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Protective mechanisms and acclimation to solar

ultraviolet-B radiation in Oenothera striccta

by

Ronald Robberecht and Martyn M. Caldwell

INTRODUCTICN

Solar ultraviolet-B radiation (UV-B, 280-320 nm) may
represent a significant, although subtle, environmental stress
in the life history of terrestrial plant species (Caldwell 1968,
Bogenrieder and Klein 1977, Caldwell et al. 1980, Robberecht et
al. 1980). The shortwave solar UV radiation flux that prevailed
during the development of early land plants has been suggested
to have been an important factor in higher plant evolution,
particularly in regard to the development of UV protection and
repair mechanisms (McClure 1976, Caldwell 1979, Lee and Lowry
1980, Lowry et al. 1980). Although this intense shortwave UV
radiation is no longer a factor in the terrestrial environment,
solar UV-B radiation is sufficiently actinic to damage plant
tissues and physiological processes of sensitive plants (Biggs
et al. 1975, Sisson and Caldwell 1976, 1977, Brandle et al.
1977) . As will be discussed in this paper, there are several
plant adaptations that can either ameliorate or repair the
damaging effects of UV-B radiation in plant tissue; adaptations

that are integral to plant UV-B acclimation. The study centered



on those mechanisms that have the potential for protecting plant
processes from injury and their role in plant acclimation to
UV-B radiation. Furthermore, the degree of phenotypic plasticity
in UV protective mechanisms and acclimation in view of the
natural solar UV-B radiation flux and in an enhanced UV-B

irradiance environment in the future was examined.

The effect of UV radiation on biological systems is highly
wavelength dependent and comprises a relatively small proportion
of the energy received from the total solar spectrum. Its
capability to induce photochemical reactions in organisms can
increase logarithmically with decreasing wavelength (Giese 1964,
Setlow 1974, Caldwell et al. 1980). This is significant in
regard to the absorption spectra of nucleic acids and proteins,
which 2xtend into the UV-B radiation spectrum and increase
rapidly with decreasing wavelength. Upon absorption of UV
radiation, changes in the structure of these molecules, as well
as injury to plant tissues, may occur /Murphy 1975). Pyrimidine
dimer formation in nucleic acids can interfere with normal DNA
replication, and thus there is a significant interaction between

these biologically important molecules and UV-B radiation.

The penetration of solar UV radiation through the
atmosphere is restricted by stratospheric ozone absorption,
which effectively prevents the penetration of radiation of
wavelengths shorter than approximately 295 nm into the lower
atmosphere. As illustrated by Caldwell et al. (1980),

absorption of radiation in the atmosphere and UV effects in
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OVERVIEW

This final report of our contract, which was in;:iated in
October, 1975, is presented in the form of several sections
pertaining to various facets of this research. Most of thes=2
reports are in the form of articles which have been published in
the peer-reviewed scientific literature. All of these articles
for reviews have been accomplished under the full or partial
support of this contract. In addition to the published articles,
three recent reports which have not yet been submitted for
publication are included. These report results of work completed
during the last six months of this contract. Studies of §S. D.
Flint concerning pollen sensitivity to ultraviolet radiation and
ultraviolet optical properties of reproductive plant organs, the
final study of R. Robberecht concerning acclimation potential of
plants to UV-B radiation, and the final report of an action
spectrum for inhibition of photosynthesis by UV radiation
(Caldwell, Flint and Camp) constitute these three reports. The

segyments of this report are organized in chronological order.

Research accomplished in this contract is the result of
several researchers which include: W. D. Billings, James
Brandle, William Campbell, Judith Dickson, Stephan Flint, Fred
Fox; Steven Holman, Susan Lindoo, Robert Nowak, Ronald
Robberecht, William Sisson. The technical research assistance
of L. B. Camp and Harvey Neuber and the electronic engineering

assistance of Gary Harris and Charles Ashurst have been

instrumental in this research. We are very pleased with the
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results and productivity of research resulting from this

contract.

We wish to express our appreciation to the National
Aeronautics and Space Administration, both for the financial
assistance provided and the continuity of this funding over the
six year period of this contract. We also express our
appreciation to D. S. Nachtwey, the Technical Monitor for this
contract, for his continuing review of this research, the
encouragement he has provided, and the stimulating discussion
which have often led to new developments in our research

program.
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The Ultraviolet Radiation Environment of

Pollen and its Effect on Pollen Germination

DESTRUCTION of atmospheric ozone by chlorofluorocarbons is
currently predicted to reach an equilibrium value of 6 to 16%
depletion. Ultraviolet radiation, particularly at the shorter
wavelengths of the UV-B region (280 - 320 nm), will increase
considerably. For example, at a 16% ozone depletion under
temperate, sea level conditions at the summer solstice, the
model of Gre2en et al. (1980) predicts an increase of 2.4
times current levels at 296 nm, but oniy an increase of 1.3
times the current level at 306 nm. The degree to which this
radiation will damage terrestrial plants depends wupon how
they respond to different wavelengths in the UV waveband.
Plant functions directly mediated by nucleic acids (as are
some aspeccts of pollen germination) will be damaged more by
this increase at shorter wavelengths than plant processes
(such as photosynthesis) which are inhibited by 1longer
wavelengths than those likely to interfere with DNA mediated

prccesses (Caldwell 1981).

It 1is <clear that radiation of short wavelengths (UV-C)
can damage pollen to the extent of reduced viable seed set.
Plant breeders, using UV-C (primarily the actinic peak at 254
nm produced by mercury lamps), have experienced an increase
in the percent of shrunken kernels when irradiating maize
pollen (Pfahler and Linskens 1977, Stadler and Uber 1942) .

Shorter duration treatments of wheat pollen (Faberge 1957)

—//



produced no reduction in seed set although a number of seed
were not viable (Steinitz-Sears and Sears 1957). However, due
to the low penetrance of UV to the nuclei of pollen grains,
and the wvariation 1in this penetrance due to the excentric
position of the nuclei (Stadler and Uber 1942, Figure 2),
this method has not gained widespread acceptance. Werfft
(1951) treated ten species with UV-C for 3 hours and found
in wvitro pollen germination was decreased by 28% to 100%,
depending on the species. Extrapolating the results of 254 nm

treatments to UV-B induced damage may be tenuous, however

(Nachtwey 19275).

Attempts to examine natural levels of solar UV radiation
on pollen have been limited. Werfft (1951) found a reduction
in the germination of pollen that had previously been placed
in cellophane envelopes and exposed to sunlight;
unfortunately it 1is wuncertain whether this reduction in
germinability is due to UV, heating of the envelope, or other
factors. This work is, however, used as evidence that UV 1is
injurious to plant pollen (Linskens 1964, Proctor and Yeo
1972), as is correlative evidence such as the increase in
pollen pigments with increases in elevation (Neamtu and Boda
1970, as cited by Stanley and Linskens 1974). Recently,
Pfahler (1981) found only a slight inhibition of germination
in maize pollen treated during in vitro germination with UV-B
from a filtered sunlamp, but a substantial decrease in the
growth of the pollen tubes. Chang ana Campbell (1976) found

both an 1inhibition of pollen germination and a decrease in



pollen tube length in two clones of Tradescantia after 1.5h
of UV-B irradiation simulating a somewhat more substantial

decrease in atmospheric ozone than is currently predicted.

Before it 1is possible to accurately assess the
significance of wultraviolet damage to pollen, one must have
an idea of the radiation environment experienced by the
pollen. This will be determined by the interaction of a
number of events: the diurnal timing of flower opening and
anthesis; the duration of pollen presentation prior to the

activity of the pollen vector, the distance and time of
transport, and by the optical properties and geometrical

configuration of the flower.

To determine whether pollen receives any appreciable
dose of uv before it 1is shed, we examined the UV
transmittance of anthers and corollas. Since may flowers
open only briefly, the corolla may play a substantial role in
shielding the pollen before anthesis, and the anther wall

provides protection between anthesis and dehiscence.

Once the pollen is shed from the anthers, it may not
only be subjected to 1incoming solar UV, but alss> to UV
reflected from the corollas. Since the geometry of some
flowers may direct a portion of this reflected radiation
toward the reproductive organs (Kevan 1975), we felt it was
necessary to determine whether this reflectior also occurred

in the UV-B waveband. Though pollination binlogists have



accumulated much UV reflectance data, it is often
photographic and thus determined for a broad band in the UV-A
region (Clark 1979, Abrahamson and McCrea 1977, Horovitz and
Cohen 1972) with 350 nm the approximate lower bound (Hill

1977) .

Tabulation of the abundant 1literature data on the
diurnal timing of various aspects of pollination permits us
to generalize further about the ultraviolet radiation
environment of pollen, since uv intensity differs

dramatically at different times of day.

Pollen germination is a time of intense physiological
activity which is easily disrupted by chemicals (Stanley and
Linskens 1974, Pfahler et al. 1980, Pfahler 1981) and has
even been examined as a bioassay (Dashek et al. 1981). As
pollen of many species 1is exposed to sunlight dur ing
gJermination on the stigma, UV-B radiation could also be
physiologically damaging. The steadily accumulating
literature contrasting the development and physiology of
pollen from binucleate and trinucleate species (Hoekstra and
Bruinsma 1979,1980) suggests the potential for differences in
UV sensitivity and possible mechanisms to explain these

differences.



METHODS AND MATERIALS- Timing of anthesis, pollination,

and other life history parameters- Literature data, primarily

from temperate latitudes, was tabulated to give a
representative view of the time of pollen shed in wind
pollinated species and times of pollen presentation in insect
pollinated species. When only ranges of times were
presented, the midpoints of the ranges were taken as the
peaks. Histograms or additional data were available *o
clarify the time of peak pollen availability for some
species. This data is depicted in histograms below a curve
of the diurnal variation in DNA damaging UV radiation (Setlow
1974) striking a flat surface as calculated from the
irradiance values predicted by the model of Green et al.

(1980) .

For statistical analysis the frequency of peak pollen
availability was tabulated for the hour centering on solar
ncon (1130-1229), the periods one hour removed from solar
noon (1030-1129 and 1230-1329), two hours removed, etc.,
resulting in seven periods. Insect and wind pollinated
species were tabulated separately. The chi-square test was
used to determine whether the number of occurrences in each
time period was significantly different than if the species
peaks were equally distributed from solar noon to 6 hours
distant from solar noon. For insect pollinated species, the
data was retabulated on the basis of time of first pollen
shed, and the <chi-squared test was applied to the time

periods between 0530 and 1229. The proportion of species



possessing binucleate or trinucleate pollen 1in each time
category was tabulated for the species attractive to insects

using Brewbaker's (1967) list.

Optical properties of corollas and anthers- All material
was ohtained from fresh flowers grown in the greenhouse or
collected from the field. Sources of material are indicated
for each species in the figure legends. Flowers either were

recently opened or about to open in the near future.

Transmittance was determined between 290 and 400 nm
using the integrating sphere system of Robberecht and
Caldwell (1978). The regular 2 mm diam circular sample port
was used for all corolla tissue except the inner <corolla of

Lupinus meridanus where it was necessary to use a

micro-sample port (0.8 X 1.2 mm slit) in order to examine a
relatively flat corolla section. As this species has two
layers of corolla tissue <covering the floral parts,
transmittance values of the inner and outer corollas were
multiplied together. For all other species, only single
layers of <corolla tissue were used, even though the corolla
may be heavily imbricated betore the flower opens. Samples
were oriented so that transmittance was measured from the
exterior to the interior of the corolla, which is

representative of flowers ready to open or corollas shading

the reproductive orgjans.



Anther transmittance was determined with the
micro-sample port described earlier. All anthers were
collected in the morning before dehiscence and kept at
sufficient humidity to prevent deniscence while they were
transported to the lab. Dissecting needles were used to
break the anther open, remove pollen, and obtain a single

thickness of he anther wall.

Corolla reflectance between 290 and 400 nm was measured
using the 1integrating sphere with a modification to allow
reflectance measurements to be mace on intact disks of tissue
(Robberecht et al. 1980). Fresh, recently opened flowers

were used for all measurements.

Ultraviolet treatment of dry polien- Pollen was treated

in dry petri plates with filters covering the plates as is
subsequently desciibed for the pollen germination tests.
Poilen viability was determined with a fluorescein diacetate

stain (Heslop-Harrison and Heslop-Harrison 1970).

Ultraviolet irradiation during pollen germination-

vVariabili*ty ia f:llen germination between replicates of the
same treatment has been a continual source of frustration for
many workers in experiments where statistical analyses of
pollen germination is necessary. Some workers have minimized
this problem by. switching from an agar medium, whic. often
induces different percentages of pocllen to germinate due to

differing water-restricting conditions on the surtace, to a




solution of sucrose and nutrients. These liquid media produce
a more uniform (repeatable) germination percentage between
replicates (Hoekstra and Bruinsma 1975a). For our purposes,
where we are examining germination during ultraviolet
irradiation, a 1liquid media 1is unacceptable since the
radiation could be partly attenuated before it reached the
pollen grain. Thus, we have found it necessary to minimize

other sources of variation.

In all our germination experiments, pollen was sprinkled
onto a solidified medium containing sucrose (15% for all

species except Geranium viscosissimum which required 34%

sucrose), 0.6% agar, 0.03% CaNO; (to minimize the effects of
sowing pollen at varying densities (Linskens 1964)), and
0.01% Boric acid (a germination promoter whose exact
metabolic role has yet to be elucidated (Lewis 1980)). This
medium was applied to a microscope slide (3 ml per slide)
which was placed into a shallow petri plate. Filter paper
under the slide was moistened with a salt solutinn to keep
the humidity at 97% (excess humidity causes condensation atop
the media) and the plastic filter (0.13 mm thick Mylar D for
the control or 0.13 mm thick cellulose acetate for the UV
treatment) was secured over the dish and sealed with
petroleum jelly to achieve the desired humidity. The plates
(3 to 5 replicates per experiment) were assembled
alternartingly between the treatment and control and were
immediat=2ly placed under FS-20 1lamps in a constant 25C

incubator. No other illumination was provided.



Germination was terminated with a killing and
preservative solution (Pfahler 1981). Percent germination was
determined by microscopic examination (40X or 100X) of the
slides. Data was analyzed with a paired t-test (after using
the Arcsin (pl:opo:'tion)'2 transformation). The paired t-test
was most appropriate as it permitted a comparison of slides
sown with pollen sequentially, and thus usually similar in

their inherent pollen viability.

