ( 1 )
where was the rosette width of the plant at day 
i; c, was a constant term; r, was the rate of change 
in rosette width; and d, was the day of measure-
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ment. During this period, the plants were in the 
linear phase of growth.

Quantitative flavonoid analysis

At the end of the growth period, each plant was 
cut at soil level, weighed, rapidly frozen in liquid 
nitrogen, and stored at -8 0  °C. Samples were later 
freeze-dried, ground to a fine powder and ex­
tracted under occasional vortex shaking for 24 h 
in M e0H -H 20 -H 0 A c  (70:27:3 v/v), followed by 
centrifugation and filtration. A 20 /A sample was 
used for HPLC analysis.

Analytical HPLC was conducted using a Jasco 
PU-980 Intelligent HPLC solvent delivery system, 
Waters 994 programmable photodiode array de­
tector, and a Gilson 234 autosampler. The column 
used was a Merck Supersphere LiChroCART 
1 2 5 -4  RP-18 endcapped (4 /im, 4 mm x 119 mm) 
with a gradient solvent system comprising solvent 
A [1.5% H3PO4] and solvent B [HOAc-CH3CN- 
H3PO 4-H2O (20:24:1.5:54.5 v/v)] mixed using a lin­
ear gradient starting with 80% A, decreasing to 
33% A at 30 min, 10% A at 33 min and 0%  at 
39.3 min. Quercetin and kaempferol derivative 
peaks were identified on the basis of the on-line 
spectrum recorded for each identifiable peak. The 
total flavonol levels were calculated by adding the 
integrated areas of all flavonol peaks at 352 nm

Fig. 1. Schematic diagram of part 
of the phenylpropanoid biosyn­
thetic pathway. Relevant enzymes 
are indicated alongside the appro­
priate part of the pathway, and the 
mutant plants used in this study 
are indicated in brackets alongside 
the enzyme they lack. Abbrevi­
ations: PAL, phenylalanine ammo­
nia lyase; CHS, chalcone synthase; 
CHI, chalcone isomerase; F3H , 
flavanone 3 hydroxylase; F 3 ’H, fla­
vonoid 3 ’ hydroxylase; FLS, flavo­
nol synthase.

Dihydroquercetin

I f l s

Quercetin
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and the result compared to a standard curve pre­
pared using rutin (quercetin-3-rutinoside) to cal­
culate flavonoid levels in rutin equivalents. Nar- 
ingenin was used as internal standard.

Results

A simplified diagram of part of the phenylpro- 
panoid pathway and the biosynthetic blocks char­
acteristic of the various Arabidopsis mutants used 
in this study is given in Fig. 1. For references as­
signing mutations to genes, see Bharti and Khur- 
ana (1997) and Graham (1998). The pathway be­
gins with the PAL enzyme. Plants mutant in each 
of the enzymes from CHS through to F3’H, were 
used in the current study.

Wild-type and mutant lines of Arabidopsis were 
grown under ambient solar radiation with reduced 
U VB radiation until they had established as small 
seedlings. Seedlings were then transferred to three 
different environments: ambient solar radiation, 
ambient solar radiation with reduced UVB, and 
ambient conditions with added UVB radiation.
The ambient UV conditions during the study are 
illustrated in Fig. 2a, which are daily total UV data 
recorded at a site approximately 1 0 km from our 
study site. UV dose varies from day to day due to 
differences in cloud cover.

Effects o f UVB on rate o f increase in rosette width 
and biomass production

Plants grown in the presence of ambient or en­
hanced levels of U VB were generally smaller and 
less robust than were those grown in a low UVB 
environment. In support of this, our measurements 
indicate that the rate of increase in rosette diame­
ter in wild-type plants was reduced under +UVB 
conditions. A typical plot of rosette width for wild 
type plants under -UVB treatment is given in f  
Fig. 2b and a summary is given in Fig. 3. All four I  
lines of tt mutants grown in this study had reduced s 
(tt4, tt6, and tt7) or no (tt5) net change in rosette ° 
width under +UVB. Rosette widths even under - § 
UVB were less than in the wild-type plants in most g 
of the mutants, although tt4 plants grew well in this 
environment. Despite the downward trend evident 
with increasing UVB in all the cultivars studied, 
none were statistically significant (Table I).

