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Characterization of Stomatal Closure Caused by
Ultraviolet-B Radiation’

Salvador Nogués?, Damian J. Allen®, James I.L. Morison, and Neil R. Baker*

Department of Biological Sciences, University of Essex, Colchester CO4 3SQ, United Kingdom

The effects of ultraviolet-B (UV-B) radiation on stomatal conduc-
tance (g, in pea (Pisum sativum L.), commelina (Commelina com-
munis L.), and oilseed rape (Brassica napus L.) plants were investi-
gated. Plants were grown in a greenhouse either with three different
high ratios of UV-B to photosynthetically active radiation or with no
UV-B radiation. Pea plants grown in the highest UV-B radiation
(0.63 W m~2) exhibited a substantial decrease of adaxial and abax-
ial g, (approximately 80% and 40%, respectively). With growth in
0.30 W m~? of UV-B adaxial g, was decreased by 23%, with no
effect on abaxial g,, and lower UV-B irradiance of 0.21 W m~2 had
no effect on either surface. Although abaxial g, increased when
leaves were turned over in control plants, it did not in plants grown
with the highest UV-B. Adaxial g; in commelina and oilseed rape
also decreased on exposure to high UV-B (0.63 W m™2). For previ-
ously unexposed pea plants the time course of the effect of UV-B on
g, was slow, with a lag of approximately 4 h, and a time constant of
approximately 3 h. We conclude that there is a direct effect of UV-B
on stomata in addition to that caused by changes in mesophyll
photosynthesis.

On exposure to increased levels of UV-B radiation, many
plant species exhibit reductions in their net photosynthetic
rate and productivity (Teramura and Ziska, 1996). High
UV-B irradiance has been shown to inhibit photosynthesis
in pea (Nogués and Baker, 1995), oilseed rape (Allen et al.,
1997), soybean (Middleton and Teramura, 1993), rice (Ziska
and Teramura, 1992), and algae (Lesser, 1996). Such inhi-
bition of photosynthetic competence primarily involves the
loss of both Rubisco activity and content (Allen et al., 1997),
but is also associated with the loss of activity of sedohep-
tulose 1,7-biphosphatase (Allen et al., 1998), and probably
that of other Calvin cycle enzymes, and is sometimes as-
sociated with damage to PSII photochemistry (Nogués and
Baker, 1995; Baker et al., 1997; Allen et al., 1998).
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It is not clear whether changes in stomatal function play
a major role in the UV-B-induced inhibition of CO, assim-
ilation. An increase in stomatal limitation observed in oil-
seed rape (Allen et al., 1997) and soybean (Middleton and
Teramura, 1993), together with a reduction in the intercel-
lular CO, concentration (c;) in pea (Day and Vogelmann,
1995), suggests that there may be a direct UV-B effect on
stomatal function. However, it is widely reported that any
UV-B effects on stomata do not affect CO, assimilation
(Murali and Teramura, 1986; Sullivan and Teramura, 1989;
Teramura et al., 1991; Ziska and Teramura, 1992). Recent
studies on pea leaves developed under high UV-B irradi-
ance showed that there were no changes in any photosyn-
thetic parameter measured: light-saturated net CO, assim-
ilation rate (A,,), maximum carboxylation velocity of
Rubisco (V,ax), maximum potential rate of electron trans-
port contributing to RuBP regeneration (J,,,,,), ratio of vari-
able to maximal chlorophyll fluorescence yield (F,/F,,),
and the relative quantum efficiency of PSII photochemistry
(¢psn) although there were reductions of adaxial stomatal
conductance (g,), but not abaxial g, (Nogués et al., 1998).
The effects on adaxial g, were mediated by changes in
aperture, as there was no reduction in stomatal density in
these pea leaves (Nogués et al., 1998). This demonstrated
direct effects of high UV-B on g, in the long term (days). In
contrast, small (30%) increases in the natural dose had no
measurable effects on the g, of pea plants grown in the field
(Allen et al., 1999).

