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ABSTRACT

An experiment was designed to test whether ambient levels of UV-B radiation affect stomatal development, decrease
stomatal density, and lead to increased water-use efficiency (WUE). Soybean [Glycine max (L.) Merr.] isolines with
different stomatal distribution and flavonol expression patterns were field grown under shelters that either transmitted or
blocked solar UV-B. All isolines exposed to solar UV-B accumulated higher concentrations of UV-screening phenolic
pigments but other responses were isoline dependent. Solar UV-B decreased stomatal density and conductance in isoli-
nes expressing a unique branched kaempferol triglycoside. Decreased stomatal density was associated with increased
season-long WUE and decreased internal CO, concentration of leaf (estimated by 6"°C discrimination). We concluded
that photomorphogenic responses to UV-B affected stomatal density and WUE in field grown soybean; but that the
magnitude and direction of these response were associated with isogenic pleiotropic differences in stomatal distribution
and pigment expression. UV-B radiation had no effect on biomass accumulation or yield in a cultivar expressing only
trace levels of kaempferol suggesting that flavonol expression is not prerequisite to UV-B tolerance.
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1. Introduction depletion is expected to peak in this decade, recovery of
stratospheric ozone concentrations remains uncertain
given current climate change scenarios [3]. For such
reasons, research into the effects of terrestrial UV-B has
resulted in a considerable body of literature.

Terrestrial UV varies with latitude, elevation and sea-

son. The UV-B waveband is a small fraction of the total

Through the last quarter of the 1900s, there was a consid-
erable concern that depletion of stratospheric ozone by
anthropogenic and natural halogens would result in in-
creased UV-B (280 - 315 nm) in the terrestrial solar
spectral distribution [1,2]. Though stratospheric ozone
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terrestrial solar spectrum, but elicits disproportionally
large responses from plants. It is generally accepted that
UV-B affects both the physiology and development of
plants [4,5]. Interest in UV-B effects on plants has not
been limited to plant stress and crop yield effects [6], but
includes changes in ecosystem composition [3,7-9].

The effects of UV-B on plants have been and continue
to be summarized in periodic reviews (e.g. [3-13]). In
general, plant responses to UV-B can be arbitrarily di-
vided into two classes, photomorphogenic and stress re-
sponses. Stress responses are typically defined as those
resulting from applied or increased levels of a stressor as
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compared to a plant’s “normal” or optimal growing con-
ditions and are often associated with damage leading to
reductions in metabolism, growth, and development [14].
An exception to this view is the case of crop plants,
where stress effects are often extended to include de-
creases in crop yield whether they result from stress or
photomorphogenic responses [6]. Photomorphogenic re-
sponses resulting in altered architecture or chemical
composition are usually thought to be adaptive responses
of plant development to light, or perhaps more accurately
the radiation micro-environment through non-damaging
signal perception pathways. This is especially true with
regard to UV-B plant responses that can be described as
photomorphogenic rather than damage responses [15].

Such UV-B photomorphogenic responses have been
hypothesized to confer advantages under conditions as-
sociated with high-light environments such as water
stress [13,16]. Alteration in stomatal conductance in the
absence of reduced assimilation could enhance instanta-
neous WUE or increase the stomatal limitation to photo-
synthesis. This has been demonstrated in several cases
and could lead to improved drought tolerance [17-23].
Variability exists in such responsiveness to UV-B, how-
ever. For example, Nogués and Baker found no effect of
UV-B on the drought response in three Mediterranean
species grown under enhanced UV-B radiation before
and during the imposition of drought treatments [24].
Reductions in transpiration, conductance, and C; with
UV-B have been reported in soybean, but altered carbon
isotope ratios have also been attributed to disrupted pho-
tosynthetic metabolism processes [25].

In soybean, drought tolerance has been shown to be
correlated with UV-B radiation levels in the field [17].
Likewise, instantaneous water use efficiency (WUE) is
affected by supplemental UV-B in soybean and rice [18,
20]. Current ambient levels of UV radiation have been
shown to modify leaf morphology and gas exchange in
Populus [26]. UV-B radiation has the potential to affect
the stomatal density in pea [22], although it was sug-
gested that there was little potential for this to result in
altered gas exchange characteristics. Soybean grown un-
der UV-B simulating 25% ozone depletion decreased
stomatal density and led to increased instantaneous and
long-term WUE in glasshouse grown soybean [27].

Previously, we reported that soybean cultivars exhib-
ited increased WUE with supplemental UV-B in glass-
house studies [27]. This response was manifested
through changes in stomatal development [27]. Since
extending such results from chamber or glasshouse ex-
periments to predict responses in field settings is fraught
with assumption [28], we investigated whether similar
results would be found in field settings. In addition to
expanding upon previous studies, soybean was used ra-
ther than other agronomically important species be-
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cause unique isolines were available that differed in both
stomatal development and flavonol expression (Table 1).
The purpose of this study was to investigate whether re-
sponses to ambient levels of UV-B radiation would in-
duce morphological changes, specifically reduced stomatal
density, which might lead to enhanced WUE in field
grown soybean.