A comparison of the relative increase in dry 
weight on harvesting the samples is given in Fig. 4.

748

Day number

Fig. 2. a. Daily total U V  irradiance (IL-effective 
U V 310 nm) for the period of the study, recorded at a site 
10km distant. Peaks represent days with little cloud 
cover, while low points are cloudy days. b. Linear regres­
sion fit to rosette widths recorded at intervals during the 
study on one individual Ler plant growing under -UVB  
conditions. Note that the plant is in the linear phase of 
growth. The slope of the regression was determined for 
each plant and a summary is given in Fig. 3.

Fig. 3. Rate of increase in rosette width (estimated 
parameter r in equation 1) for each UVB treatment and 
plant variety. Values plotted are means and standard er­
rors of the mean.
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Table I: Values of p comparing low and ambient U V B  (-U V B/am b), and low and enhanced U V B (-U V B /+ U V B ) 
for the same line.
Values of p higher than 0.1 are designated not significant (ns). Values of p less than or equal to 0.05 are statistically 
different and those less than 0.01 are highly significantly different. A  comparison between ambient and enhanced 
U V B was also analysed and found to be not significantly different for any measurement, with the exception of fresh 
weight for tt7 where p = 0.03.

Ler tt7 tt6 tt5 tt4

-U V B /
amb

-U V B /
+U V B

-U V B  / 
amb

-U V B /
+U V B

-U V B /
amb

-U V B /
+U VB

-U V B / 
amb

-U V B /
+U VB

-U V B/
amb

-U V B /
+U V B

Biomass (dw) ns ns ns ns ns 0.06 0.02 0.06 0.03 0.01
Biomass (fw) ns ns ns ns ns 0.02 0.02 0.02 0.02 0.01
Rosette size ns ns ns ns ns 0.03 0.02 0.07 0.01 0.003
Quercetin 0.03 0.04 - - 0.0001 0.02 - - - -

Kaempferol ns ns 0.02 0.0001 - - 0.01 0.05 - -

Q:K ratio 0.007 0.01 - - - - - - - -

Total Flavonols 0.09 0.06 0.02 0.0001 0.0002 0.02 0.01 0.05 - -

dw, fw = dry weight and fresh weight, respectively.

The initial dry weight could not be measured, as 
this would have involved harvesting the plants. An 
estimate was made by assuming that all plants with 
no increase in rosette width or seedling height dur­
ing the study period represented plants that had 
no increase in dry weight during the study period 
(n = 14). The mean of these dry weights from all 
cultivars was used as the initial dry weight at the 
start of the study period. All mutants had lower 
yields than wild-type plants under +UVB condi­
tions (Fig. 4), and this reflects the low to nil rosette 
growth-rates illustrated in Fig. 3. This trend was 
statistically significant at p < 0.05 (Table II). It is 
interesting to note that tt4 and tt5 mutants had 
higher yields that the wild-type plants under -UVB

Fig. 4. Percentage increase in dry weight of whole plants 
(without roots) for each U V B  treatm ent and plant vari­
ety. Values plotted are means and standard errors of 
the means.

treatments. Similar trends are evident in net fresh 
weights at harvest and all varieties showed reduc­
tion in fresh weight to dry weight ratio with 
increasing U VB treatment (data not shown).

Effects on flavonol levels

Dried samples were extracted and subjected to 
HPLC analysis. Two chromatograms are il­
lustrated in Fig. 5, showing the changes in flavonol 
levels induced by U VB treatment. As noted by 
Graham (1998), the major flavonols produced in 
wild-type Arabidopsis are predominantly kaempf­
erol glycosides along with a lower concentration 
of quercetin glycosides. Note that the two peaks of 
quercetin glycosides (Q x and Q2, Fig. 5) increased 
dramatically with UVB treatment. In addition 
there were two unidentified peaks (RT 14.4 and
18.5 min) with HPLC on-line absorption maxima 
at 330 nm. The shape of these absorption spectra 
indicates that these compounds are probably hy­
droxycinnamic acid derivatives (data not shown).