The objective of this study was to further characterize the
effect of UV-B radiation on g,. We studied the effect of
growth under three different ratios of UV-B to PAR or with
no UV-B radiation on adaxial and abaxial g, in leaves of pea
(Pisum sativum). Only at the higher UV-B irradiances (>3X
maximum midsummer UK values) was g, reduced, and the
adaxial surface was more affected. This effect of high UV-B
was confirmed in two other species, commelina (Commelina
communis) and oilseed rape (Brassica napus). Clearly, abax-
ial stomata are exposed to a lower UV-B irradiance than
those on the adaxial surface, and therefore the possibility
that the abaxial stomata were similarly sensitive was in-
vestigated by inverting leaves in pea plants. The effect of
sudden exposure on plants grown without UV-B on g, was
also examined over several days, together with recovery of
g, in those grown in UV-B when the UV-B was removed.
Finally, the detailed time course of the UV-B effect on g,
and the net CO, assimilation rate (A) was characterized.
The results strongly suggest that there is a direct UV-B
effect on stomata, together with additional effects caused
by changes in mesophyll photosynthetic activity.
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MATERIALS AND METHODS
Plant Material

Pea (Pisum sativum L. cv Meteor), commelina (Commelina
communis L.), and oilseed rape (Brassica napus L. cv Apex)
plants were grown from seed in pots in a greenhouse as
described by Nogusés et al. (1998). Minimum PPFD during
a 14-h photoperiod was maintained at approximately 500
pmol m~? s~ ' by supplementary lighting from high-
pressure sodium lamps (SON-T DLS 400 W, Thorn, G.E.
Lighting, Kingston-upon-Thames, UK). Temperature and
the leaf-to-air vapor pressure difference (VPD) were main-
tained at approximately 23°C/19°C and 1.7/1.3 kPa day/
night, respectively.

Exposure to Different UV-B Irradiance and Leaf
Inversion Experiments

After the pea seeds were sown, pots were placed in a
transparent UV-exposure cabinet within the greenhouse, as
described by Allen et al. (1997). The UV-C radiation was
screened out by cellulose diacetate film, and the control
treatments were under the same configuration of lamps as
the UV-B treatments, but the UV-B was screened out with
Mylar-D film. The UV spectrum at the top of the plants was
measured with a scanning spectroradiometer (SR 991-PC,
Macam Photometrics, Livingston, UK) and was the same as
that previously described (Allen et al., 1997). Greenhouse
and cabinet transmission of UV-A radiation, supplemented
by the UV fluorescent lamps, ensured that UV-A exposure
was maintained for photorepair and flavonoid biosynthesis
(Teramura and Ziska, 1996). Plants were grown throughout
their development without UV-B or with three different
UV-B doses. The biologically weighted UV-B dosages over
the 14-h exposure period according to the generalized plant
action spectrum (normalized to 300 nm; Caldwell, 1971) for
the high-, medium-, and low-UV-B and control treatments
were 0.63Wm 232k m2d™"), 030 Wm ™2 (15 k] m ™2
d™), 021 Wm 2 (11 k) m 2 d™ "), and 0.001 W m 2,
respectively. The UV-exposure cabinet was divided into
four independent sections, and plants and treatments were
regularly exchanged between these sections to minimize
any between-section differences other than UV-B treat-
ments. Individual plants were considered as replicates in
all statistical analyses. The experiment started with 18
plants in each section. After 21 d of growth from sowing
under control or different UV-B treatments, the sixth leaf
pair (numbered from the base, i.e. chronologically) of six
plants was turned over in situ, leaves were held in an
inverted position using fine nylon line for 9 d, and these
were compared with six plants with normally positioned
leaves.

The adaxial and abaxial g, were measured in situ be-
tween midday and early afternoon on both normal and
inverted leaves every day using a transit-time porometer
(AP4, Delta-T Devices, Cambridge, UK), taking measure-
ments from six leaves per treatment according to the
method of Nogués et al. (1998). The sixth leaf pair (fully
expanded on d 21) was used for all measurements.
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In a second experiment, plants of oilseed rape were also
grown in the same experimental system, but only at the
highest UV-B dose (0.63 W m ™). Measurements of g, were
taken after full expansion of both first and second true
leaves. In a third experiment, commelina plants were
grown in the greenhouse and after 21 d they were placed in
the control and high UV-B sections of the UV-exposure
cabinet described above for 5 d. The adaxial and abaxial g
were measured in situ around midday as above after 5 d of
high-UV-B or control treatments.