2. Methods

2.1. Plant Material, Growth Conditions, and
Irradiation Treatments

Soybean (Glycine max), 0X921, 0X922, 0X941 and
0X942 were glasshouse grown for two weeks and trans-
planted into field plots under eight open-ended 5.5 x 5.2
x 2.3 m (I x w x h) hoop shelters constructed of steel
tubing and oriented east-west along the major axis of the
shelters (Figure 1). Four shelters were covered with
0.762 mm (3 mil) Teflon® fluroethylene propylene (FEP,
DuPont, Circleville, OH, USA) (solar UV transparent)
and the other four were covered with 0.127 mm (5 mil)
polyester (excludes UV-B below 315 nm) film spectrally
equivalent to Mylar”™ type D plastic'.

The polyester film was changed twice during the
course of the experiment while the Teflon was left in
place throughout the experiment. The spectral distribu-
tion (Figure 2) of the radiation under the shelters at can-
opy height was characterized at 1 nm intervals with an
OL754 spectroradiometer which had been calibrated with
a OL752-10 NIST traceable 200 W tungsten-halogen
standard lamp (Optronic Laboratories, Inc., Orlando,
FL).

Radiation under the shelters was checked periodically
with a broadband radiometer (Model 3D UV Meter, So-
lar Light Co. Inc., Philadelphia). The plots were irrigated
throughout the growing season with water pumped from
a nearby creek and delivered through a soaker hose. Soil
moisture in each plot was monitored with five gypsum
blocks (Model 5201, Soilmoisture Equipment, Santa
Barbara, CA) buried at 25 cm depth. Irrigation frequency
and duration was varied to maintain soil moisture
throughout the season and to minimize soil moisture var-
iation between plots.

2.2. Leaf Morphology

Shortly after anthesis fully expanded leaves from near
the top of the canopy (the fourth leaf from the apex >1
cm in length) from 10 separate plants in each isoline
were selected from along the middle 1.8 m section of
each row.

'Mention of trade names or commercial products in this article is solely
for the purpose of providing specific information and does not imply
recommendation or endorsement by the US Department of Agricul-
ture.
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Figure 2. Spectral distribution (left) and attenuation (right)
of direct sunlight by Teflon and Polyester covered exclusion
shelters. Measurement of sunlight under shelters was made
with an OL754 spectroradiometer at solar noon at summer
solstice on a clear day with very high thin haze.

Leaf blades were removed from the petiole, the lengths
along the midrib and widths of the central leaflet taken
with a ruler and the leaf area (cm®) determined using a
LI-3000 portable area meter in the field. Disks were then
taken from the central leaflet midway between the midrib
and the margin placed in envelopes and dried for deter-
mination of specific leaf weight (SLW) or immediately
transferred to 2 ml polyethylene tubes on ice in the field
and then held at —80° until pigment analysis could be
performed. SLW was determined by carefully weighing
the dried leaf disks and expressing the result as mass/unit
area (g'm °). The remainder of each leaf was placed in
envelopes and dried at 60° for stable carbon isotope
analysis.

2.3. Pigment Analysis

Soluble phenolic pigments were analyzed spectropho-
tometrically. Leaf disks (diameter = 1.35 cm) were
placed in 20 ml high density polyethylene (HDPE) scin-
tillation vials, covered with 10 ml of slightly acidified
aqueous methanol (MeOH:H,0:AcOOH, 50:50:1, v:v:v)
delivered from a 100 ml buret, tightly capped and held in
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the dark at room temperature with gentle agitation (50
rpm) for 48 - 72 hrs [27]. To insure that photosynthetic
pigments were not present in the phenolic extracts, the
extract absorbance was determined from 260 to 760 nm
at 1 nm intervals with a Shimadzu UV-1601 Spectro-
photometer dual beam spectrophotometer. For presenta-
tion, data from 260 to 500 nm are shown.

2.4. Gas Exchange and Stomatal Density

Conductance measurements were made on both upper
and lower leaf surfaces with a LI-1600 steady state po-
rometer (Li-Cor Inc., Lincoln, NE) and logged to a com-
puter. The evening prior to making measurements the
plots were irrigated in an attempt to eliminate spatial and
temporal variability and to ensure that any differ- ences
noted did not result from mild water stress. Meas- ure-
ments were made on five individuals of each isoline from
each shelter. Measurements were completed in two con-
secutive mornings on clear days about a week prior to
anthesis. Each session began as soon as the dew was
dried off the leaves and ended around solar noon. Three
leaves from each isoline were selected from three exclu-
sion shelters from each treatment for stomatal density
determination. The stomatal density (stoma mm %) of
both adaxial and abaxial leaf surfaces was determined
using cyanoacrylate leaf impressions made on glass
slides [29]. Stoma were counted along transects midway
between the midrib and leaf edge and parallel to the mid-
rib [30,31].