Wild-type Arabidopsis produced high levels of 
kaempferol glycosides per g dry weight of leaf 
material with lower amounts of quercetin glyco­
sides (Fig. 6 ). The former are flavonols monohy- 
droxylated on the B ring, and the latter are ortho- 
dihydroxylated. Approximately equal amounts of 
these two flavonols were additionally synthesised 
in the +UVB treated plants. Because the initial 
concentration of quercetin was low, the relative 
increase in quercetin concentration from 0 .2  to



750 K. G. Ryan et al. ■ Flavonoids and U V  Photoprotection in Arabidopsis Mutants

Tabelle II: Values of p comparing different lines with Ler at the same U V B  treatment. Values of p higher than 0.1 
are designated not significant (ns). Values of p less than or equal to 0.05 are statistically different and those less 
than 0.01 are highly significantly different. Sample sizes for Ler were 5(-U V B ), 4(am b), 6 (+ U V B ).

tt7 tt6 tt5 tt4

-U VB amb +UVB -U V B amb +U V B -U V B amb +U V B -U V B amb +U VB

Biomass (dw) ns ns 0.02 ns ns 0.01 ns ns ns ns ns 0.05
Biomass (fw) ns ns 0.04 ns ns 0.05 ns ns ns 0.06 Ns ns
Rosette size ns ns ns ns ns ns ns ns ns ns ns ns
Quercetin - - - 0.05 0.03 0.06 - - - - - -

Kaempferol ns 0.06 0.002 0.003 0.02 0.003 0.004 0.02 0.003 - - -

Total flavonols ns ns 0.09 0.004 0.02 0.005 0.004 0.02 0.004 - - -

Sample size 5 5 8 5 6 6 6 4 4 5 8 7

dw, fw = dry weight and fresh weight, respectively.

1.7 mg; g- 1  dry weight (8.5x) (Fig. 6 ) was statistic­
ally significant at p < 0.05 (Table I). This relative 
increase was much greater than that of kaempf- 
erol, which increased from 3.1 to 4.9 mg; g- 1  dry 
weight (1.6x) in the same plants. Thus, although 
the absolute increase in each flavonol type was 
about the same, the ratio Q:K in wild-type plants 
increased from 0.07 under -UVB to 0.31 under 
+UVB. This fourfold increase was highly signifi­
cant at p < 0.01 (Table I).

Minutes

Fig. 5. Part of the H PLC  spectra for wild-type (Ler) 
plants grown under -U V B  and +UVB. Each spectrum  
was normalised to 25 mg dw of extracted material to en­
able direct comparisons. Peaks labelled Ch-2 represent 
quercetin glycosides; K ,_ 4, kaempferol glycosides; he, 
hydroxycinnamic acid derivatives.

The total concentration of flavonols in the tt7 
mutant at the -UVB treatment was very similar to 
that in the wild-type plants, however, the leaves 
of these tt7 plants exposed to +UVB accumulated 
almost 50% more kaempferol than similarly 
treated wild-type plants. This difference from the 
wild type was highly significant (Table II). 
Furthermore, no quercetin was detected following 
any treatment in this variety. Trace amounts of 
quercetin were detected in tt6 mutants and trace 
amounts of kaempferol were detected in the tt5 
mutant, and there were increases in total flavonols 
in both mutants with increasing UVB, although

Fig. 6 . Kaempferol and quercetin content in wild-type 
(L er) and mutant plants grown under low, ambient and 
enhanced levels of UVB. The stacked bars show mean 
values with standard error of the mean. The upper limit 
of each error bar in Ler plants indicates the error associ­
ated with the kaempferol measurement.
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the final levels under +UVB were still very low. 
No flavonols were detected in the tt4 plants.

Effects on other compounds

The tt6 mutant has been mapped to the F3H 
gene (Graham, 1998), and the substrate for this 
enzyme is naringenin. For this reason, the nar- 
ingenin normally used as an internal standard was 
not included in a second HPLC run of the tt6 sam­
ples. No naringenin peak was observed at the same 
retention time as the standard in tt6 samples com­
bined by treatment. However, a small peak was 
eluted at 17 min that has a similar absorption 
spectrum to naringenin and may be a naringenin 
glycoside. The amount of this compound increased 
with UVB treatment.