Sudden Exposure and Recovery Experiments in Pea

After 5 d of the above experiment with pea, the remain-
ing six plants were transferred from high UV-B (0.63 W
m~?) to the control treatment to determine recovery, and
simultaneously six control plants were transferred to the
high-UV-B treatment to determine the kinetics of the effect
on stomata. Measurements of g, were taken on the seventh
leaf (fully expanded on d 26).

Kinetics of Stomatal Closure in Response to UV-B

Pea plants were grown in the greenhouse described
above for 21 d without UV-B. Attached mature leaves were
then enclosed for 14 h in a temperature-controlled leaf
cuvette connected to a programmable gas-exchange system
(model MPH-1000, Campbell Scientific, Logan, UT) incor-
porating an IR gas analyzer (model LI-6262, LI-COR, Lin-
coln, NE). The glass top of the cuvette was replaced by
2-mm-thick quartz glass (Optiglass, Essex, UK), allowing
UV-B radiation to reach the leaf tissue. UV-B radiation was
provided by two UV-B tubes (model TL40W, Philips, Ham-
burg, Germany) mounted above the chamber. The UV
spectrum reaching the leaves was measured with the scan-
ning spectroradiometer with the sensor placed below the
quartz glass and was the same as in the UV-exposure
cabinet. The biologically weighted UV-B dosages were the
same as the high UV-B and control treatments used in the
cabinet (i.e. 0.63 and 0.001 W m ™2, respectively). Leaf tem-
perature was maintained at 25°C * 0.5°C, with 800 umol
m~? s~ ! of incident PPFD and a VPD of 1.5 kPa.

At the beginning and end of the 14-h measurement pe-
riod, analyses of the response of net carbon assimilation to
intercellular CO, concentration at 1200 wmol m~2 s~ ' of
incident PPFD were carried out to separate possible limi-
tations imposed by stomata, the carboxylation velocity, and
the capacity for regeneration of RuBP on leaf photosynthe-
sis (Allen et al., 1997).

RESULTS
Exposure to Different UV-B Irradiances

To evaluate the UV-B dose that affects g, pea plants were
grown throughout their development without UV-B or
with three different UV-B doses (0.21, 0.30, and 0.63 W
m 2 Fig. 1). For clarity, results from the low-UV-B dose,
0.21 W m ™2, are not shown since they were indistinguish-
able from the controls. Growth of pea plants under the high
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Figure 1. Changes in the adaxial (a), abaxial (b), and total (adaxial
plus abaxial) (c) g, for mature pea leaves during 10 d of UV-B
treatment. Plants were grown from seed for 21 d prior to these
measurements either without UV-B radiation (O) or with 0.30 (A) or
0.63 () W m ™2 of UV-B radiation. Another treatment of 0.21 W m 2
of UV-B had no detectable effect, and is not shown. Data are the
means of six replicates = 1 pooled st derived from ANOVA shown
on the last day.

dose of UV-B radiation (0.63 W m ™~ ?) reduced adaxial g, by
83% (Fig. 1a; Table I) compared with the control (no UV-B)
plants, and abaxial g, by 39% (Fig. 1b; Table I). Therefore,
the total g, (Fig. 1c) decreased. The medium UV-B dose
(0.30 W m™?) reduced adaxial g, slightly (23%, Table I), but
had no significant effect on abaxial g,. There were no
significant effects on either adaxial or abaxial g, when pea
plants were grown under the low-UV-B dose (0.21 W m ™ ?).
It should be noted that while artificial lighting was used in
the exposure cabinets and the greenhouse was approxi-
mately temperature controlled, the environmental condi-
tions were not constant, and some of the day-to-day vari-
ation was caused by varying environmental conditions and
by leaf aging.