During the initial stages of this research, the
ultraviolet irradiation of the 1lamp and filter system was
determined at 2 nm intervals with a modified Gamma Corp.
high resolution, grating spectroradiometer (Model 2900
Photometer and Model 700-3 Monochromator). Later a double
grating Optronic monochromator (Model 742), which measured at
1 nm intervals, was used in all experiments. The particular
instrument used 1is designated in Tables 1 and 2. All
irradiance values were weighted with the DNA-damage actcion

spectrum of Setlow (1974).

In all species wused, the stigma..c surface would
naturally be exposed to sunlight during pollination. Papaver
rhoeas cv. shirley single (Pappaveraceae) is a strain of the
common European field poppy (Bailey and Bailey 1976) .

Scrophularia peregrina (Scrophulariaceae) 1is a European

annual capable of self pollination (Shaw 1962). The annual

Cleome 1lutea (Capparidaceae) and the perennial Geranium

¥ A
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viscosissimum var. nervosum (Geraniaceae) occur in the Great

Basin of the western U. S. Brewbaker (1967) reports the

genera Papaver, Cleome, and Scrophularia possess binucleate

pollen while taxa in the Geraniaceae are trinucleate.

RESULTS-Timing of anthesis- The presentation of pollen
in relation to the diurnal fluctuation of DNA damaging UV
radiation is shown in Figures 1 and 2. Figure 1 presents data
on peak pollen shed from wind pollinated species while Figure
2 presents the times of peak and initial pollen availability
in species the wvarious 1investigators considered to be
attractive to insects, The data wused for peak times of

pollen availability are presented in Appendices 1 and 2.

The patterns of pollen presentation differ substantially
between wind and 1insect pollinated species. When compared
with a scenario of equal peak pollen presentation over the
0530-1830 period, species attractive to insects show
significantly more reports of pollen presentation between
1030 and 1330 (P<0.01) and significantly less in the periods
5 and 6 hcurs away from solar noon (P<0.005). The proportion
of trinucleate species in this group does not change over the
course of the day. If one looks at the time of first
presentation of pollen instead of the peak or midpoint of
presentation, a vastly different picture emerges. Between
0630 and 0929, the number of species presenting pollen is
significantly greater (P<0.025) than expected, while between

930 and 1229 it is significantly (P<0.025) 1lower than
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Figure 1. Diurnal times of peak pollen shed from plants with
wind dispersed pollen, depicted with the relative intensity
of DNA damaging UV radiation throughout the day. Dava used
to compile the pollen histogram are presented in Appendix 1.
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Figure 2. Diurnal times of pollen presentation in plants
whose pollen is attractive to insects, depicted with the
relative intensity of DNA damaging UV radfation throughout
the day. Peaks or midpoints of pollen presentation are
represented by the bar histogram while times of first pollen
presentation are represented by the narrow lines. Data used

to compile the peak of pollen presentation histogram are
given in Appendix 2.




expected. Wind pollinated species show a much more wuniform
spread of pollen presentation with only one siynificant
(P<0.05) increase over the expected frequency, at four hours
away from solar noon. This was primarily due to the

0730-0830 period.

Differences in altitude, albedo of adjacent surfaces,
atmospheric aerosols, and ozone concentration have little
effect on the proportional distribution of UV throughout the
day. The UV data depicted in Figures 1 and 2 represent global
irradiation (dirrect + diffuse) for midsummer conditions in
temperate lacitudes. At other times of year, when daylengths
are shorter, the curve will show an even narrower peak. At
different 1latitudes only slight changes will be seen in the
shape of the curve. 1If irradiance is calculated incident on
a surface normal to a line between the surface and the sun,
rather than incident on a horizontal surface, again only

slight changes will be seen in the shape of the curve.

Corolla transmittance- Figure 3 shows the uv

transmittance thrcugh the <corollas of ten species. In
general, corollas severely attenuate UV-B, although there are
marked differences between species and even between corolla

colors within a cultivar. Corollas of Sphaeralcea emoryi

(curve 9) and Portulaca grandiflora (curves 5 and 11)

transmit substantially more UV-B than any of the other

species examined. Data are not shown for Petuniaxhybrida and

Hibiscus trionum corollas, as their UV transmittance was so

13
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Figure 3. Transmittance of ultraviolet radiation
through a single layer of corolla material.
l.S5idalcea neo-mexicana, 2.Geranium viscosissimum
var. nervosum, 3.Brassica juncea, 4.Lupinus
meridanus, 5.Portulaca grandiflora cv. double moss
rose (gold corolla), 6.Cleome 1lutea, 7.Colutea

arborescens, 8.Chicorium intybus, 9.Sphaeralcea
emoryi, 10.Erodium cicutarium, ll.Portulaca

grandiflora cv. double moss rose (cream corolla).
All corollas except those from Colutea and Chicorium
were from greenhouse grown plants.
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low it would fall below all the other curves in Figure 3.

Anther transmittance- Figure 4 shows the very low level

of UV transmittance through the anthers of five species. One

additional ¢pecies, Tulipa gesneriana, is not shown in the

figure as its anthers were essentially opaque to all

wavelengths between 290 and 400 nm.

Corolla reflectance- In most of the 20 species examined,

UV-B reflectance was rather low. Six species (Geranium
visvosissimum var. nervosum, Grindelia squarrosa, weedy
Helianthus annuus, Eschscholzia californica, the white

portion of Hibiscus trionum and the light yellow portion of

Abelmoschus esculentus (okra) corollas) hrad UV reflectance

values that were about one percent or less, and thus are not
shown in Figure 5. Six species showed low reflectance values
across the entire waveband (Figure 5A.), whilg another six
species showed increasing reflectance at wavelengths
approaching the visible waveband (Figure 5B.). Reflectance of
four species peaked in the UV-A waveband (Figure 5C.). This
data is summarized in Figure 6 and compared with a tabulation
of Macior's (1978) data for the wvisible waveband.

Sphaeralcea emoryi does not conform to the generalization of

low UV reflectance, Jjust as it did not conform to the
generalization concerning UV transmittance throuqgh the

corolla. At 320 nm, its reflectance was 30%.
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Figure 4. Transmittance of ultraviolet radiation through
anther walls. Hemerocallis fulva (short dashed line),
Aesculus hippocastanum (dotted line), Catalpa bignonioides

(dotted and dashed 1line), Geranium viscosissimum var.

nervosum (long dashed 1line), Zea mays (solid line). All
anthers except those from Geranium and Zea were from field
grown plants.

300 320 340 360 380 400
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Figure 5. Reflectance of corolla material in the UV-A and
UV-B wavebands. Greenhouse and field grown plants are marked
(G) and (F), respectively. 5A.: Species with low reflectance,
arranged in order of decreasing reflectance at 350 nm:

Hibiscus trionum (purple portion of corolla) (F),
Abelmoschus esculentus (maroon portion of <corolla) (F),
Sidalcea neo-mexicana (G), Tulipa gesneriana (F),
Convolvulus arvensis (F), Brassica fimbriata (F). 5B.:

Species whose reflectance Iincreases at longer wavelengths,
arranged in order of decreasing reflectance at 400 nm:
Erodium cicutarium (G), Chicorium intybus (F), Campanula

rapunculoides (F), Malva neglecta (F), Rubus idaeus (F),
Papaver rhoeas (G). 5C.: Species whose reflectance peaks in
the UV-A waveband, arranged in order of decreasing
reflectance at 350 nm: Sphaeralcea emoryi (G), Oenothera

gtricta (G), Verbascum thapsus(F), Brassica juncea (G).
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Figure 6. Corolla reflectance. Summary of our data (290-400
nm) in the UV waveband and Macior's (1978) data (415-585 nm)
in the visible waveband. Maximum (dashed line), mean (so0lid
line), and minimum values are shown, except for minimum UV
reflectance values, which approached zero.
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Pollen viability and germination- Substantial doses of

UV-B caused no dramatic mortality in dry pollen (Table 1) as
indicated by the fluorescein dJdiacetate stain but caused
substantial decreases in germination of some species when the
irradiation was supplied during germination (Table 2). The
tnree binucleate species showed much greater sensitivity to
UV-B irradiation during germination than the trinucleate
Geranium pollen, whose dermination was not generally
inhibited. Data which could explain possible mechanisms for
this difference are given in Table 3. Considerable
unexplained variation was seen between replicated experiments

of both Papaver and Geranium. Dose rates approaching current

levels, such as the first experiment with Cleome, failed to
produce significant inhibition, however, extremely high dose
rates which are several times current levels never completely

prevented germination in Papaver.

DISCUSSION- Timing of anthesis- Among wind pollinated

species there 1is only one significant increase (0730-0829)
over an equal distribution of times of peak pollen shed
throughout the day. Still, the majority of reports of pollen
shed do not occur during the 5 hours of most intense UV
centered on solar noon as only 33% fall within this period.

The remaining peaks occur in the other 8 hours of the survey.

This situation is more complex for vplants whose pollen
is attractive toc insects, Sixty-nine percent of these

reports have their peak pollen presentation times during the

21



Table 1. Viability following irradiation of dry pollen (as irdicated by
the fluorescein diacetate stain). Dose rates measured with the Gamma
monochramator.

1 2.

Species Dose rate Sample size Control viability % inhibition

Portulaca

gandiflora
S dowble 8.8 270 77%

moOss rose

Plantago
lanceolata 23.5 850 75% 7

1. mW m 2 DNA effective irradiation.

-

2. Number of pollen grains sampled.



Table 2. Inhibition of pollen germination by UV-B radiation
during :he germination period. All treatments were for 3
hours except the first Papaver treatment (which was 2 hours
treatment followed by 1 hour of darkness) and the second
Cleome treatment which was 3.3 hours.

23

Dosel Samgle Control Percent P
Species rate size germination inhibition 1level
(percent)
Binucleate
Papaver 10.9 2400 38.5 26.0 P<0.10
rhoeas (G) 10.9 2400 60.1 14.0 NS
9.6 2400 51.3 35.0 P<C0.05
22.0 1800 50.4 23.0 P<0.05
22.0 2400 60.1 35.0 P<0.05
27.3 1800 36.7 52.0 P<0.10
Cleome 6.5 2400 84.5 2.4 NS
lutea (G) 9.6 2400 29.9 33.0 P<0.10
Scrophularia 11.7 2660 60.0 53.0 P<0.025
peregrina (0)
Trinucleate
Geranium 11.7 2350  17.0 (12.0)3 NS
viscosissimum 11.7 2150 16.6 7.0 NS
var. nervosum 11.7 2900 24.4 20.0 P<0.10
(0) 11.7 4050 14.2 7.0 NS
1. mw m—2 of DNA effective radiation. (G) = Gamma monochromator,
(0) = Optronic monochromator.

2. Number of pollen grains sampled.

3. Enhancement.
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5 hours of most intense mid-day UV, yet 93% of the reports
show that pollen shed is initiated before 0930. Thus, data
showing the time of the actual pollination event are critical
to estimating the degree to which solar UV radiation could
potentially interfere with plant reproduction. This type of
data 1is, unfortunately, not generally available. Bagging
experiments conductad in the field with summer squash have
shown pollination (as represented by fruit set) to be nearly
90% complete by 0800 (Tepedino 1981), yet this may not be

representative of most higher plants.

The proportion of pollinators carrying nectar rather

than pollen over the course of a day may indicate the

depletion of pollen supplies and thus suggest when

pollination takes place. Brassica (Free and Nuttall 1968),
Taraxacum (Free 1968b), and sometimes apple (Free 1968b) show
trends suggesting a depletion of pollen supplies later in the
day. Bee 1loads of strawberry pollen peaked at 1100 (Free
1968a), which corresponded to the morning pollen presentation
peak in this species (Percival 1955). Raspberry pollen, which
is shed more equally throughout the day (Percival 1955) did
not show a similar peak (Free 1968a). This suggests pollen
removal may occur fairly rapidly and that an examination of
times of pollinator activity alone would contribute little to

an understanding of when pollination takes place.



Anther transmittance- Despite the use of the micrcsample

port, only particularly large antherc could be ¢xamined with
this system., While these four species inciude both monocots
and dicots and binucleate and trinucleate species, it is
possible that our wuse sf only large anthers biases our

sample. The largest anthers examined (Tulipa gesneriana) were

sufficiently thick that they were totally opaque to UV.
Perhaps smaller anthers are somewhat more translucent to UV.
Still, even 1if there was a substantial increase in UV
transmission in smaller anthers, possibly due to thinner
walls, our data suggests the anther walls would still offer

substantial protection from UV-B.

Corolla transmittance- 1If one considers the relatively

low UV-B transmittance of most corollas, the manner in wnich
they are imbricated before the flower opens, and the low UV-B
transmittance of anthers, pollen will be found to be nearly
totally protected from potential UV-B damage before the
flower opens and still well protected until anthesis.
Thereafter its exposure may vary dgreatly from species to
species depending upon flower geometry, time and method of

pollination, etc.

Flowers whose geometry never exposes pollen to solar UV,
such as the legumes Colutea and Lupinus which we sanmpled,
provide a low UV-B environment for pollen at all times except
during dispersal. Exposure to sunlight during dispersal in

insect pollinated plants may be very brief as a large percent
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of pollen 1is redeposited onto the next several flowers

visited (wWaddington 1981). This often occurs within very

short distances (a few meters with many even 1less than a

meter) (Hodges and Miller 1981, Schmidtt 1980, Waddington

1981) .

Corolla reflectance- Kevan (1979) states that uv

reflectance from flowers 1is wusually less than 40%. In an

examination of Arctic flowers, he found that, by 360 nm,

reflectance of whole flowers was often minimel (Kevan 1972).

When analyzed as component parts, he found even highly

reflective areas never exceeded 40% reflectance at 360 nm.

Thompson et al. (1972) show similar data for supposedly

highly reflective nectar gquides; peak reflectance was only

20% at about 350-360 nm.