The tt5 mutant has been mapped to the CHI 
gene (Shirley et al., 1992), and the substrate for 
this enzyme is naringenin chalcone. Several sam­
ples were re run on the HPLC at the maximum 
absorbance wavelengths for chalcones (370 nm) 
rather than the 350 nm normally used to detect 
flavonoids, in order to detect chalcones. No peak 
representing naringenin chalcone or its derivatives 
was observed.

As noted above, several peaks with on-line 
spectra similar to those of hydroxycinnamic acid 
derivatives were observed in all HPLC profiles. In 
wild-type plants and in tt7, tt6 and tt5 mutants, the 
levels of hydroxycinnamic acid derivatives did not 
alter significantly with U VB treatment (Fig. 7). In­
sufficient HPLC data were recorded for tt4 plants 
(CHS deficient mutants) to allow any conclusions 
to be drawn.

12
?■o

©■o 6 
■g0 CO
1 4CB

Fig. 7. Hydroxycinnamic acid derivatives content in wild- 
type (L er) and mutant plants grown under low, ambient 
and enhanced levels of UVB. Values shown are mean 
with standard error of the mean.
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Discussion

Physiological studies

Previous studies have shown that Arabidopsis 
tt4, and tt5 mutants are smaller and less vigorous 
than wild type plants when grown under enhanced 
levels of U VB (Li et al., 1993). Based on these 
visual assessments, Li et al. (1993) rank suscep­
tibility to U V B in the order tt5 > tt4 > wild-type. 
These authors also quote unpublished results dem­
onstrating that tt6 is similar in UVB response to 
tt5. Our morphological observations and the data 
of Fig. 3 and 4, and Table I confirm these rankings, 
although the differences observed in the present 
study were not as severe as those illustrated in Li 
et al. (1993).

This lack of extremes is a common difference 
between experiments conducted under artificial 
radiation sources and those carried out under solar 
radiation as in our study (Fiscus and Booker, 
1995). In external modulated systems such as ours, 
daily U V B doses fluctuate due to variations in 
cloud cover (see Fig. 2a), and periods of low dose 
may allow some degree of recovery or repair. Ex­
ternal systems offer considerable advantage as far 
as ecological relevance is concerned, but artificial 
systems allow more controlled conditions. Once 
ecologically relevant doses are employed, the 
drastic reductions in growth rates observed in arti­
ficial irradiation systems tend not to occur (Fiscus 
and Booker, 1995). Thus although others have 
shown that wild-type Arabidopsis is susceptible to 
U V B (Li et al., 1993; Lois, 1994), the reductions in 
rosette expansion and biomass accumulation evi­
dent in our wild-type plants were not statistically 
significant.

We are not aware of any previous analysis of 
U V B effects on tt7 mutants. As with wild-type 
plants, the rates of rosette width expansion and 
biomass accumulation tended to decrease with 
U V B in these plants, but these decreases were not 
statistically significant. In tt4, tt5 and tt6, either one 
or both of these downward trends were statistic­
ally significant (Table I). These results indicate at 
least that tt7 and Ler are less susceptible to UVB 
than the other tt mutants. Further, as can be seen 
in Fig. 4, there was essentially no increase in dry 
weight in tt7 plants under +UVB treatment, while 
the net dry weight of wild-type plants increased by 
about 100%. This difference was statistically sig-
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nificant (p = 0.02, Table II), and this indicates that 
the tt7 cultivar is more susceptible to UVB than 
the wild-type plants.

Flavonoid analysis

As has been noted with previous species (Ryan 
et al., 1998; Olssen et al., 1998), wild-type Arabi­
dopsis plants produced increased quantities of fla­
vonoids per gram dry weight of leaf material with 
increasing U VB treatment. Two classes of flavonol 
glycosides were identified in wild-type plants by 
HPLC: the B-ring monohydroxylated kaempferol 
and the orf/zo-dihydroxylated quercetin. The abso­
lute concentration of each flavonol increased by 
about the same amount with UVB treatment. 
However, since the initial levels of quercetin were 
low in plants under -UVB radiation, the increase 
in Q: K ratio with UVB was quite dramatic and 
highly significant (Table I). These results are con­
sistent with previously published data (Ryan et al., 
1998; Markham et al., 1997, 1998), and emphasise 
the important role that orf/zo-dihydroxylated fla­
vonoids play in the protection of plants from 
UVB.