Leaf Inversion Experiments

To investigate whether the inhibition of adaxial g, is a
direct result of higher UV-B irradiances on this surface, pea
leaves were turned over for 9 d in the different UV-B
treatments (Fig. 2; for clarity, data from the low-UV-B dose,

0.21 W m ™2, are not shown as they were indistinguishable
from the controls). In all treatments leaf inversion resulted
in a reduction in adaxial g, as this surface now received
less PPFD (Fig. 2a; Table I), although the effect was not
large for the highest UV-B treatment, where adaxial g, was
very low prior to inversion (see also Fig. 1a). In the control
(no UV-B), low-, and medium-UV-B treatments, inversion
caused a substantial increase in abaxial g,, as this surface
was now illuminated directly with PPFD (compare Fig. 2b
with Fig. 1b; Table I). In the highest UV-B-irradiated plants
there was no increase in abaxial g, when the leaves were
turned over due to the simultaneous increase in UV-B
irradiation, despite the increase in PPFD (Fig. 2b; Table I).
However, the direct exposure to higher irradiance of UV-B
did not cause any appreciable decrease in abaxial g, (Table
I). Therefore, for the high-UV-B treatment the total g, (Fig.
2¢) was approximately the same in inverted leaves as nor-
mal leaves, but lower for the control, low-, and medium-
UV-B treatments.

Sudden Exposure and Recovery Experiments

A reciprocal transfer of pea plants from control (no
UV-B) and high-UV-B growth treatments (0.63 W m™?) for
5 d showed large effects on the 1st d (Fig. 3). Initial g
values were similar to those of plants shown in Figure 1.
After the 1st d of exposure of control plants to UV-B
radiation, adaxial g, decreased by approximately 42% (Fig.
3a), with further decreases subsequently. The abaxial g
(Fig. 3b) also decreased sharply on the 1st d, but subse-
quently recovered to a level similar to that in the beginning

Table 1. The effects of UV-B exposure during growth on g, of
pea leaves

Results averaged over 9 or 10 d after growth from seed for 21 d
either without UV-B radiation (control), or with 0.21 (low), 0.30
(medium), or 0.63 (high) W m~2 UV-B. Total g, is the sum of abaxial
and adaxial g,. Means and pooled st for each UVB treatment were
calculated from separate ANOVA for each parameter with data from
single leaves on six plants in each treatment, with leaves in the
normal position (average over 10 d) or leaves inverted after the 1st d
of measurement (average over 9 d). Means within the same part of a
column (either normal or inverted) followed by same letter are not
significantly different (P > 0.05).

Normal Leaf Position
UVB treatment

Adaxial Abaxial Total
molm2s 1
Control 0.484 a 0.520 a 1.000 a
Low 0.435 ab 0.496 a 0.930 ab
Medium 0.371b 0.482 a 0.859 b
High 0.082 ¢ 0.319b 0.401 ¢
SE 0.020 0.024 0.036
Leaves Inverted
Adaxial inverted Abaxial inverted Total
Control 0.081 a 0.770 a 0.851 a
Low 0.120 ab 0.666 ab 0.786 ab
Medium 0.130 b 0.577 b 0.709 b
High 0.036 ¢ 0.340 ¢ 0.376 ¢
SE 0.012 0.029 0.034
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Figure 2. Changes in the adaxial (a), abaxial (b), and total (adaxial
plus abaxial) (c) g, for mature pea leaves during 9 d of UV-B treat-
ment after leaves were turned over (indicated by the dotted line). The
plants were grown from seed for 21 d prior to these measurements
either without UV-B radiation (O) or with 0.30 (A) or 0.63 W m~2 ()
of UV-B radiation. Another treatment of 0.21 W m~2 of UV-B radi-
ation had no detectable effect, and is not shown. Data are the means
of six replicates = 1 pooled st derived from ANOVA shown on the
last day.

of the experiment. When UV-B-irradiated pea plants were
transferred to the control (no UV-B) treatment (Fig. 3a),
there was an initial large increase in adaxial g,, followed by
a decline to very similar values to those of plants moved
into UV-B and comparable to those of plants continually
exposed to high UV-B (compare with Fig. 1a). Abaxial and
total g, increased on the 1st d after transfer out of UV-B
(Fig. 3, b and c), but thereafter in both transferred groups of
plants g, values on either side of the leaf were indistin-
guishable, and were similar to those in plants continually
exposed to high UV-B (Fig. 1, but note these were leaf 6, not
leaf 7). Adaxial g, of leaf 6 for no UV-B and high UV-B
plants not transferred over this same period was 0.422 *
0.075 and 0.128 = 0.052 mol m~? s~ ', respectively, and for
the abaxial surface, g, was 0.472 = 0.082 and 0.419 * 0.088
mol m~? s !, respectively.