In a qualitative survey of 300 species, Guldberg and

Atsatt (1975) were able to <correlate UV reflectance with

corolla color. Among yellow and viclet flowers, which most

frequently reflect UV, only about half the flowers were

classified as UV reflectors. Ultraviolet reflectance levels

thus seem to be sufficiently low that it is doubtful this

reflected uv significantly increases the radiation
environment of the pollen of most species. It 1is also

interesting to note that the species Kevan (1975) found to be

"solar furnaces”, Dryas integrifolia and Papaver radicatum

have very low reflectance wvalues at 360 nm (Kevan 1972,

Figures 12 and 13). It is doubtful this reflectance ilovzl



would increase in the UV-B as we never saw any marked

increases in the UV-B regions of our spectral scans.

Pollen viability- Assessment of pollen viability wich

the fluorescein diacetate stain is considered to be a wvalid
predictor of germinability (Shivanna and Heslop-Harrison
1981, Ockendon and Gates 1976). As dry pollen treated with
high dose rates of UV radiation showed little decrease in
viability, we believe solar UV will be only a minor factor in
the mortality of dry pollen. It is still possible that more
subtie damage could interfere with processes such as seed

set, however.

Pollen germination during wultraviolet irradiation-

Though many of the dose rates we used are in excess of what
is expected unde current scenarios of ozone depletion, they
clearly show that germination of binucleate pollen may be
inhibited by radiation in the UV-B waveband. Species shedding
trinucleate pollen, which are estimated to comprise 30% of
all taxa (Brewbaker 1967), may be much less susceptible. Dose
rates which caused inhibition of binucleate pollen
germination failed to consistently do so in trinucleate
pollen of Geranium. When inhibition was seen, it was 1nuch
less than was feund in binucleate pollen and seldom
statistically significant, A similar situation is seen in the
trinucleate pollen of maize where a high dose rate produced
4% enhancement and a very high dose rate produced 7%

inhibition of germination (Pfahler 1981).
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Though we did not Juantify time to gerwination,
occasional observations suggested that Geranium pollen
germinated earlier than the binucleate species being used. It
is possible that 1lag time to germination differed among
samples of the same species, accounting for some of the

variability.

The species we germinated under UV-B irradiation were
insect pollinated. Stanley and Linskens (1974) claim wind
pollinated species are less sensitive to UV radiation.
However, as Whitehead (1969) suggests that pollen grains with
thin exines would be dispersed by wind more readily than
those with thick exines, and the exine (at least in maize) is
the location of UV absorbing flavonoids (Pfahler 1978), we
would expect wind pollinated species to be more sensitive to

UV radiation.

The presence of two types of pollen, that shed with twe
nuclei as compared to three nuclei, has been well known since
Brewbaker's (1967) tabulation of 265 families. It 1is only
recently, however, that extensive physiological comparisons
have been made between the two pollen types and a third
category, the intermediate or "advanced" binucleate type

(Hoekstra and Bruinsma 1979).
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Table 3 presents a summary of the extensive
physiological, developmental, and structural differences
which may influence the UV sensitivity of these three pollen
types. For brevity, references for the statements in the
following discussion are not repeated it they have already

been cited in Table 3.

Before binucleate grains germinate, mitochondria must
first complete their development. Protein synthesis (measured
as leucine incorporation) does not begin till about 10
minutes, as only monoribosomes are present at dehiscence. As
there is a considerable lag time to germination (in
comparison to advanced binucleate and trinucleate species),
UV could potentially interfere with these metabolic processes
as the pollen grain prepares to germinate. It is 1likely
that, 1if physiological data were available, some of the
rapidly germinating species tabulated as binucleate would be
reclassified as "advanced binucleate" and the modal
germination lag time would actually be greater than our 28

minute value.

Adva:nced binucleate grains begin protein synthesis
within 2 minutes, as their mitochondria are highly organizea
at dehisceice and polyiibosomes are present rather than
monoribosomes. Thus, there is less potential for UV damage,
both due to the decreased lag time before germination and

fewer processes subject to damage.



Trinucleate grains (generally low in ribosomes) stand no
chance of suffering a decrease in germination because of UV
damage to protein synthesis since there 1is never any
substantial synthesis in most trinucleate species after
dehiscence. The presence of many poly-ribosomes in some
trinucleate grains (e.g., maize) is attributed to the need
for the pollien tubes to grow through the long style. These
grains germinate rapidly and stigma penetration occurs more
quickly than in binucleate species, although data on times to

stigma penetration are sparse for all types of pollen.

When incubated under humid conditions, trinucleate
graincs exhibit respiration rates several times greater than
binucleate grains. The two types of pollen also differ in
the biochemistry of their respiratory systems; the
alternative oxidase system is significant only in trinucleate
species. While it is difficult to speculate on how these two
respiratory systems could contribute directly to their uUv-B
sensitivity, Hoekstra and Bruinsma (1979, 1930) hypothesize
that trinucleate grains conduct "nonsense biosynthesis" and
are in imminent danger of losing their germinatiocn ability
when ATP synthesis fails to meet the demand. Thus, any UV
damage which impairs ATP synthesis could have much more

severe consequences for trinucleate grains.

33



Nucleic acids and proteins may serve as poSsible

chromophores for UV-B damage (Caldwell 1979, Figure 1). While
RNA is usually present in cells in such large quantities that
UV damage to RNA is considered to be negligible, 1large
differences in RNA content could influence UV damage. Frankis
and Mascarenhas (1980) have demonstrated the presence of

presynthesized messenger RNA in dry pollen of Tradescantia

paludosa, an "advanced" binucleate species. While
Mascarenhas (1975) stated that all pollens tested appear to
have stored RNA, it 1is uncertain whether any trinucleate
species have been examined. 1In the trinucleate Asteraceae,
where germination is independent of protein synthesis and tew
ribosomes are present, it would appear there is little need
for RNA. Thus, if germination is sufficiently rapid that uv
damage to proteins is not significant, pollen of these
species should be relatively immune *to UV-B inhibition of
jermination. It is interesting to note, however, that our
analysis of peak pollen presentation times for cspecies
attractive to insects did not show any increase in the
proportion of trinucleate species as solar noon was

approached.

DNA is likely a chromophore for UV-B damage in pollen
and DNA condition was the original basis for the distinction
betweserr the two pollen types over 50 years ajo. When pollen
is shed in the binucleate condition, a diffuse vegetative
nucleus and a condensed generative nucleus (arrested in

prophase of mitosis, with the DNA clready duplicated) are



present in the grain (Mascarenhas 1975). Thus UV may
intertere with the completion of mitosis during tube growth.
Trinucleate pollen is less susceptible to this type of damage
as generative cell division usually takes place at least a
day before the pollen is shed (Brewbaker and Emery 19&4) and
it may (at least in maize) possess enzymes which can
photoreactivate DNA damage. Whether binculeate grains can do
this is uncertain. Furthermore, the two sperm nuclei of
trinucleate pollen present "multiple targets"™ for UV
irradiation. If one is damaged, perhaps it will fertilize the
triploid endosperm, causing less damage than if it fertilized

the embryo (Pfahler and Linskens 1977).

During the migration of the generative nucleus through
the pollen tube, there may be a period of exposure to UV as
the pollen tube frequently grows along the surface for a
short distance (Cass and Peteya 1979, Heslop-Harrison and
Shivanna 1977, Kroh et al. 1979, Sedgley and Scholefield
1980, Wilms 1980) before penetrating into the stigmatic

tissue, where it will likely be more protected. Though the
rate of tube growth is slower and thus time to fertilization
much longer in binucleate pollen, stigma characteristics may
provide more protection. Stigmatic exudates (more often
found on species with binucleate pollen) contain UV absorbing
phenolic compounds (Martin 1970) which could possibly protect
pollen during germination as it is immersed in this fluid
upon landing on the stigm¢. This protection may be important

as binucleate (Chang and Campbell 1976) and trinucleate (at
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least maize) (Pfahler 1981) pollen tube growth is inhibited

by UV-B.

Environmantal (eg. 1low humidity (Henny 1980), low
temperature (Thompson and Liu 1973)), pathogenic (Hodgkin and
Lyon 1979), or anthropogenic (eg. fungicide (Redalen 1980),
SO2 (Facteau and Rowe 1981)) stress factors which decrease
pollen germination or tube growth may act either in an
additive or synergistic manner with UV radiation effects and
exacerbate the consequences of ozone depletion. As plant
reproductive systems and their sfficiency may be responsible
for the differences between hijher categories (genera,
families, etc.) in the angiosperms (Stebbins 1970), we can
expect a multitude of diverse physiological systems in pollen
and possibly diverse response to UV. Thus we should not
expect all trinucleate grains to be without ribosomes since
maize, as previously noted, has many to fz:ilitate tube

growth through the long style. Furthermore, protein synthesis
in trinucleate Brassica pollen occurs as part of the
requlation of 1its incompatibility response (Ferrari and
Wallace 1977). Because of this diversity in physiological
mechanisms, and the differences 1in diurnal timing of
pollination, the effects of solar wultraviolet on plant

reproduction will be much more complex and variable than its

effects on the physiology of the vegetative organs.
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Appendix 1. Peak times of pollen shed in wind
pollinated species.

0530-0629 Sorghum vulgare (11 varieties) (Stephens and
Quinby, I3535; Cynosurus cristatus, Lolium perenne

(hyde and wWillilams, 1945); Eragrostis curvula (Jones
and Brown, 1951)

0630-0729 Phleum pratense (Ogden et al., 1969), var. 8d

2308 (Emecz, 1962); P. nodosum, Dactylis glomerata 537
(Emecz, 1962); Ambrosia trifida (Ogden et al., 1969)

0730-0829 Paspalum dilatatum (Adams et al., 1981); Oryza

glaberrima (Nishliyama and Blarco, 1980); Ambrosia
artemisiifolia (Ogden et al., 19¢9); Sorghum vulgare
(Hoshino et al., 198C); Leymus (Elymus) cinereus, L.
(E.) triticoides, L. (E.) salina (Dewey, personal
communication); Arrhenatherum avenaceum, ‘fIfrisetum
flavescens (Hyde and Willlams, 1945); Zea mays (Jones
and Brown, 1951)

0830-0929 Alopecurus pratensis, Dactylis glomerata S143,

Phleum pratense S51 (Emecz, 1962); Sorghum vulgare
(Sanchez and Smeltzer, 1965)

0930-1029 Ricinus communis, Zea mays (3 varicecties) (Ogden

et al., 1969); Dactylis glomerata 526, Phleum
pratense S48 (Emec2, 1962); Secale cercale (Jones and
Brown, 1951)

1030-1129 Oryza sativa (Nishiyama and Blanco, 1980) ;

Festuca pratensis (Emecz, 1962; Hyde and Williams,
1945)

1130~1229 Festuca ovina (Emecz, 1962); Lolium perenne (Hyde

and Williame, 1945); Sorghum halepense, Panicum
virgatum (Jones and Brown, 1951)

1230-1329 Lolium perenne S24 (Emecz, 1962); Zea mays (2

varieties) (Ogden et al., 1969)

1330-1429 Lolium perenne (2 varieties) {Emecz, 1962);

Hordeum nodosum (Hyde and Wwilliams, 1945); Festuca
elatior var. arundinaceae (Jones and Brown, !l

47



48

1430-1529 Agropyron cristatum, Elytrigia (Agropyron)
spicata, E. 5&.) intermedia, E. (A.) elongata, E.
(A.) aagxstachxa (Dewey, personal communication

1530-1629 Lolium perenne ex France, Festuca arundinaccae
(Emecz, 1962); holeus lanatus (Hyde and Wwilliams,
1945)

1630-1729 Festuca rubra (Hyde and williams, 1945)

1730-1829 Bromis inermis (Jones and srown, 1951)
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Appendix 2, Peaks of pollen presentation 1in insect
pollinated plants.

L ]

0530-0629 Calystegia sylvestris, Papaver dubium, Hypericum
perforatum, Fuchsia magellanica, Aesculus
hippocastanum (Percival, 1955)

0630-0729 Ligustrun vulgare, Sarothamnus scoparius
(Percival, 1955); Pyrrhopappus carlinianus (Estes and
Thorp, 1975)

'3 0730-0829 Capsicum sp. (5 varieties in August), Papaver

somniferum, Verbascum thapsiformae, V. pihlomoides
(Stanley and CLinskens, 1974); Brassica alba (Synge,
1947); Papaver rhoeas (Stanley and Linskens, 1974,
Synge, 1947); Paspalum dilatatum (Adams et al., 1981);
Convolvulus minor, Sinapis arvensis, Rosa
spinosissima, Centaurea montana, Tradescantia
virginiana, Helianthemum chamaecistus, Raphanus
raphanistrum, Aucuba japonica (Percival, 1955);
Epilobium angustifolium (Percival, 1950, Synge, 1947)

|

0830-0929 Rosa arvensis, R. multiflora, Verbena
officinalis (Stanley and Linskens, 1974); Ambrosia
trifida, Rosa bianda, R. rugosa, R. setigera, Zea
mays (Parker, 1926); Sonchus oleraceus, Clematis
vitalba, Cirsium palustre, Ribes sanguineum, Layia
elegans, Plantago lanceolata, Brassica oleracea,
Deutzia gracilis (Percival, 1955); Papaver orientale
(Percival, 1955)

0930-1029 Capsicum sp. (June) (Stanley and Linskens, 1974);
Trifollum repens, Ranunculus acris (Synge, 1947);
Rosa xanthinia (Parker, 1926); Buddleia wvariabilis,
Crocosmia pottsii, Sambucus nigra, Ranunculus
bulbosus, Hellianthus annuus, Epiloblum montanum, E.
hirsutum, Ulex gallii, U. europaeus, Cheiranthusx
allionii, Ribes nigrum, Prunus cerasus, Impatiens
roylei, Berberls darwinii (Percival, 1955)

~a

1030-1129Y Convolvulus tricolor, Capsicum sp. (1 variety in
Augnst) (Stanley and Linskens, 1974); Ranunculus
repens, Taraxacum officinale, 7Zez mays, Senecio
jacobea, Epilobium pdarviflorum x E. adenocaulon,
Eschscholzia californica, Petroselinum crispum, Ilex
aquifolium, Aubrieta deltoidea (Percival, 1955)
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1130-1229 Trifolium pratense (Synge, 1947); Fragaria

chiloensls, Prunus americana, Taraxacum officlnale
(Parker, 1926); Anemone apennina, A. nemorosa,
Ranunculus ficaria, Epilobium adenocaulon, E.