The tt7 mutant is defective in the F3’H gene 
(Koornneef, 1982,1990) and should not be able to 
synthesise dihydroquercetin, the biosynthetic pre­
cursor of quercetin (see Fig. 1). Indeed, the only 
flavonol glycosides found in this variety were 
kaempferol (Fig. 6 ). While the total level of flavo- 
nols in tt7 plants treated with -UVB was about the 
same as in wild-type plants, the total levels in 
plants exposed to ambient and enhanced levels of 
U VB were about 50% higher than in the wild- 
type. Despite this increased level, these mutant 
plants were still more susceptible to +UVB than 
similarly treated wild-type plants (Table II, bio­
mass entries). These observations emphasise the 
beneficial effect of quercetin in the protection of 
plants from UVB. Smith and Markham (1998) 
have suggested that orf/zo-dihydroxylated flavo­
noids may be better able to harmlessly dissipate 
the energy of UVB photons than their monohy­
droxylated equivalents. It is likely that the increase 
in orf/io-dihydroxylated flavonols in Arabidopsis 
(and other plants) is more related to their antioxi­
dant, free radical quenching, or energy dissipating 
properties than to their UVB screening properties 
alone. This is also supported by the fact that the

absorption spectra of quercetin and kaempferol 
differ very little in the U VB region. Sheahan and 
Cheong (1998) discuss the different antioxidant 
properties of flavonols in Arabidopsis and note 
increasing efficacy with increasing hydroxylation 
of the flavonol B-ring, but were unable to confirm 
their role as antioxidants.

tt6 mutants

Graham (1998) has assigned tt6 to the F3H en­
zyme and these plants should accumulate of nar- 
ingenin and lack flavones (see Fig. 1). Our HPLC 
studies detected a small peak of an unknown com­
pound in this mutant that increased with UVB 
dose. The absorption profile of this compound is 
consistent with it being a naringenin glycoside. In 
addition, small amounts of a mixture of quercetin 
glycosides were detected in this mutant, and these 
increased with U VB treatment.

tt5 mutants

The tt5 mutant has been mapped to the CHI 
enzyme (Shirley et al., 1992), and should therefore 
accumulate naringenin chalcone or its derivatives 
(see Fig. 1). However, our HPLC chromatograms 
did not contain any peaks representing chalcones, 
even when analysed using HPLC detection at their 
absorbance maximum of ca 370 nm. While Shirley 
et al. (1995) note that CHS activity is reduced from 
that in the wild-type, sufficient quantities of this 
enzyme should have been present for some chal­
cones to be detected in our studies. The reason for 
this lack is not known.

If sinapate esters are important in the protection 
of plants from U VB (Sheahan, 1996) then it is rea­
sonable to expect them to increase in concentra­
tion with U VB treatment. However, there was no 
significant increase in the levels of hydroxycin- 
namic acid derivatives with U VB treatment in 
wild-type plants nor in the mutants (Fig. 7). Based 
on the observations of Li et al. (1993) on the same 
mutant lines, these derivatives are probably sina­
pate esters. These observations suggest that the 
role of sinapate esters in U VB protection may be 
subordinate to that of flavonoids.
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tt4 mutants

The tt4 mutant had no detectable levels of flavo­
nols under all three treatments (Fig. 6 ). These 
plants were sensitive to UVB and there was a 
highly significant reduction in the rate of increase 
in rosette width once plants were placed in the 
+UVB environment (Table I). Interestingly, under 
the -UVB treatment, the rosette and biomass mea­
surements of tt4 plants were higher than in all of 
the other varieties studied, including the wild-type. 
While neither parameter was statistically different
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from the wild type at this treatment, they were 
highly significantly different from tt7 and tt6 
(p<0.01 in all cases, analysis not shown). This may 
indicate that these plants will grow well under low 
levels of stress, and in this manner are similar to 
the clover varieties which were bred for high yield 
but were sensitive to U V B (Hoffmann et al., 2000).
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