When mature commelina leaves previously unexposed
to UV-B were irradiated with high UV-B for 5 d, the adaxial
g, was reduced by approximately 40% (Table II), somewhat
less than that shown for the previously unexposed pea in
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Figure 3. Oilseed rape plants grown in high UV-B also
showed similar reductions in adaxial g,. For all of this
material the reductions in adaxial g, led to reductions in
total g, as the abaxial g, was either unchanged or reduced.

Kinetics of Stomatal Closure in Response to UV-B

To evaluate with higher temporal resolution the time
course of UV-B-induced stomatal closure, attached, mature
pea leaves (grown without UV-B exposure) were enclosed
in a leaf cuvette connected to a gas-exchange system, and
illuminated with 800 wmol m 2 s~ ' of PPFD for 14 h either
without UV-B or with high UV-B (Fig. 4). While VPD,
PPFD, and chamber CO, concentration were closely con-
trolled, the gas exchange system estimated total g, only, as
the whole leaf was enclosed. In control leaves total g, and
A had decreased by approximately 20% by the end of the
14-h measurement period and c¢; had not significantly
changed. In leaves irradiated with 0.63 W m~ 2 of UV-B,
both g, and A started to drop within 3 h of the start of
irradiation, and after 14 h of treatment they had both
decreased by approximately 50% (Fig. 4, a and b). How-
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Figure 3. Changes in the adaxial (a), abaxial (b), and total (adaxial
plus abaxial) (c) g, over 5 d for previously unexposed 21-d-old pea
plants moved to 0.63 W m™2 of UV-B (O) or for previously exposed
plants moved to no UV-B (CJ). The vertical dotted line indicates the
time of transfer. Data are the means = st of six replicates (Se values
are shown when larger than the symbols).
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Table 1. Effect of UV-B irradiation (0.63 W m~2) on g,

Measurements on (a) leaves of mature C. communis previously unexposed after 5 d of irradiation (b
& ¢) 1st and 2nd leaves of B. napus cv Apex after growth with 0.63 W m~2 of UV-B radiation. Total g,
is the sum of abaxial and adaxial g;. Means * st are given. P, The probability of difference between
treatments from one-tailed t test; NS, P > 0.10.

Leaf

Percentage

Species Position Control UV-B Reduction P
mol m2 s !
C. communis (n = 5) Adaxial 0.09 = 0.02 0.06 = 0.01 39 0.099
Abaxial 0.33 = 0.04 0.27 = 0.03 17 NS
Total 0.43 = 0.05 0.33 = 0.03 22 0.041
B. napus (leaf 1) (n = 6) Adaxial 0.33 = 0.03 0.18 = 0.03 46 0.002
Abaxial 0.63 = 0.06 0.49 = 0.06 22 0.073
Total 0.96 = 0.07 0.67 = 0.07 31 0.007
B. napus (leaf 2) (n = 6) Adaxial 0.39 = 0.03 0.14 = 0.01 65 <0.001
Abaxial 0.57 = 0.07 0.58 = 0.11 — NS
Total 0.96 = 0.08 0.71 = 0.11 26 0.045
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ever, ¢; remained almost constant at first, only decreasing
20 to 25 umol mol ' after about 7 h (Fig. 4c). The time
courses of A and g, after exposure to UV-B-fitted exponen-
tial declines well (Fig. 5, r? = 0.991 and 0.948, respectively,
using nonlinear regression), although there was some un-
certainty over the early part of the time course for g,. The
exponential model gave lag times of 2.8 h (*£0.12 sg) and

0.6 4.3 h (*£0.30 sE) for A and g, respectively, but similar time
0.5 constants (3.51 and 3.11 h, respectively, not significantly
04 different), and final estimated reductions of 57.6% and
ww ’ 55.2%, respectively (not significantly different). This sug-
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Figure 4. Changes in g,, A, and ¢ in illuminated mature pea leaves
throughout 14 h of no UV-B (O) or 0.63 W m~2 of UV-B (J)
irradiation treatments in a leaf chamber. Incident PPFD was 800
wmol m~2 57" and leaf temperature was maintained at 25°C = 0.5°C,
with a VPD of 1.5 kPa. Data are the means = sk of three replicates (S
values are shown when larger than the symbols).