parviflorum, Cardamine pratensis, Limnanthes
douglasili, Centranthus ruber, Allsma

lantago-aquatica, Crataegus monogyna, Cheiranthus
cheiri, Allium porrum, Bartonia aurea, Phacelia
tanacetifolia, FragariaxAnanassa (Percival, 1955)

1230-1329 Cercis canadensis, Eupatorium

urticaefolium,Lonicera morrowi, L. tatarica,
Melilotus alba, M. cfficinalis, Prunus cerasus, Pyrus
communis, P. 1loensis, Rubus nigrobaccus, Rudbeckia

laciniata, Symphoricarpos orbiculatus, S. racemosus
laevigatus, Tilia americana, Trifolium hybridum, T.
repens, (Parker, 1926); Endymion non-scriptus, Scilla
sibirica, Allium ursinum, Rubus idaeus, R. fruticosus,

R.loganobaccus, Arablis albida, LCunaria annua,
Leucojum aestivum, Magnolia stellata, Reseda odorata,
Trapaeolum majus, Digitalis purpurea, Prunus

Taurocerasus, P. persica, Scilla hlsvanlca, Arctium
vulgare, Crocus aureus (Percival, 1955)

1330-1429 Lycium vulgare, Melilotus alba, Rubus

occidentalis, R. strigosus, Salix fragilis (Parker,
1926); Pyrus malus (Parker, 1926, Percival, 1955);
vicia fava (Synge, 1947, Percival, 1955); Pyrus
communis, Tussilago farfara (Percival, 1955)

1430-1529 Asparagus officinalis (Parker, 1926); Magnolia x

soulangeana (Percival, 1955)
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Protective mechanisms and acclimation to solar

ultraviolet-B radiation in Oenothera stricta

by

Ronald Robberecht and Martyn M., Caldwell

INTRODUCTION

Solar ultraviolet-B radiation (UV-B, 280-320 nm) may
represent a significant, although subtle, environmental stress
in the life history of terrestrial plant species (Caldwell 19¢8,
Bogenrieder and Klein 1977, Caldwell et al. 1980, Robberecht et
al. 1980). The shortwave solar UV radiation flux that prevailed
during the development of early land plants has been suggested
to have been an important factor in higher plant evolution,
particularly in regard to the development of UV protection and
repair mechanisms (McClure 1976, Caldwell 1979, Lee and Lowry
1980, Lowry et al. 1980). Although this intense shortwave UV
radiation is no longer a factor in the terrestrial environment,
solar UV-B radiation is sufficiently actinic to damage plant
tissues and physiological processes of sensitive plants (Biggs
et al. 1975, Sisson and Caldwell 1976, 1977, Brandlie et al.
1977y . As will be discussed in this paper, there are several
plant adaptations that can either ameliorate or repa.r the
damaging effects of UV-B radiation in plant tissue; adaptations

that are integral to plant UV-B acclimation. The study centered




on those mechanisms that have the potential for protecting plant
processes from injury and their role in plant acclimation to
UV-B radiation. Furthermore, the degree of phenotypic plasticity
in UV protective mechanisms and acclimation in view of the
natural solar UV-B radiation flux and in an enhanced UV-B

irradiance environment in the future was examined.

The effect of UV radiation on biological systems is highly
wavelength dependent and comprises a relatively small proportion
of the energy received from the total solar spectrum. Its
capability to induce photochemical reactions in organisms can
increase logarithmically with decreasing wavelength (Giese 1964,
Setlow 1974, Caldwell et al. 1980). This is significant in
regard to the absorption spectra of nucleic acids and proteins,
which exteni into the UV-B radiation spectrum and increase
rapidly with decreasing wavelength, Upon absorption of UV
radiation, changes in the structure of these molecules, as well
as injury to plant tissues, may occur (Murphy 1975). Pyrimidine
dimer formation in nucleic acids can interfere with normal DNA
replication, and thus there is a significant interaction between

these biologically important molecules and UV-B radiation.

The penetration of solar UV radiation through the
atmosphere is restricted by stratospheric ozone absorption,
which effectively prevents the penetration of radiation of
wavelengths shorter than approximately 295 nm into the lower
atmosphere, As illustrated by Caldwell et al. (1980),

absorption of radiatioin in the atmosphere and UV effects in
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biological systems are highly wavelength dependent. When this is
coupled with the latitudinal ozone gradient, a pronounced
natural gradient in the biological effectiveness of UV-B
radiation results. Under natural conditions ozone formation and
destruction are balanced, thereby maintaining the stratospheric
ozone layer at a relatively stable concentration (Griggs 1966,
Hidalgo 1975). However, chemical reactions between stratospheric
pollutants such as chlorofluovromethanes are predicted to shift
this balance toward greater ozone destruction (National Academy
of Sciences 1979a, b). A reduction in the ozone layer will
increase the UV-B irradiance on Earth, and shift the terrestrial
solar spectrum somewhat towzrd shorter wavelengths. Such
enhancement of UV-B radiation could present a potential stress
for plant species because of its photochemical potency and
increased overlap with the absorption spectra of nucleic acids
and proteins. The study of plart response to the natural solar
UV radiation flux therefore has particular significance to
predicting the consequences of an enhanced UV-B climate on plant

species.

Plant adaptations that temper the effects of UV-B radiation
can be classified into mechanisms by which plants avoid
radiation, adaptations that alter the path of radiation incident
on the leaf, and repair processes. Highly inclined leaves are of
limited value for the avoidance of solar UV-B radiation, since a
relatively large proportion of UV-B radiation is diffuse
radiation (Caldwell et al. 1980). Repair processes can act on

damaged nucleic acids. While these mechanisms can repair certain



types of damage caused by ('V-B radiation and thereby protect the
plant from permanent damage, the rate of repair may not be able
to keep pace with the damage sustained in enhanced or high UV-B
irradiance environments. Plant adaptations that attenuate UV-B
radiation in the outer layers of the leaf, thereby reducing UvV-B
injuries in the leaf, are considered protective mechanisms. The
considerable differences observed in the UV sensitivity of plant
species (Cline and Salisbury 1966, Biggs, et al. 1975, and Van
and Garrard 1975) may be explained by the combined efficiency of

these three mechanisms.

In addition to differences in species sensitivity, some
plants appear to have the capability to acclimate to changes in
the UV radiation regime, Studies of the effects on leaves of
intensified UV-B radiaion resulting from events such as plant
emergence near alpine snowbanks (Caldwell 1968), sudden exposure
to UV radiation as in the case of greenhouse-grown plants
transferred to the field (Bogenrieder and Klein 1977), and
UVv-irradiation of plants in controlled experiments (Robberecht
and Caldwell 1978), suggest that some plant species acclimate to

an intensified radiation regime through physiological changes.

Plant acclimation may involve the synthesis of UV-absorbing
pigments such as flavonoid and related compounds, possibly
related to the capacity of the epidermis to attenuate radiation.
These compounds absorb UV radiation. Their role as uUv-B
radiation filters in the leaf epidermis has been suggested by

several investigators (Caldwell 1968, Gausman et al. 1975,



Wellmann 1975a, Robberecht and Caldwell 1978, Murphy et al.
1979, Lee and Lowry 1980) and may be responsible for attenuating

a major portion of the UV-B radiation incident on a leaf.

In general, over 90% of the UV-B radiation incident on a
leaf is attenuated in the epidermis. Reflectance of UV-B
radiation from glabrous leaves is generally less than 10%
(Gausman et al. 1975, Robberecht et al. 1980). In some species,
a certain degree of phenotypic plasticity in the degree of
epidermal UV-B attenuation has been demonstrated (Robberecht and
Caldwell 1978). The capacity to decrease epidermal UV-B
transmittance appears to vary among sSpecies and may partially
explain the degree of differential sensitivity of species to
UV-B radiation, If flavonoid and related phenolic compounds
function as major UV-filters in the epidermis and mesophyll
layers and are increased in response to UV-B irradiation, this
could be an important mechanism by which plants acclimate to
UV-B radiation. This mechanism would, of course, operate in
conjunction with plant repair processes and other mechanisms of
radiation avoidance. Thus, the dynamic balance between these
adaptations ultimately determines the degree of plant

sensitivity to UV-B radiation.

These mechanisms of UVv-B acclimation may be most pronounced
in species that occur in high UV-B irradiance environments
typical of low latitude, high elevation sites (Robberecht et al.
1980, Caldwell 1981). The investigation of species that have

recently invaded these habitats, such as Oenothera stricta

T



Ledeb., may be particularly useful in the elucidation of a UV-B
acclimation mechanism. Although indigenous to temperate South
America, 0. stricta is adventive in parts of the low latitude
Andes (Dietric 1977) and recently in high elevation, high uUv-8
irradiance, sites on the Hawaiian Islands. The ability of this
species to colonize and survive in these environments and its
particular leaf characteristics provided a species well suited
to experimentation and the study of UV-B acclimation in plants.
The relatively horizontal orientation of mature leaves, along
with minimal self-shading of leaves, simplified the dosimetry.
Furthermore, the epidermal characteristics of 0. stricta allowed
for consistent separation of the leaf into epidermal and

mesophyll layers for an analysis of leaf optical properties.

The study initially focused on the penetiation of UV-B
radiation into the leaf and secondly on its effects on
photosynthesis. Attenuation of damaging UV-B radiation in the
upper leaf epidermis would be expected to significantly reduce
the UV-B flux incident at the mesophyll cell layer and the
extent of damage to photosynthesis. Moreover, a mechanism for
increasing UV-B attenuation in the outer leaf layers would be
critical for survival in high natural UV-B irradiance
environments as well as for intensified UV-B irradiance in the
event of ozone reduction. Absorption of UV-B radiation by
flavonoid and related phenolic compounds in the leaf appears to
be responsible for the wavelength selectivity and effectiveness
of epidermal attenuation., Although additional attenuation in the

mesophyll may occur, UV-B incident on sensitive targets in the



mesophyll in some cases can be sufficient to result in
significant photosynthetic depression.
METHODS

Instrumentation, UV-B milieu and measurement

Ultraviolet radiation was measured with a modified Gamma
Corp. spectroradiometer, which consisted of a high-resolution
gratiry monochromator (Model 700-31) and an autoranging
photometer (Model 2900). This specific characteristics of this
instrument, its calibration and computer refinement of the data

are discussed in detail by Caldwell et al. (1980).

The UV-B radiation data in this study are presented on the
basis of the efficacy of these wavelengths in biological
systems., This so called "effective" UV-B radiation provides a
more biologically relevant measure of the radiation to which
plants ate exposed, because UV-B radiation is related to its
effect on plants by an action spectrum. The generalized plant
action spectrum developed by Caldwell (1971), which describes
the effectiveness of Uv-B to induce damage in plants, was
employed here as the weighting function for UV-B irradiance. In
accordance with this action spectrum, the effect of UV-B
radiation is highly wavelength dependent and increases nearly
three orders of magnitude from 313 to 280 nm (Caldwell et al,.
1980) . The equation presented in their paper was used to relate
spectral UV-B irradiance and the weighting function for
integrated biologically effective UV-B irradiance in units of

mw/mz. On a daily dose basis, units of effective J/m2 were used.
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Greenhouse UV-B radiation study

In the greenhouse, solar UV-B radiation was simulated with
filtered sunlamps (Westinghouse Corp. Model FS-40). When
filtered with a 0.13-mm cellulose acetate (CA) filter, a plastic
film that is opague below approximately 288 nm (Fig. 1), the
spectral distribution approximates the UV-B spectral
distribution found in solar radiation. This is not a true
simultion of solar UV-B radiation, however. As is illustrated in
this fiqure, the CA~filtered sunlamps transmit wavelengths as
short as 288 nm, whereas there is essentially no radiation below
295 nm in the field. Furthermore, these fluorescent sunlamps
have several ewmission lines in the UV-A waveband (320-400 nm),
and thus a filtered sunlamps control is required. A Mylar
plastic £ilm (0.13 mm, DuPont Co.) was used as a control filter,
since it is opague to UV radiation below approximately 315 nm
(see Fig. 1). Because the spectral distribution of these
filtered sunlamps provides an imperfect simulation of the UV-B
radiation regime found in nature, the action spectrum described
above was used to relate sunlamp and solar UV-B spectral

irradiance.

Two sets of filtered sunlamps suspended above the plant
canopy comprised the control and UV-B radiation treatments in
the greenhouse experiments, The lamps were individually wrapped
with either a CA or Mylar filter. The treatment group was thus
exposed to UV-B radiation while the control group received only

radiation of wavelengths longer than 315 nm. The spectral



distribution of filtered-sunlamp radiation for representative
dose rates of 0 and 90 biologically effective mW/m'2 is shown in
Fig. 1. In most experiments, plants were exposed to this Uv-B
dose rate for 6 hours per day, resulting in approximately 2050
biologically effective J.m~2.d71. This corresponds to the daily
effective UV-B irradiance experienced at the summer solstice and
an ozone thickness of 0.272 cm (at standard temperature and
pressure), at 42 degrees N latitude. Such an ozone concentration
represents a reduction of 15% from that normally prevailing
during June (approximately 0.220 atm . cm). A lower UV-B dose
rate of 45 effective mW/m2 (970 J.m~2.4" 1) was used for a
pretreatment in some experiments and higher dose rates of up to
155 effective mW/m2 (4470 J.m ™.d"1) were used for the

determination of threshold UV-B sensitivity levels.

Plant sensitivity and UV attenuation measurements

Measurements of photosynthesis were made with a modified
Siemens Corp. gas exchange system. This system allowed the
measurement of photosynthesis and transpiration under controlled
co, concentrations, temperature and humidity. A cuvette similar
to that described by Patterson et al. (1977) was incorporated
into the gas exchange system., A computerized data acquisition
system permitted the rapid evaluation of intercellular CO2
concentration, leaf temperature, cuvette humidity and
temperature, and net photosynthesis. Photosynthesis was measured
under photosynthetically active quantum flux (400 to 700 nm) of

1100 umol/ m2.s"1. The range in leaf temperature was 22 to 25°C.
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Intercellular CO2 concentration was calculated as the
difference between CO2 concentration outside the leaf and the
product of the photosynthetic rate and leaf CO2 diffusion
resistance. The computer data acquisition system allowed the
determination of intercellular CO2 concentration during
measurements of photosynthesis, thereby permitting appropriate
corrections during the examination period. Intercellular C02
concentrations were maintained at similar levels for all plants

within each experiment for accurate comparisons between plants

within an experiment.