0 2 4 6 g 10 12 14 16
Time since exposure (h)

Figure 5. Exponential decline time courses of total g, (a) and A (b) in
illuminated mature pea leaves after exposure at t = 0 to 0.63 W m™—?
of UV-B irradiation. Lines shown were fitted by nonlinear regression
using the model y = y; + ae P~ where y; is the estimated final
value, b is (time constant)™', ¢, is the lag time, and a the overall
change in y. Symbols indicate means of three leaves replotted from
Figure 4.
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0.6 T | tions of A, (55% compared with 28%) and increased the
085 ) limitation imposed by stomata to CO, uptake (I) from
' approximately 12% to 20% (Table III).

075 .
DISCUSSION

Growth of pea plants in high (0.63 W m ™ ?) and medium
(0.30 W m™~?) UV-B radiation doses resulted in a substantial
decrease of g, (Fig. 1; Table I), with a much larger effect on
adaxial than on abaxial g,. However, the lowest doses
- observed to exert significant effects (0.30 W m™?) were
approximately three times the current maximum midsum-
mer UK exposure. There were similar reductions in g, in

g, (mol m? s'l)

01 g 1I2 1|6 2|0 24 commelina and oilseed rape plants (Table II), indicating

that this is a general effect. In our previous work with pea
(Nogusés et al., 1998), although the decline in total g, was

A (umol m? s‘l)

Figure 6. Relationship between total g, and A in illuminated mature very similar to that reported here, only adaxial g, was
pea leaves throughout 14 h of no UV-B (O) and 0.63 W m~? of UV-B affected by high UV-B, and that change was mediated by
() treatments. Points were joined in the time course in the order changes in aperture, as there was no reduction in stomatal

indicated by the arrows. Dotted lines indicate the relationship be-
tween g, and A if the ratio ¢/c, was constant at the value indicated.
Data are the means of three replicates, and are replotted from Figure 4.

density (number of stomata per millimeter). The results
from the leaf inversion experiments with pea (Fig. 2) and
the transfer experiments for pea (Fig. 3) and commelina
(Table II) also show that UV-B affected stomatal aperture,

gests a close coupling of A and g, (Fig. 6). In the leaves that as changes in cell development and stomatal density can-
were not exposed to UV-B, the small decline of g, and the not be involved over the short time scales of these g
larger decline in A during the experiment resulted in the changes in fully developed leaves.
slope of the g,/A relationship (Fig. 6) increasing slightly We conclude that the UV-B affects guard cells directly,
from that equivalent to a ratio of intercellular to ambient independently of changes in the mesophyll photosynthetic
CO, (c;/c,) of about 0.80 to that equivalent to 0.85. In the activity for three reasons. First, our previous work with pea
UV-B-irradiated leaves the more closely matching declines (Nogusés et al., 1988) in an identical experimental arrange-
in A and g, over a wider range than in the control plants ment to that used here showed that there were no changes
resulted in a more constant g,/ A, with a value equivalent in any photosynthetic parameter measured (Ag ., Vimax
to a ¢;/c, ratio between 0.80 and 0.75. Jinaxs Fv/Fins 0T ¢pgpp) in plants developed under high UV-B
Analyses of the response of A to ¢; were carried out at the (0.63 W m™?). Second, the effects of UV-B was largest on
beginning and at the end of the 14-h measurement period the exposed adaxial leaf surface. If UV-B was affecting
to characterize the effect of the UV-B on photosynthesis. mesophyll photosynthesis it presumably would have af-
After 14 h of constant illumination in the leaf cuvette fected both leaf surfaces equally. Lastly, on leaf inversion,
without UV-B the CO,-saturated net CO, assimilation rate the light level on the different epidermes is changed by 10-
(Apmax), the A, Voo and the ] . were decreased by to 50-fold, but photosynthesis should not be affected, as the
approximately 20% to 30% compared with the values ob- same total photon flux density is incident on the meso-
tained at the beginning of the measurement period (Table phyll, (see early examples of this technique by Turner,
IIT). There was little change in stomatal limitation, indicat- 1970; Pemadasa, 1979). Therefore, in the control plants (Fig.
ing close coupling between mesophyll assimilation and 2), the so-called “direct” response of guard cells to light,
stomatal aperture as leaf activity changed. In comparison, which acts independently of the response to c; or to some
irradiation for 14 h with high UV-B caused larger reduc- mesophyll photosynthesis-related signal, resulted in abax-