Epidermal transmittance of UV and visible radiation was
measured with an integrating sphere coupled to the Gamma
spectroradiometer. This system has been previously described by
Robberecht and Caldwell (1978). Briefly, measurement of
vransmitted radiation with an integrating sphere insures that
radiation scattered at oblique angles as it penetrates through
the tissue is detect2d by the photomultiplier tube. The
intergrating sphere was coated with "Halon" (Diano Corp.), a
nearly perfect reflector and diffuser of UV radiation (Venable
and Kostkowski 1975). This sphere was designed to accommodate
epidermal tissue as small as 2 x 3 mm. Transmitted radiation was
measured at 5- and 10-nm intervals witn the spectroradiometer
throughout the UV waveband, and at intervals of 5-, 10, and

50-nm in the visible waveband (400-650 nm).
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Leaf epidermal transmittance was measured on fresh, turgid
leaves. Epidermal tissue was mechanically isolated, without the
use of chemical isolating agents, Only epidermal tissue of at
least 3 mm in diameter and free of perforations and mesophyll
debris, as determined by microscopic inspection, was used. The
tissue was placed in contact with moistened filter paper and
immediately positioned over the entrance port of the integrating
sphere for the determination of UV transmittance. The same
tissue was used for subsequent measurements of visible
transmittance. Measurements of UV transmittance in whole leaves

and the mesophyll layer were also made.

Epidermal, meshophyll, and whole-leaf tissue was examined
for flavonoid and related phenolic compounds. Tissue extractions
were made with a methanol-water HCL solution (70:29:1 v/v) as
described by Caldwell (1968) and Ribereau-Gayon (1972). This
solution is effective in extracting UV- absorbing pigments such
as flavonoids from plant tissue. Leaf tissue was ground in 3-
to 5-ml of this solution and centrifuged for 10 minutes. The
resulting supernatant was then examined in a Beckman double-beam
spectrophotometer (Model 35). Abosrbance was recorded over the
250 to 360-nm waveband. Leaf extract absorbance is presented on
a dry tissue weight basis (mg). In some cases, such as with the
extraction of epidermal tissue, fresh or dry weight could not be
obtained, so UV absorbance was expressed on a leaf area basis.

The epidermal tissue area was 2 x 3 mm in size. The plants were

o BRI oo e,
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grown under greenhouse conditions and thus received no UV-B
radiation during the early stages of growth. The midday
intensity of photosynthetically active photon flux in the

2 57! in the winter

greenhouse ranged between 500-1000 umol.m”™
and 1000-2000 umol.m~2.s”! in the summer. Seeds from Oenothera
stricta were collected on Haleakala Crater (Maui, Hawaii), and
cultivated under greenhouse conditions. Plants with mature
leaves of similar size and development were selected for
experimentation. In experiments where photosynthesis was
measured, plants initially selected by the latter criteria were
secondarily culled on the basis of similar pretreatment
paotosynthetic rates. The plants were then randomly assigred to
either a control group, receiving no UV-B irradiation, or a UV-B
treatment group. The range in sample sizes was 3 to 10 plants
per treatment. In general, photosynthesis was examined during
tne irradiation period, while epidermal transmittance and
flavonoid absorbance were determined at the c¢onclusion of the
irraciation period. Tnese latter measurements could not be made
without destruction of the leaf. Measurements of photosynthesis,

transmittance and absorbance were generally made on the same

leaf of each plant.

The results were compared for the statistically significant
effects of UV-B irradiation on transmittance and absorbance with
a bne—way Student's "t" analysis. For the analysis of UV-B
effects on photosynthesis, an analysis of variance test was
used. Significant reductions in pnhotosynthesis and epidermal

transmittance or significant increases in flavonoid absorbance
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were determined at a probability level of p<0.05. In the case of
epidermal transmittance. integrated values of transmittance in
the UV-B (biologically effective), UV-A, and visible (400-430-
nm and 450-650 nm) wavebands were used for statistical
comparisons.

RESULTS

Uv-B attenuation in the leaf

The degree of UV attenuation by the epidermis of Oenothera
stricta leaves was not uniform between 290 and 400 nm. Rather,
epidermal UV transmittance was low in the UV-B region and
increased in :he longer wavelength UV-A region (Fig. 2). As
illustrated by the epidermal transmittance spectru of field- and
greenhouse-grown plants, the spectral distribution of
transmittance between 290 and 400 nm appears to be

characteristic for a species.

Additional UV attenuation occurs in the mesophyll.
Essentially all UV radiation that penetrates through the
epidermis is attenuated in the mesophyll cell layer. Less than
1% of the UV-B, and less than 1% tod4% of the UV-A radiation
incident on a leaf penetrates througn the mesophyll to the lower
epidermis. This final small amount of UV radiation is attenuated
by the lower epidermis so that all UV-B radiation incident on a
leaf is completely attenuated within the leaf., Similar results
were found for other species (Robberecht, unpublished). Further
stratification of the mesophyll layer to locate particular zones

of UV attenuation within this tissue was not possible.
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A certain degree of phenotypic plasticity in the degree of
epidermal UV attenuation is possible, as observed in
greenhouse~-grown and field-grown plants (see Fig. 2). Although
direct evidence for a specific cause of this plasticity was not
apparent because of the differences in environmental conditions
between the two locations, the data show that epidermal
transmittance is rather plastic. The results of experiments in
this study, however, demonstrate that a significant reduction of
UV transmittance through the epidermis is caused by UV-P
irradiaticon. This respoase is evident after 11 tc 15 days of
UV-B irradiation at a mean dose rate of 2050J.m"2.a7} (see Fig.
2 and Table 1). Significant reductions of 19 to 33% were
observed in mature, fully expanded leaves ~xposed to UV-B
radiation. The relative differences between transmittance in
UV-B irradiated and nonirradiated leaves are based on the
integral of transmittance over each waveband, indicated in Table
1. Alhough UV-B transmittance slightly increased in one
experiment, all other experiments showed either a trend of
reduced UV transmittance of a significant reduction in this
parameter. No significant reduction in epidermal UV
transmittance was observed for irradiation periods of less than

11 days.

A reduction of epidermis transmittance was also observed in
the UV-A waveband after UV-B irradiation (see Table 1).
Significant reductions in epidermal UV-A transmittance of 22 to

39% were observed after 11 to 15 days of UV-B irradiation. In
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addition to the reduction in magnitude, a spectral shift in
transmittance was evident, This shift was expressed as a greater

reduction in the transmittance of UV-A than UV-B radiation.

The range in epidermal transmittance for UV-B irradiated
and nonirradiated leaves is summarized for six experiments in
Fig. 3. This figure illustrates the maximun and minimum mean
epidermal transmittance observed for four wavebands between 290
and 650 nm. The effect of UV-B irradiation on epidermal
transmittance was most pronounced in the UV waveband, as shown
by the high degree of plasticity in epidermal UV transmittance

as compared to transmittance of visible radiation.

The effect of UV-B irradiation on epidermal transmittance
may differ somewhat with the age of the leaf. In regard to UV-B
radiation, epidermal tissue from young leaves was considerably
less transparent than epidermal tissue from mature leaves. No
reduction in epidermal UV-B transmittance was observed after 11
days of UV-B irradiation. However, transmittance in young leaves
was quite low in both the UV-B irradiated and nonirradiated

treatments.

src i
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Sources of UV attenuation

The mechanism for reduced UV attenuation in the epidermis
appears to involve flavonoid and related phenolic compounds in
the tissue. Flavonoid absorbance in epidermal and mesophyll
leaf extracts generally increased after exposure of the leaf to
UV-B radiation (Table 2). Although flavonoid and related
compounds generally do not have maximal absorption in the UV-B
waveband, absorbance is presented in this region so the extract
absorbance and epiderial transmittance can be viewed in the same
waveband. Absorbance is an exponent and is related to
transmitcance such that a linear decrease in absorbance results
in a logarithmic increase in transmittance {(Jagger 1967). Thus,
small changes in absorbance can result in relatively large
changes in transmittance. This relationship is specific to
solutions. Absorbance at 305 nm, a wavelength selected as
representative of the biological effectiveness of the UV-8
waveband, significantly increased by 50 to 100% in the epidermis
in four out of five experiments. Although epidermal extract
absorbance decreased by 12% in one experiment, this decrease was
not statistically significant. In the mesophyll layer,
absorbance significantly increased by 28 to 35% in two out of
five experiments. In all experiments, a trend of increased
flanciold absorbance was observed in mesophyll extracts after
UV-B irradiation. No significant increases in absorbance were
observed in either tissue layer when the duration of UV-B
irradiation wau less than seven days at a dose rate of

apprcximately 2050 biologically effective J.m~2.471,
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A comparison of flavonoid absorbance in young expanding
leaves (2- to 3-cm in length) and mature fully expanded leaves
(10~ to 15-cm in length) showed that absorbance increased
significantly in the epidermis of both leaf types following UV-B
irradiation. In epidermal tissue from young leaves, flavonoid
absorbance increased to a slightly greater degree than in mature
leaves after Uv-B irradiation. Although absorbance was similar
in epidermal extracts of both age classes, mesophyll absorbance
was higher in young than mature leaves. This difference in
extrvact absorbance between young and mature leaves was

considerably greater after UV-B irradiation.

The importance of these UV-absorbing pigments in epidermal
tissue, and presumably in the mesophyll, is indicated in Fig. 2
by the transmittance spectrum of epidermal tissue from which
flavonoid and related phenolic compounds have been removed.
Epidermal transmittance throughout the UV waveband is
substantially higher when these compounds are not present in the
tissue,

Penetration of visible radiation

The reduction in epidermal transmittance of UV-B radiation
appears to have some effect on the transmittance of visible
radiation. Epidermal transmittance in one portion of the visible
region was reduced after UV-B irradiation. The reduction in
transmittance was found only at the shorter wavelengths of the

visible region and was reduced to a lesser degree in the visible
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than in the UV waveband (Fig. 4 and Table 1). Epidermal
transmittance was significantly reduced by 6 to 12% in the 400-
to 430~-nm waveband after 11 to 15 days of UV-B irradiation.
Ultraviolet-B irradiation had no substantial effect on epidermal
transmittance of visible radiation between 450 and 650 nm. In
this region, relative difference in visible transmittance were
on the order of 0 to 28. The range in mean epidermal
transmittance of visible radiation for all experiments is shown
in Fig. 3. The effect of UV-B radiation on epidermal
transmittance of visible radiation is substantially less than

its effect on the transmittance of the UV waveband.

The effect of UV-B irradiation on the epidermal
transmittance of visible radiation did not appear to differ
between young and mature leaves. Epidermal transmittance of
visible radiation in young leaves followed a similar trend as in
mature laves. Epidermal transmittance between 400 and 430 nm was
significantly reduced by 14% in young leaves. However, exposure
to UV-B radiation did not significantly affect the transmittance

of radiation between 450 and 650 nm in these leaves.

Photosynthesis and plant sensitivity

The degree of photosynthetic depression in response to UV-B
irradiation may be indicative of a plant's sensitivity to UV-B
radiation. The effect of UV-B irradiation on the photosynthetic
rate was examined in conjunction with measurements of epidermal

transmittance and extract absorbance. Leaves exposed to UV-B
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radiation generally showed no substantial or significant
photosynthetic depression for irradiation pericvds of up to 15
days with a moderate dose rate of approximately 2050 biologicaly
effective J.m"z.d"l (Fig. 5). As shown in the previous sections,
epidermal UV-B transmittance was significantly reduced within
this exposure period, along with significantly increased
epidermal and mesophyll extract absorbance. On the basis of this
photosynthetic response, young and mature leaves of Oenothera
stricta do not appear to be highly sensitive to this level of

UV-B radiation.

The UV-B sensitivity of this species is, however, evident
at higher UV-B irradiance (Fig. 5). The "moderately high" and
"high" dose rates of 3110 and 4470 biologically effective
J.m~1.a71 are approximately 20 to 72% higher than the maximum
daily effective UV-B flux present in the Hawaiian habitats of
this species (Caldwell et al. 1980). The moderately high UV-B
dose rate represents approximately a 20% reduction in ozone at
this location. A significant depression in photosynthesis was
observed after 1.5 days of UV-B irradiation at both these dose
rates. Photosynthetic depression, however, was accentuated in
the high UV-B dose rate. The threshold for photosynthetic
depression thus appears to be between the moderate (2050
effective J.m~2.d4”1) and the moerately high dose rate (3110
effective J.m 2.d7!). These results indicate that 0. stricta may
be near its capacity for UV-B acclimation in the high Uv-B
irradiance environment on the Hawaiian Islands, in which the

daily effective UV-B irradiation can be as high as 2597 J.m™2

ek

VN i



20

(Caldwell et al. 1980). Measurements of epidermal UV
transmittance and absorbance were not made at these higher dose
rates because of the tendency for UV-B induced structural damage
to the leaf at the intense UV-B flux.

DISCUSSION

UV-B attenuation iﬂ leaf tissue

Flavonoids are phenolic compounds that are common in the
leaf epidermis and mesophyll of higher plants (McClure 1976,
Nozzolillo 1972). As observed in the present study, flavonoid
and related compounds were found in these two leaf tissue layers

of Oenothera stricta. Flavonoids have also been observed in

chloroplasts of some species (McClure 1976, Weissenbock et al.
1976, Plesser and Weissenbock 1977). Although these compounds
have other important functions in plants, such as for flower
coloration (Harborne 1975, Silberglied 1979) and antiherbivore
agents (McCLure 197%), their presence in significant quantities
in leaf tissue could provide a significant UV filter in view of

the UV absorption properties of flavonoid compounds.