Table 11l. Analysis of the response of A to c; in pea leaves before or after exposure to high-UV B (0.63 W m~2) irradiation for 14 h

A V. Jmaxs @nd I. During measurement PPFD was 1200 umol m™~2

Parameters estimated from analysis were: A ., & maxs s~', leaf temperature
was 25°C = 0.5°C, and VPD = 1.5 kPa. Values shown are means = 1 st of three replicates. P, Probability for observed differences between 0-
and 14-h measurements for each treatment, calculated from paired, one-tailed t test; Pdiff, probability for difference between treatments in

percentage change, calculated from one-tailed t test. NS, Pdiff > 0.20.

Control +UV-B
Parameter
0h 14 h P Percentage 0h 14 h p Percentage pdiff
change change

Anmax (mol m2s") 35.8 1.4 27.8 £2.5 0.033 —22 25.6 £5.6 16.3 £3.0 0.179 —28 NS
Aqar (mol m2s ") 233 1.0 16.9 £ 1.5 0.004 —28 182 £2.4 7.7 1.4 0.054 —=55 0.050
Ve max (wmol m2s") 99.5 = 7.1 66.1 = 5.8 0.011 —34 70.1 £ 10.6 42.2 £11.1 0.160 —33 NS
Jmax (mmol m2s) 238 = 11 159 £ 19 0.002 —-33 173 £ 37 99 = 28 0.169 —34 NS

1 (%) 11.1 =14 12412 0.050 +1 12.1 2.5 19.8 =19 0.108 +8 0.110
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ial stomata opening and adaxial stomata closing. However,
in the UV-B treatments the opening response of abaxial
stomata on inversion was either reduced or eliminated at
the highest dose, while the adaxial stomata (with a lower
sensitivity to light) closed, demonstrating a direct effect of
UV-B on the guard cells. It is interesting to speculate that
the larger closing effect of UV-B on adaxial compared with
abaxial stomata when equally exposed is related to their
well-established lower sensitivity to light (e.g. Pemadasa,
1979; Lu et al., 1993).

Adaxial guard cells receive much higher UV-B irradia-
tion than the mesophyll cells and abaxial guard cells due to
attenuation through the leaf by UV-B-adsorbing pigments
such as flavonoids, particularly in the epidermis (Bilger et
al., 1997; Allen et al., 1998). It is tempting to think of the
UV-B induced reduction in g, as “damage” to the stomatal
mechanism. However, it should be noted that the stomata
most affected in the adaxial surface did still close in re-
sponse to shading when inverted (Fig. 2a; Table I). In
addition, the stomata in the normal adaxial surface (Fig. 1a)
and in the inverted abaxial surface still responded to envi-
ronmental stimuli, as the day-to-day variations closely fol-
lowed that of control plants (compare Figs. 1 and 2). Even
so, upon inversion, stomata in the abaxial surface of the
high-UV-B treatment did not open in response to greater
illumination (Fig. 2b; Table I).

The results of the sudden exposure and removal of UV-B
experiments are intriguing (Fig. 3). For the long-term irra-
diated plants there was a brief “recovery” on the 1st d after
removal of UV-B, followed by a return to previous reduced
g, values, suggesting that the effects of UV-B irradiation on
g, were persistent. We can offer no explanation for the brief
recovery. Plants newly exposed to high UV-B showed a
large decline in g that took 2 to 3 d to reach a new steady
value, but which was already marked within 1 d. Further,
kinetic analyses (Figs. 4 and 5) showed that the inhibitory
effect of UV-B started within 4 to 5 h of the onset of
irradiation. However, while there may be a more rapid
short-term effect on adaxial g, (perhaps responsible for the
drop in total g, evident after approximately 2 h in Fig. 5),
the major effect seemed to be associated with the decline in
A. Indeed, there was a close but not complete correlation of
g, with A (Fig. 6), as was first noted by Wong et al. (1979)
and as is often observed with a wide range of environmen-
tal conditions.

It should be noted that there is a substantial difference in
the effect of UV-B on photosynthesis depending on
whether plants have developed under it (as in the plant
material used for Figs. 1 and 2, and part of Fig. 3) or
whether they are suddenly exposed (plant material in part
of Fig. 3 and Figs. 4-6). In previous work with peas we
found no effect of high-UV-B dose on A, V. hax and [iax
when plants were grown under high UV-B (Nogués et al.,
1998), but declines in A, after 12 h of approximately 50%
(Nogués and Baker, 1995) for newly exposed plant mate-
rial, which is consistent with the observed reductions of A
shown in Figures 4 and 5, and the declines in A ,, shown in
Table III. In newly exposed leaves of oilseed rape, the
effects on A,,, were smaller and took longer, but were still
of the order of 50% after 5 d (Allen et al., 1997), and were

accompanied by decreases in carboxylation velocity and
Rubisco activity and content.

The approximately constant c¢; value as A changed by
50% might suggest that stomata act to maintain ¢; constant,
but the analyses of Farquhar and colleagues and others
(e.g. Farquhar et al., 1978; Wong et al., 1978; Morison and
Jarvis, 1983) have shown that usually the sensitivity of
stomata to c; is not sufficient to result in a constant c;.
Instead, it appears that there is some other mechanism that
results in the close coupling of g, and A. Recently, Jarvis
and Davies (1998) have revived the proposal of Farquhar
and Wong (1984) that stomata respond to a carbon-fixing
substrate pool that Jarvis and Davies term the “residual
photosynthetic capacity.” The decline in g, observed in
Figures 4 and 5 during exposure to high UV-B may be an
example of such a finely tuned response of g, to the pho-
tosynthetic activity being reduced by UV-B, on which the
direct effect of UV-B on stomata, particularly those on the
exposed adaxial surface, is superimposed.

The observed increase in stomatal limitation after irradi-
ation with high UV-B (Table III) was similar to that found
in oilseed rape plants newly exposed to UV-B (Allen et al.,
1997). However, the effect observed here was not large,
because photosynthetic capacity declined (indicated by
Aay) In addition to the direct effect of UV-B on g,. In
contrast, in pea plants grown under high UV-B, the small
increase in stomatal limitation was entirely due to reduc-
tions in g, (Nogués et al., 1998) as photosynthesis was
not affected. It is clear that the high UV-B doses that
affect stomata can lead to effects on CO, assimilation (see
introduction).

The mechanism for the UV-B effect on stomata is not
known. Stomatal opening follows a K* influx along a
electrochemical gradient formed by ATPase outward pro-
ton pumps situated in the guard cell plasmalemma (Zeiger,
1983). Wright and Murphy (1982) have shown that UV-B
radiation can induce stomatal closure directly by inhibiting
K" accumulation, and Negash et al. (1987) demonstrated
the leakage of ®*Rb* from guard cells in response to UV-B
irradiation. By extrapolation from the numerous studies on
mesophyll photosynthesis (Allen et al., 1998), these effects
could be due to damage to PSII in the guard cells, affecting
photophosphorylation and hence ion transport. A second
mechanism may involve a direct inhibition by UV-B of the
plasmalemma ATPase proton pump (Allen et al.,, 1998).
Alternatively, UV-B may not directly affect the generation
of the guard cell turgor pressure, but rather may modify
the effect of this turgor on pore size through UV-B-induced
changes in the elasticity of the cell walls or the cytoskeleton
of guard cells and the neighboring epidermal cells (Allen et
al., 1998).

CONCLUSIONS

This study has shown that growth of pea plants in high-
UV-B radiation resulted in a decrease of g, with direct
effects on the exposed guard cells (usually the adaxial
surface). Leaf inversion experiments showed that both
adaxial and abaxial stomata could be directly affected by
this UV-B, although it appeared there was different sensi-
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tivity of the stomata on the two surfaces, with adaxial
stomata being more affected. There was no long-term re-
covery in g, after cessation of long-term UV-B exposure,
indicating that the effect is permanent. The time course of
the effect of high-UV-B irradiance on stomata of previously
unexposed plants was rapid (a time constant of approxi-
mately 3 h after a lag of approximately 4 h), and this was
closely correlated with changes in A. We conclude that
high-UV-B irradiances affect stomata both directly, by acting
on the guard cell aperture control mechanisms, and indi-
rectly, through changes in the mesophyll photosynthesis.
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