There is convincing evidence for a relationship between the
induction of flavonoid synghesis and Uv-B radiation. The studies
of Wellmann (1974, 1975a, 1975b) have demonstrated that UV
radiation (with a meximum wavelength effectiveness below 300 nm)
induces flavonoid synthesis in both cell suspension cultures of
parsley and intact parsley plants. Flavonoid induction, as
indicated by the induction of phenylalanine ammonia-lyase (PAL),

was found to be linearly related to the UV dose. This enzyme is
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directly involved with the synthesis of flavonoid compounds. The
involvement of flavonoid compounds in a mechanism of
Uv-attenuation in leaf tissue is also suggested by the results
of the present study. Irradiation of leaves with UV-B generally
resulted in significant increases in epidermal and mesophyll
extract absorbance (see Table 2). This extract solution has been
shown to remove flavonoid and related compounds from leaf tissue
and exhibits a typical flavonoid absorption spectrum between 250
and 360nm (McClure 1976). An increase in extract absorbance
after UV-B irradiation suggests an increase in absorbance by

flavonoid compounds.

Further evidence of solar UV-stimulation of flavonoid
production is found in the field studies of Caldwell (1968) and
laboratory studies of Sisson (1981). Caldwell observed a
gradient of increased epidermal extract absorbance in emergent
alpine plants as distance from the edge of snowbanks decreased.
Solar UV irradiance in the plant environment can be
substantiially incre~sed by the reflective properties of snow
(Bener 1960). Furthermore, the exclusion of solar UV radiation
from the plants environment, with the use of filters, and
subsequent removal of the filter for UV exposure, increased
extract absorbance. Sisson (1981) recently showed that extract

absorbance in Curcurbita pepo L. 1leaves increased after

exposure to UV-B radiation emitted from filtered sunlamps. The
development of flavonoid compounds as filters of solar Uv
radiation in early terrestrial plants, has been suggested (Lowry

et al. 1980, McClure 1976, Seigler 1977, Swain 1975, Caldwell
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1979). During the period of colonization of the terrestrial
environment, shortwave UV radiation may have been a significant

selective factor in the survival of =2arly land plants.

Alkaloids are compounds that also absorb in the UV waveband
(Holubek and Strouf 1965). These compounds are far less
ubiquitous in higher plants than the flavonoids, and have
generally been thought to have allelopathic as well as
antiherbivory functions in the plant (Ehrlich and Raven 1964,
Whittaker and Feeny 1971). Absorption of UV by alkaloids is
probably secondary to their function as antiherbivore agents.
These compounds would not have been identified with the

procedures used in this study.

The absorption of UV-B radiation by flavonoid and related
phenolic compounds mav be reflected in the measurements of
epidermal and mesophyll UV-B attenuation. The present study and
other work (Lautenschlager-Fleury 1955, Gausman et al. 1975,
McCree and Keener 1974, Robberecht and Caldwell 1978, Robberecht
et al. 1980), have shown that the epidermis is capable of
attenuating more than 90% of the UV-B radiation incident on the
leaf. Furthermore, increase flavonoid absorbance is
conconmitant with altered epidermal optical properties after
UV-B irradiation, and thus the attenuating capability of the
epidermis is plastic. These observations suggest a mechanism ¢f
UV-B attenuation in Q. stricta that involves the biosynthesis of
UV-absorbing flavonoid compounds in the epidermis and mesophyll

in response to solar UV-B radiation. Although the UV-filtration
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' capacity of the epidermis of this species generally increased
under UV-B irradiation (see Table 1), this plasticity appears to

vary among species (see Robberecht and Caldwell 1978).

Increased epidermal UV-B attenuation results in reduced
UV-B flux at the top of the mesophyll layer. Therefore, the UV-B

doce rate incident on the leaf surface does not reflect the

g

ultimate UV-B flux incident at the top of mesophyll. Further
reduction of the residual UV-B radiation, not attenuated by the

epidermis, occurs within the cell layer. This is shown by UV-B

oy
.

transmittance of less than 1% in tissue consisting of upper
epidermis and mesophyll. The UV-B radiation flux incident on
sensitive chromophores and physiological targets, such as
nucleic acids and the photcsynthetic apparatus, is therefore, a
small portion of that striking the leaf and yet sufficient to

> cause damage.

Although UV absorbance generally increased and epidermal UV

’ transmittance generally decreased in response to UV-B
irradiation, the reduction in transmittance is less than would
be expected from increases in absorbance. As mentioned

’ previously, absorbance refers to radiation absorbed
exponentially, and is related to transmittance on this basis
(Jagger 1967). Thus, a twofold increase in absorbance can result

s in as much as a 10-fold decrease in transmittance. For
solutions, this relationship between absorbance and
transmittance conforms to theoretical expectations and is caused

* by the relatively homogeneous distribution of the dissolved

M

e ..



24

solute in the solvent. This is not the case in the leaf, where
flavonoid compounds are highly localized in cell vacuoles and
around plastids (McClure 1976). A strict exponential
relationship between absorbance and transmittance in the

epidermis is therefore not observed.

In addition to a reduction in the magnitude of epidermal
Uv-B and UV-A transmittance, a shift in the spectral
distribution of transmittance was observed (see Fig. 2 and 4).
This shift was expressed as greater reduction in UV-A
transmittance than UV-B transmittance. This phenomenon may be
related to the absorption characteristics of flavonoids. These
compounds generally absorb more strongly in the UV-A than the
UV-B portion of the solar spectrum. Thus, the greater reduction
in UV-B transmittance may be due to greater flavonoid absorption

in this region,

Cell wall constituents such as cellulose and hemicellulos2
are highly transparent to UV radiation and thus contribute
relatively little to filtration capacity of the epidermis
(Frey-Wyssling 1976). Cuticular waxes are compos2d of long
chained parafins (or alkanes) or primary alcohols (Martins and
Juniper 1970). These structures typically absorb below 200 nm,
so no appreciable absorption of UV-B radiation is due to leaf
waxes (Frey-Wyssling 1976, Crooks 1978). The attenuation of UV
by culticular waxes was not appreciable in four species examined
by Wuhrmann-Meyer and Wuhrmann-~Meyer (1941). They measured

extinction coefficients between 250 and 400 nm of the wax of

T
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each species. Although some UV extinction was observed at 290
nm, the extinction coefficiente were generally quite low,

Wavelength selectivity of epidermal tissue

In regard to solar radiation, the epidermis is a complex
radiation filter with substantial differences in the attenuation
capacity over the 290 to 700 nm waveband (see Fig. 4). Epidermal
transmittance is typically less than 10% in the UV-B region,
increases substantially with increasing wavelength between 320
and 400 nm, and becomes asymptotic at about 70 to 80% between
400 and 700 nm. These observations are very similar to the data
presented by McCree and Keener (1974) on epidermal UV and
visible transmittance in cabbage leaves. This pattern in the UV
waveband has been demonstrated for 68 plant species by
Robberecht et al. (1980). In addition to differences in the
magnitude of transmittance between 290 and 700 nm, the spectral
distribution of transmittance in the UV regior. appears *o be
relatively characteristic for each species. Since UV-B radiation
is generally considered to be deleterious to plants (Caldwell
1971, 1981), effective filtration of UV-B by the epidermis would
seem beneficial to the plant. In contrast, transmittance of
visible radiation (400 to 700 nm) is essential for
photosynthesis and therefore, the epidermis must be highly
transparent to this radiation to maximize its penetration to the

mesophyll,

i
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The highly selective nature of epidermal attenuation may be
a result of the combined optical properties of the structural
and pigment components of the tissue. As mentionea above, cell
wall constituents and cuticular waxes are, in general,
relatively transparent to UV and visible radiation and, thus, do
not substantially contribute to the attenuation capacity of the
epidermis. Flavonoid compounds, however, absorb strongly in the
UV region but not in the visible region. Anthocyanins, which
absorb strongly between 520 and 560 nm, are the exception
(McClure 1976). The presence of flavonoid compounds is thus a
significnat factor determining the wavelength selectivity of the

epidermis.

A limited amount of phenotypic plasticity in epidermal
transmittance of visible radiation was evident., Transmittance of
visible radiation between 400 and 430 nm was veduced similar to
that of UV radiation, although to a lesser degree (see Table 1).
The reduction in transmittance in the 400~ to 430~nm waveband
was between 6 and 14%. The effect of UV-B irradiation on
epidermal transmittance in the 450- to 65%0-nin region was

generally negligible,

Although the reductions in visible transmittance appear
relatively small, slight reductions in photosynthetically active
radiation incidert at the mesophyll may affect the rate of
photosynthesis. The small observed decreases in the penetration
of visible radiation between 400 and 430 nm may be biologically

significant, since chlorophyll absorbs in this region (Sestak et

M iy
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al. 1971). The photosynthetically active radiation penetrating
to the mesophyll would still most likely be sufficient to
saturate photosynthesis at the high light intensities normally
occurring at midday. However, at lowar light intensities,
occurring in the morning or late afternoon, a small reduction in
epidermal transmittance of visible radiation could depress the
rate of photosynthesis and reduce the total daily carbon gained
by the plant. When epidermal transmittance between 400 and 650
nm is weighted on the basis of its effect on photosynthesis
using data presented by McCree (1972) on the relative quantum
yield for photesynthesis, the reductiocns in .r:nsmittance caused

by UV-B irradiation are only 2 to 4%.

Plant UV-B sensitivity and acclimation

The photosynthetic rate of plants under the stress of UV-B
radiation has been taken as an indicator of overall plant
sensitivity by several investigators (Sisson and Caldwell 1976,
1977, van et al. 1976, Brandle et al. 1977, Teramura et al.
1980, Sisson 1981). Although sensitivity to UV-B irradiation
has been demonstrated in some species, the degree of UJV-B
sensitivity among species can be quite variable (van et al.

1976) .

The pattern of photosynthetic reduction under the three

UV-B dose rates employed indicate that Oenothera stricta has a

threshold for photosynthetic depression that can be related to



species is native or exotic. The moderate¢ UV-B dose rate at
which no substantial photosynthetic reduction was observed is
approximately the maximal daily effective UV-B flux present 1in
its native habitat of temperate South America. In the higher
UV-B irradiance environments of the Hawaiian Islands, O.
stricta may be near the threshold of its ability to tolerate
UV-B irradiation. The moderately high UVv-B daily dose of 3110
effective J/m2 is approximately 20% higher than the daily
efiective dose in the Hawaiian Islands (CTaldwell et al. 1981)
ard exceeds the tolerance threshold to UV-B irradiation in this
species., Although the moderately high dose is 20% higher that
the maximum daily effective dose in the Hawaiian Islands, it
represencs approximately a 14% decrease in stratospheric ozone.
This decrease is within the predicted range of ozone depletion
(National Academy of Sciences, 1979a and b). Thus Q. stricta
may not only be restricted in its range by the Uv-B flux
naturally present in its environment, its establishment in high
irradiation habitats would be restricted in the event of a small

reduction in ozone.

There is no apparent reciprocity in the effect of UV-B
radiation on photosynthesis as was found by Sisson and Caldwell
(1977). Short-term high UV-B irradiation results in greater
photosynthetic depression than long~term low UV-B irradiation.

ODenothera stricta can apparently acclimate to a moderate UV-B

dose, but not to high UV-B irradiance. The latter exceeds the
capacity of epidermal attenuation and repair processes, and is

expressed in significant photosynthetic depression and eventual
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physical damage to the leaf.

The evaluation of plant UV-B sensitivity and the processes
leading to plant UV-B acclimation involves an interaction of
several inportant factors. Although measurements of
photosynthetic depression mav be used as an index of piant
sensitivity, it does not by itself indicate a mechanism ot glant
acclimaticn. Plant UV-B sensitivity and eventual acclimation is
more l.kely a result of the dynamic balance between the UV-B
irradiance penetrating the leaf, its absorption, and the

efficiency of UV radiation repair mechanisms.

In order for UV-B radiation to elicit an effect on the
photosynthetic apparatus, or any plant process, it must be
absorbed. A high epidermal UV attenuation capacity, and the
resulting low UV-B flux at the mesophyll layer, is thus the
first factor that can influence plant sensitivity. The UV-B
flux at the mesopnyll (I _.), weighted for its effectiveness for
inducing damage in plants (Caldwell 1968), represents the
effective UV-B irradiation with the potential to strike
sensitive targets in the mesophyll. Figure 6 illustrates the
effectiveness of leaf epidermal attenuation and i of 0.

nes _

stricta leaves. The daily I was calculated with equation

mes
given by Robberecht et al. (1980) and is shown for solar UV-B
irradiance expected under natural conditions in June at 42° N
latitude and under a 15% ozone depletion. These calculations

illustrate that the penetration of UV-B radiatiun to the

mesophyll layer is substantially reduced by the epidermis.

e i el 1A L
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Increacsed epidermal UV attenuation in response to UV-B
irradiatisn, and the resulting reduction of UV-B irradiance at
the mesopryll, may represent a type of acclimation to UV-B

radiation.

The phenotypic plasticity of epidermal transmittance,

decreasing I is particularly important in view of the

mes’
mechsnrisms of the UV repair processes that are present in plant.
As described by Howland (1975) and Murpiy (1975), the capacity
of mechanisms that repair UV-B induced lesions in nucleic acids
and proteins is limited. If the formation of pyrimidine dimers
occurs at a rate that exceeds the repair capacity, damage to
these biologically important molecules will acculmulate.

Howland (1975) has demonstrated the phenomenon of repair
capacity saturation in wild carrot protoplasts that were
irradiated with UV-C radiation. While the effects of UV-C and

UV-B are not always related, a similar repair mechanism may

exist for the repair of UV-B induced damage.

CONCLUSIONS

Tue epidermis was found to be an effective filter of UV-B

radiation and considerably limits the penetration of UV-B

rza1ation into the leaf. Epidermal tissue of Oenothera stricta

attenuated up to 9%% of the UV-B radiation incident on the leaf.
This represents a substantial reduction in the daily 'W-B
irradiance incideant at the mesophyll layer, where the potential

for UV-8 induced damage is high.
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The epidermis was not only found to be an effective UV-B
filter, it appeared to have a high degree of wavelength
selectivity. This tissue layer was highly transparent to
visible radiation, with up to 80% of the visible radiation
indcident on the leaf penetrating to the mesophyll, yet nearly
opaque to UV-B radiation. The degree of UV-A attenuation was

intermediate between attenuation of visible and UV-B radiation.

Some degree of phenotypic plasticity in the capacity of the
epidermis to attenuate UV-B radiation was demonstrated. A
reduction in the penetration of UV-B irradiance through the
epidermis, and concomitant reduction of the UV-B flux at the
mesophyll, may be one portion of the acclimation process of
higher plants to UV-B radiation. Given this observed phenotypic
plasticity, some predictions may be made in regard to UV-B
transmittance in the epidermis of species in the plant
community. Epidermal attenuation of solar UV-B radiation in

Oenothera stricta would be expected to increase as solar UV-B

irradiance increases over the growing season. In the event of
an intensification of UV-B irradiance, due to a partial
depletion of stratospheric ozone, epidermal UV-B attenuation may
also become more effective in species with a high degree of
plasticity in this parameter. This response in epidermal
transmittance may be particularly important, since repair
systems may not be able to keep pace with the rate of damage
without some reduction in the UV-B flux incident at the

mesophyll.,

b
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Effective UV-B attenuation and the wavelength selectivity
in the epidermal layer may result from the presence of
Uv-absorbing compounds in this tissue. Flavonoid and related
compounds are commonly found in leaf tissue, and strongly abosrb
UV radiation. Their induction in response to UV irradiation has
been demonstrated by Wellmann (1974). The increases in extract
absorbance found in this study were apparently due to increased
flavonoid absorbance in response to UV-B radiation. The ability
for flavonoid synthesis in the leaf suggests a potentially
responsive -mechanism for altering the UV-B absorption properties

of the epidermis under a changing UV-B irradiance environment.

The degree of epidermal transmittance in Oenothera stricta

prior to UV-B exposure was rather low. The observed reduction
in transmittance caused by UV-B irradiation may have been of a
level sufficient to maintain any UV-B induced injury below a
threshold point. This may account in part for the lack of plant
sensitivity at moderate UV-B dose rates. When the attenuation
capacity of the epidermis and mesophyll are exceeded, as at high
UV-B dose rates, significant photosynthetic depression was

observed.

The particular UV-B sensitivity of a species is, however,
more likely the result of an interaction of several factors,
rather than of epidermal UV-B attenuation alone. In addition to
the UV-B attenuating capacity of the epidermis, factors such as

UV-B absorption in the mesophyll and the efficiency of UV repair
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systems may be important. The dynamic balance between the UV-B
dose rae, the attenuation capacity in the epidermis and
mesophyll, and repair systems perhaps determines the overall

UV-B sensitivity of the plant.

Under field conditions, where plants are exposed to several
different environmental stress factors simultaneously, the
stress of UV-B radiation may be enhanced. This is suggested by
the study of Fox and Caldwell (1978), where plants were
simultaneously exposed to intensified UV-B radiation and the
stress of interspcifiic competition. The results of this study
showed that the same species may show different degrees of UV-B
sensitivity, depending on the particular competitor species it
encounters., Furthermore, the effect of UV-B irradiation was not
expressed as a decrease in the total biomass of the two
competing species, but as a decrease in the biomass or density

of the more sensitive species.

The interaction of UV-B radiation with different
environmental stress factors in the field has particular
implications for plant community structure under an intensified
UV-B radiation regime. Rather than an overall reduction in plant
production in the community, intensified solar UV-B irradiance
may result in slight changes in the competitive balance among
species, which may eventually be expressed as subtle shifts in

species composition and relative abundance.
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Appendix 1

The following appendix summarizes the results of UV-B

effects on Rumex obtusifolius and Rumex patientia for

experiments similar to those described in the previous section.
Epidermal UV transmittance of nonirradiated leaves is shown in
Fig. 8. Transmittance differed significantly between the two
Rumex spec‘es. The difficulty in obtaining fresh epidermal
tissue of sufficient size for experimentation limited the study

W optical properties in these species. Mesophyll
transmittance of UV-B radiation in either species was
negligible, similar to the attenuation found for Oenothera

stricta.

Field UV-B study methods

The effect of solar UV-B radiation was examined in the
field, using a UV transparent filter and a filter opaque to
UV-B. Solar UV-B radiation could thus be removed from the
plant's environment. These plastic filters were suspended on
metal frames above a group of plants, A fan was positioned at
the end of each frame to provide air circultion and convective

cooling of the plants beneath these frames,

The frames were covered with either a 0.08-mm Aclar (Allied
Chemical Corp.) or a 0.13-mm Mylar plastic filter. Aclar is
highly transparent to UV radiation, whereas Mylar is opaque to
wavelengths shorter than approximately 315 nm. The filter

transmission characteristics are shown in Fig. 7. Plants
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beneath the Aclar filter would not be exposed to the full solar
Uv-B flux because of the UV attenuation in this filter.
Measurements of solar UV-B radiation beneath the filters were
made three times daly during the experiment. These were made at
approximately two hours before solar noon, at solar noon, and
two hours after solar noon. Using this schedule, estimates of
total daily solar UV-B, absolute and effective, could be
determined by cohputer simulation modeling of solar UV-B
irradiance (based on a model by Green et al. 1980). There were
two major periods of field experimentation. Two experiments were
conducted near the time of the summer solstice, between June
l1th and July 7th. A second set of experiments was conducted
between July 31st and Auqgust 8th. The mean daily effective UV-B
irradiation beneath the filter-frames for the first
experimentation period was estimated to be 1125 J.m."2.d"1, The
UV-B dose rate for the second period was estimated at 1151

J.m~ 2,371, skies were generally clear during the periods of

field experimentation.

The response of the two Rumex species to solar UV-B
radiation in the field was similar to the trends observed for

these species and Oenothera stricta under the simulated UV-B

radiation regime in the greenhouse. Epidermal UV-B and UV-A

transmittance of R. obhtusifolis leaves were significantly

reduced by 27% after eight days of exposure to solar UV-B
radiation (Fig. 8). A similar trend in epidermal transmittance

was also evident in a second experiment with R. obtusifolius,

although in this case the decrease in transmittance after seven



days of sonlar UV-B irradition was not significant. No
transmittance measurements of R. patientia leaves were possible
because the UV-B irradiated epidermis could not be removed in
samples of sufficient size for examination. The UV-B irradiated
tissue was more prone to disintegratior upon removal, as
compared to the nonirradiated tissue. The measurement of
epidermal transmittance from non-irradiated leaves was possible
and shows a significant difference in the degree of

transmittance between spocies (Fig. 9).

Although there was some difficulty in measuring epidermal
transmittance in the two Rumex species, measurement of
whole-leaf extract absorbance could be made consistently.
Whole-leaf tissue abosrbance significantly increased in both
species for field UV-B irradiation periods of more than five
days. No significant incrzase in absorbance was observed in R.
patientia leaves exposed to solar UV-B irradiation for three
days (Table 3). The estimated daily dose of biologically and DNA
effective UV-B for each experiment (see "Methods" section) was

rel tively similar among experiments.

The effect of natural solar UV-B irradiance on the
photosynthetic rates of these two Rumex species was also
examined. The similarity of solar UV-B irrz&iance among the
experiments allewzd a reasonable degree of comparison between
the replications. No clear short-term depression of
photosynthesis was evident in either R. patientia or R.

obtusifolius. The progression of photosynthesis during a three-
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to eight-day exposure to solar UV-B radiation showed no
significant depression in the photosynthetic rate. However, a
trend of reduced photosynthesis is apparent in one experiment
with each species. In these experiments, photosynthesis of the
Uv-B irradiated plants was depressed slightly below that of the
nonirraciated plants after one day of exposure to solar UV-B
radiation. Photosynthesis of the former remained lower than the
plants not subjected to UV-B irradiation for the duration of the
experiment. On the basis of the rate of photosynthesis in
response to filtered solar UV-B irradiation, these species dc¢
not appear to be particularly sensitive to these moderate levels

of solar Uv-B radiation.
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Fig. 5. Photosynthesis in Oenothera stricta exposed to three
levels of UV-B radiation. Significant (p«0.05) photosynthetic
depression occurred under the moderately high and high UV-B dose
rates.
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Fig. 6. The mean daily Biologically effective UV-B flux at the
mesophyll layer I(mes) for UV-B irradiated and nonirradiated
leaves of Oenothera stricta under ambient and reduced strato-
spheric ozone concentrations. Incident UV-B irradiance was
calculated using a camputer simulation model developed by
Green et al. (1980). Ultraviolet-B irradiance was calculated
for an elevation of 1.5 km above sea level, 42 degrees N latitude,
and mean ambient (0.320 atm.cm) and reduced (0.272 atm.cm) June
ozone concentrations. The data correspond to the six separate
experiments. The length of the UV-B irradiation periods are
noted.
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Action spectra for photosynthetic inhibition

M, Caldwell, S. Flint, L. Camp

Introduction

Traditionally, biological action spectra have been
undertaken to elucidate photobiological mechanisms, and
specifically to identify potential chromophores. Action spectra
are usually assessed by evaluating biological responsiveness to
monochromatic¢ irradiation. 1In order to identify potential
chromophores, there has been an emphasis on the fine structure
of action spectra and much less attention to the tails of these

spectra.

In assessment of the consequences of atmospheric ozone
reduction, action spectra serve a very different role.
Ultraviolet action spectra provide the basis for weighting
furctions to represent the relative biological effectiveness of
spectral irradiance. For polychromatic irradiation, the
weighted spectral irradiance can be integrated over a waveband

of interest, thus:
effective irradiance = ‘{&A E, di
where I, is the spectral irradiance, and E, is the relative

effectiveness of irradiance at wavelength, to elicit a

particular biological response. The limits to the integration




are prescribed by the wavelengths where either I, or E), approach
zero. Irradiance can be expressed on either a photon or energy

basis.

The utility of expressing biologically effective
irradiance in the ozone reduction problem derives from the
highly wavelength~specific absorption characteristics of
atmospheric ozone and the wavelength specificity of biological
action spectra in the UV-B waveband (National Academy of
Sciences 1979, Nachtwey and Rundel 1981, Caldwell 1981). The
expression of weighted effective irradiance is useful in

addressing three basic issues:

(1) The increment of biologically effective irradiation
anticipated with a given level of ozone reduction for a
specific set of conditions, known as the radiation
amplitication factor, RAF, is very dependent on action spectrum
characteristics (National Academy of Sciences 1979). Without
calculation of "biologicaly effective" solar irradiation using
a weighting function, the increment of total solar UV-B
irradiation with ozone reduction is trivial, e.3., 1% increase
of UV-B radiation for 16% ozone reduction for midday irradiance
in th> summer at temperate latitudes (Caldwell 1981). The
increase of solar UV-B irradiation as a function of ozone

reduction only becomes significant when the biological



effectiveness of this radiation is taken into account. By the
same token, if the action spectrum of a particular biological
phencmenon does not exhibit substantial specificity for the
UV-B portion of the spectrum and a pronounced increase in
effectiveness with decreasing wavelength, the RAF will be very

small and this phenomenon can be eliminated from concern with

respect to the consequences of ozone reduction without the

necessity of dose-response studies.

(2) The steepness of the natural latitudinal gradient of
solar UV-B that currently exists on the Earth's surface should
also be evaluated in terms of potential biological
effectiveness. The natural gradient of UV-B radiation serves
as a basis for study of organism adaptation to solar UV-B
radiation and can provide insight into potential consequences
of ozone reduction. Yet, as with ozone reduction, without
taking biological effectiveness of solar Uv-B irradiation into
account, the natural latitudinal gradient of solar UV-B
radiation is virtually nonexistent (Caldwell 1981, Caldwell et

al 1980).

(3) Since spectral irradiance received from commonly-used
lamp systems for UV-B studies does not match that of solar
irradiance, it is only possible to draw comparisons by

calculating "biologicaly effecti e radiation using action



spectra as weighting functions. Characteristics of action
spectra will thus dictate the amount of radiant flux delivered
by lamp systems in experiments designed to evaluate potential

consequences of ozone reduction under different conditions.

With the ecological utility of action spectra in focus,
different priorities with respect to UV-B action spectrum
characteristics need to be emphasized. Since these spectra are
to be applied in the evaluation of polychromatic irradiation,
spectra derived from monochromatic irradiation studies may
misrepresent the appropriate weighting function if radiation at
different wavelengths causes interacting effects. Such
interactions can occur in the case of nucleic acid lesions
induced by UV-B irradiation (Natonal Academy of Sciences 1979).
If such interacting effects are clearly understood, the net
effect of polychromatic irradiation of a given spectral
distribution could be calculated. However, if these are not
well understood, the ecological utility of such action spectra
can be severely diminished. An empirical approach to this
problem involves the use of polychromatic radiation in the
determination of action spectra. In this process, the
biological responses to different combinations of polychromatic
irradiation are determined and an action spectrum can be
deconvoluted from this series of responses. With respect to

the ozone reduction problem, the most logical combinations of



polychromatic irradiation involve a constant background of
longwave UV-2 and visible irradiaice with increments of
radiation at shorter wavelength intervals (see Methods). This
process can sacrifice some of the fine structure of an action
spectrum, but this is of less concern for the purposze of

weighting functions.

This series of polychromatic irradiation distributions
should be planned to account for the tail of the action
spectrum into the UV-A, or visible waveband, as the case may
be. Characteristics of the action spectrum below 280 nm are of
no concern with respect to solar UV radiation changes because
of the effectiveness of atmospheric ozone absorption even in
the case of a severely depleted ozone layer (Caldwell 1979).
Yet, if a particular lamp system emits shorter wavelengths, the

weighting function should include these as well.

Inhibition of photosynthesis of higher plants by UV
radiation is of potential concern with respect to ozone
reduction. For some species under particular experimental
conditions, solar UV at flux rates now received at temperate
latitudes is sufficient to significantly reduce photosynthesis
(Bogenrieder and Klein 1977, Sisson and Caldwell 1977). Yet to
be resolved, however, is the extent to which plants experience

photosynthetic inhibition under field conditions, or in the



event of ozone layer reduction. Nevertheless, there is
sufficient impetus to select net photosynthesis for action
spectrum analysis because of its potential susceptibility to
solar UV radiation. Furthermore, net photosynthesis is an
integrated physiological process which :equires the integrity
of membrane systems and the coordinated action of photochemical
and involved enzymatic processes. Thus, it also serves as a

u-.ful indicator of plant response to stress.

Another plant growth process which might be influenced by
UV-B irradiation is the expansion of leaves, especially cell
division rates of leaves (Dickson and Caldwell 1978). Even
though there is an adequate energy source for leaf expansion,
UV irradiation could affect cell division processes thereby
limiting leaf and plant growth. Thus, we have selected leaf
disc expansion under conditions of adejuate enerqy substrate as

a phenomenon for action spectrum analysis.

Methods:

Assessment of photosynthetic depression resulting from UV
irradiation involves the determination of net CO2 uptake by
plant leaves, exposure of the foliage to a particular

polychromatic irradiation distribution, and then subsequent

deterwination of CO, uptake capacity under identical



-y

o AT AT

conditions. Ideally, the leaves would be exposed to the
inactivating UV irradiation over a period of sever 1 days or
weeks as would occur under field conditions. Unf-.tunately,
this involves unreasonable biological and experimental
complications. Leaf photosynthetic characteristics change
appreciably with leaf age (e.g. Sisson 1981, Sisson and
Caldwell 1977). These changes combined with the time and
logistic requirements for such experiments render this approach
infeasible, Thus, the irradiation periods ranged from one to 16
hours. Seven polychromatic radiation distribution were
employed. For each a dose-response relationship was developed.
Even with these irradiation periods, such experiments are

extremely time consuming.

The spectral irradiance :«r the seven polychromatic
irradiation distributions are shown in Figure 1. These are
developed by using a 2.5-kW xenon high pressure lamp (Osram
Co.). The lamp is contained in a housing consisting of an
optics box, a shutter system and a series of filters. An
aluminum-coated, front-surface mirror held by a cantilevered
structure allows focusing and projection of the radiation beam
onto the surface of a dichroic filter held at an angle of
incidence of 45°, Approximately 80% of the visible and
infrared radiaotion passes through the dichroic filter and is

dissipated by a heat sink. The remaining 20%, and nearly all of
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the radiation below 400 nm, are reflected toward the
irradiation field used in the experiments. This allows
experiments to be conducted without photoinhibition due to
excessive visible irradiance or excessive leaf temperatures.
Yet, there is sufficient visible flux (400 mole.m~l.s~1 between
400 and 700 nm) vo drive photosynthesis of the plants during
irradiation. Before the radiant beam reaches the experimental
irradiation field, it passes through a quartz diffuser and an
absorption filter. The absorption filter is one of a series
which provides the different polychromatic distributions shown
in Figure 1. These filters are sharp cutoff absorption filters

{Schott Co. WG series).

Leaves still intact with the remainder of the plant are

placed on a slowly revolving stage in this radiacion field to

insure even irradiation of the foliage material.

Net photosynthetic rates of intact leaves are assessed by

measurements of net CO, uptake under specific environmental
conditions in a gas exchange cuvette. By measurement of
simultaneous CO, and water vapor flux of the foliage as well
other parameters including leaf temperature, CO0, concentration
in the cuvette air, and water vapor concentration in the
cuvette, it is possible to calculate intercellular CO

2
concentrations within the leaf (e.g. Caldwell et al 1977).



Intercellular CO, js influenced primarily by photosynthetic
rates, CO, in the cuvette airstream, and diffusion resistance
provided by stomata. Since photosynthesis is normally substrate
limited, it is important to manage the cuvette conditions to
maintain a constant intercellular CO, concentration in the leaf
before and after irradiation so that metabolic photosynthetic
capacity of a leaf is being assessed uncomplicated by diffusion
resistances. Direct coupling of the gas exchange system with a
computer allows immediate assessment of these parameters so
that adjustments in cuvette conditions can be made during the

course of these measurements.

Inhibition of leaf disc expansion has been examined under
the same high intensity xenon arc filter system. Leaf disc
expansion was dctermined in a manner similar to that used
earlier in our laboratory by Lindoo. Uniform leaf discs were
excised from developing leaves and floated on a sucrose medium,
After UV irradiation, the leaf discs were incubated on a

sucrose, nutrient, and antibiotic medium for 65 hours. Leaf area

was then determined with a leaf area meter.

A new system has been devised where the control discs are
simultaneously treated under conditions identical to the UV
irradiated leaf discs except for wavelength below 400 nm. This

is achieved by floating the leaf discs atop a highly absorbant
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sponge saturated with the sucrose medium. Half of the sponge is
shielded with the plastic filter material Llumar, which removes
all radiation below 400 nm. The other half is similarly covered
with the plastic filter material Aclar, which transmits equally
over all the UV wavelengths of interest. Thus, treatment and
controls are in identical microenvironments. The entire
assembly was placed on a rotating stage to assure uniform

irradiation.

Using this system, we have attempted to develop a series
of dose-response relationships for the four sharp-cut WG
filters (280, 295, 305, and 320) showing inhibition of Rumex
leaf disc expansion. A fifth filter (WG 335) produced no

inhibition of leaf disc expansion up to 16 hours of treatment.
Results

The dose-response relationships for net photosynthetic

inhibition of Rumex patientia leaves are shown in Figure 2 for

different spectral irradiance distributions. Each data point
represents a different leaf and was determined on a different
date since these determiniations are quite time consuming,
Nevertheless, these dose-response data reveal linear

relationships when there is a significant response to the

radiation. The coefficients of determination, R2, range between
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0.63 and 0.98 with an average of 0.87. The spectral irradiance
regime provided by the filter with a cutoff at longer

wavelengths (WG 360) did not result in inhibition of

photosynthesis under these conditions even after 16 hours of

exposure.

These photosynthetic inhibition data indicate that if
there is sensitivity to a particular irradiation distribution,
we are dealing with a linear portion of the dose-response
relationship. This is important in developing action spectra.
If a particular dose-response relationship exhibits diminished
slope as with saturation, these data cannot be compared with a
dose-response relationship which is in the initial, linear
phase. The dose-response relationships presented here indicate
that it is suitable to utilize the slopes of these linear
regression relationships ftor biological response in developing

these action spectra.

Dose-response relationships for inhibition of leaf disc
expansion are shown in Figure 3. Despite the fact that dose
rates for the leaf disc experiments were twice those depicted
in Figure 1 for the photosynthetic inhibition study, inhibition
of leaf disc expansion was negligible under radiation from the
WG 355 filter. Thus, in Rumex the longer wavelengths capable of
damaging photosynthesis do not interfere with leaf disc

expansion.

AR G 01 e e e i
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In the extended duration treatments (WG filters 305, 320,
and 335), we observed considerable redaening of the treatment
leaf discs, which was never observed in either the prolonged
Llumar treatments or the WG 280 or 295 treated leaf discs. This
reddening response is apparently independent of the inhibition
of expansion, as it was seen in the WG 335 leaf discs, which

showed no inhibition of expansion.

Because of the differences in dose rate and handling of
control leaf discs, the data in Figure 3 are not comparable to
that in the 1980 Annual Report. We have not presented data for
the 280 filter as we were unable to obtain a linear
dose-response as we had achieved earlier (1980 Annual Report).
We do not have an explanation for this, as the lower dose rate
previously produced a very good linear dose-response

relationship.

Discussion

The action spectrum for inhibition of photosynthesis falls
between that of the general DNA action spectrum (Setlow 1974)
and the generalized plant action spectrum (Caldwell 1971). The

general characteristics of this action spectrum suggest that a

R
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combination of pronounced increase in effectiveness with
decreasing wavelength, substantial specificity for the UV-B
waveband and very diminished response in the UV-A waveband will
result in large radiation amplification factors when such
action spectra are used as weighting functions. Thus, the
potential increase in radiation with ozone reduction that may
damage higher plant photosynthesis should receive attention.
This is in contrast to conclusions that might be drawn from the
action spectrum for a partial photosynthetic process, the Hill
reaction, performed with monochromatic radiation on isolated

spinach chloroplasts several years ago (Jones and Kok 1966).

Smith et al. (1980) tested different polychromatic UV
radiation regimes in assessment of reduced capacity for 14CO2
fixation by marine phytoplankton and found their data were in
reasonable correspondence with the earlier Jones and Kok action
spectrum. Thus, for phytoplankton such action spectrum
characteristics suggest very small radiation amplification
factors and that short-term inhibition of photosynthesis that
might result from ozone reduction would be of negligible
ecological consequence. Apparently, photosynthetic activity of
intact higher plants responds quite differently to UV
irradiation. The extent to which this action spectrum will

apply to other higher plant species is now being tested.
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Determination of dose-response relationships for leaf disc
inhibition has been considerably more difficult than for
inhibition of net photosynthesis. Deconvolution of an action
spectrum from these data is not warranted at this time.
However, comparison of the data with the DNA damage action
spectrum suggests an action spectrum for inhibition of leaf
disc expansion would fall off at longer wavelengths at least as
steeply as the DNA damaje spectrum. It would seem biologically
plausible that inhibition of leaf expansion might be at least
in part attributable to nucleic acid damage. As with
photosynthetic inhibition, which is likely not immediately
related to DNA damage (Caldwell, 1981), there should be large
radiation amplification tacrors associated with an action
spectrum for inhibition of leaf expansion. Thus, both
photosynthesis and leaf expansion are biological phenomena
which should receive continued study in the context of the

ozone layer reduction problem.

L s
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Figure Legends

1. Ultraviolet spectral irradiance provided by focused
high pressure xenon lamp system with a series of sharp cutoff
absorption filters of the Schott Co. WG series. The numbers by
each spectral irradiance distribution indicate the designation
for the particular WG filter employed in the irradiator system,
These measurements were conducted with a double monochromator
spectroradiometer.

2. Relative inhibition of net photosynthesis of Rumex
gatientia exposed for different periods of time to the spectral
rradlance regimes portrayed in Figure 1.

3. Relative inhibition of leaf disc expansion for Rumex
atientia exposed for different periods of time to spectral
irradiance distributions twice the flux rates of those
portrayed in Figure 1.



o

0 0)
N

222 2 2200802 1 0 Lagaata gt i

2957 [305
32

lullll 1 1

360 380

340

320
Wavelength (nm)

300

G

1000

o o)
o

(;-WU 5 W.MW) 85UDIPD .|

|DJ}oadg

400

1.

Fig.

8l



sy,

I . v

o " 814
(s1y) porseg uoyoipouy
9l 4 2l ol 8 9 4 2
T ¥ T T 1 4 T T
Xawny -0~
o
oogom—oeeo 2 o — o o 0

1
Q

1 — 1
R &
(%) voriiqu anjeyuhsojoyy

082 oM Jog




,,,,,,,,,,,,

20

‘¢ 814

('S4Y) POIIa4 UOHDIPD Y]

ﬁ.ov

(%) uvoisuodx3 ;0 uowIqIyul

.
e



	0032A02.pdf
	0032A03.pdf
	0032A04.pdf
	0032A05.pdf
	0032A06.pdf
	0032A07.pdf
	0032A09.pdf
	0032A10.pdf
	0032A11.pdf
	0032A12.pdf
	0032A13.pdf
	0032A14.pdf
	0032B01.pdf
	0032B02.pdf
	0032B03.pdf
	0032B04.pdf
	0032B05.pdf
	0032B06.pdf
	0032B07.pdf
	0032B08.pdf
	0032B09.pdf
	0032B10.pdf
	0032B11.pdf
	0032B12.pdf
	0032B13.pdf
	0032B14.pdf
	0032C01.pdf
	0032C02.pdf
	0032C03.pdf
	0032C04.pdf
	0032C05.pdf
	0032C06.pdf
	0032C07.pdf
	0032C08.pdf
	0032C09.pdf
	0032C10.pdf
	0032C11.pdf
	0032C12.pdf
	0032C13.pdf
	0032C14.pdf
	0032D01.pdf
	0032D02.pdf
	0032D03.pdf
	0032D04.pdf
	0032D05.pdf
	0032D06.pdf
	0032D07.pdf
	0032D08.pdf
	0032D09.pdf
	0032D10.pdf
	0032D11.pdf
	0032D12.pdf
	0032D13.pdf
	0032D14.pdf
	0032E01.pdf
	0032E02.pdf
	0032E04.pdf
	0032E05.pdf
	0032E06.pdf
	0032E07.pdf
	0032E08.pdf
	0032E09.pdf
	0032E10.pdf
	0032E11.pdf
	0032E12.pdf
	0032E13.pdf
	0032E14.pdf
	0032F01.pdf
	0032F02.pdf
	0032F03.pdf
	0032F04.pdf
	0032F05.pdf
	0032F06.pdf
	0032F07.pdf
	0032F08.pdf
	0032F09.pdf
	0032F10.pdf
	0032F11.pdf
	0032F12.pdf
	0032F13.pdf
	0032F14.pdf
	0032G01.pdf
	0032G02.pdf
	0032G03.pdf
	0032G04.pdf
	0032G05.pdf
	0032G06.pdf
	0032G07.pdf
	0032G08.pdf
	0032G09.pdf
	0032G10.pdf
	0032G11.pdf
	0032G12.pdf
	0032G13.pdf
	0032G14.pdf
	0033A01.pdf
	0033A02.pdf
	0033A03.pdf
	0033A04.pdf
	0033A05.pdf
	0033A06.pdf
	0033A07.pdf
	0033A08.pdf
	0033A09.pdf
	0033A10.pdf
	0033A11.pdf
	0033A12.pdf
	0033A13.pdf
	0033A14.pdf
	0033B01.pdf
	0033B02.pdf
	0033B03.pdf
	0033B04.pdf
	0033B05.pdf
	0034A02.pdf
	0034A03.pdf
	0034A04.pdf
	0034A05.pdf
	0034A06.pdf
	0034A07.pdf
	0034A08.pdf
	0034A09.pdf
	0034A10.pdf
	0034A11.pdf
	0034A12.pdf
	0034A13.pdf
	0034A14.pdf
	0034B01.pdf
	0034B02.pdf
	0034B03.pdf
	0034B04.pdf
	0034B05.pdf
	0034B06.pdf
	0034B07.pdf
	0034B09.pdf
	0034B10.pdf
	0034B11.pdf
	0034B12.pdf
	0034B13.pdf
	0034B14.pdf
	0034C01.pdf
	0034C02.pdf
	0034C03.pdf
	0034C04.pdf
	0034C05.pdf
	0034C06.pdf
	0034C07.pdf
	0034C08.pdf
	0034C09.pdf
	0034C10.pdf
	0034C11.pdf
	0034C12.pdf
	0034C13.pdf
	0034C14.pdf