2.5. Stable Carbon Isotope Analysis

Dry leaf material remaining from cutting leaf disks for
pigment analysis was passed through a 60 mesh screen,
sealed in airtight polyethylene vials and held in the dark
at room temperature until analysis could be done. For
each sample, material from three plants were taken,
mixed, and 2 - 3 mg portions were placed in tin capsules.
Hence, three samples from each cultivar under each
shelter were analyzed. Samples were submitted for mea-
surement of ¢"°C abundance ratios on a SIRA Series II
mass spectrometer (Micromass, Manchester, UK) oper-
ated in automatic trapping mode after combustion of
samples in an elemental analyzer (NA1500 Series 1,
Carlo Erba Instrumentazion, Milan, Italy). Reference
CO, was calibrated against standard Pee Dee belemite
(Ozteck, Dallas, TX). For presentation, data were con-
verted from §"°C to A, the stable carbon isotope frac-
tionation resulting from the assimilation weighted inter-
cellular CO, concentration during the lifetime of the
plant [32].

The whole above ground portion of the plant, both
stems and leaves, were oven dried at and weighed to de-
termine whole above ground biomass and subsequently

AJPS



Effect of Ambient UV-B on Stomatal Density, Conductance and Isotope Discrimination 103
in Four Field Grown Soybean [Glycine max (L.) Merr.] Isolines

processed as described above for stable carbon isotope
analysis. Measurements were made on three individuals
of each isoline from each shelter.

3. Results

One way ANOVA revealed no significant variation
within like treatments, either Teflon or Mylar, so to sim-
plify presentation, data were simply combined and ana-
lyzed using Student’s t-test. The absorbance spectra of
the extracts differed between the isolines (Figure 3).
Extracts prepared from OX942 had maximal absorbance
at 260 nm with a shoulder at 330 nm, while the other
isolines exhibited a more complex pattern with two peaks
at 260 and 330 nm and a smaller peak, or a shoulder at
300 nm.

Extract absorbance of plants grown under near ambi-
ent UV-B (Teflon) was higher in comparison to those
from plants grown with UV exclusion (Mylar). In every
line the increased absorbance was highly significant (p <
0.001, Student’s t-test) at each wavelength within the
UV-B and throughout much (to 400 nm) of the UV-A
waveband. Absorbance maxima characteristics of chloro-
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Figure 3. Mean absorbance of 50% aqueous methanolic leaf
disk extracts from soybean plants grown with (shaded bars)
and without (open bars) near-ambient solar UV-B. Values
are means + S.E.. Extract absorbance in the UV-B wave-

band was significantly different (p < 0.001) between treat-
ments in every isoline (n = 40).
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phylls and carotenoids were not detected. Carotenoids
typically absorb as a triple peak or single peak flanked by
two shoulders centered at about 450 nm. Such features
were absent from the absorbance spectra so the observed
increase in absorbance was not influenced by inadvertent
extraction of photosynthetic pigments and was due solely
to extractible secondary phenols.

While mean leaf area (Figure 4(a)) was consistently
reduced across isolines with UV-B, generally by 11% -
13%, the leaf area of OX921 was decreased by only
3.5% and was of practically no significance (P, = 0.4).
Conversely, OX921 exhibited the largest SLW increase
of about 6.8% (Figure 4(c)). Leaf area reductions were
apparently due to near isotropic reduction in leaf expan-
sion within each isoline pair (Figure 4(b)), though there
was considerable difference between sister isolines.

In general, changes in stomatal density (Figures 5(a) &
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Figure 4. Response of selected leaf morphological parame-
ters to growth with (shaded bars) and without (open bars)
near-ambient solar UV-B. (a) Leaf area; (b) The ratio of
leaf length to width and; (c) Specific leaf weight. Bars are
means + S.E. Results of t-test (P;) are shown (n = 40).
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(b)) exhibited a pattern similar to stomatal conductance
(Figures 5(c) & (d)). Adaxial and abaxial stomatal den-
sity was depressed only in the K9 cultivars (0X922 &
0X941) by ambient UV-B (adaxial conductance of
0X922 was not measurable). Stomatal density and con-
ductance of the other isolines, OX921 and OX942, in-
creased or exhibited little change. 0OX921 was most re-
sponsive to UV-B; stomatal density and conductance
increased by about 15%.

Stable carbon isotope discrimination (A) revealed simi-
lar trends (Figure 6) to stomatal responses. The almost
exclusively hypostomatous 0X922 and OX941 were the
most responsive to ambient UV-B while OX921 and
0X942 were relatively unchanged. Although effect upon
A was less pronounced statistically, the mean response of
leaf level and whole plant A were consistent with one
another.

While the response of shoot biomass (Figure 7) was of
modest significance except in the case of OX921, the
mean magnitudes of these values and their responses are
of a pattern remarkably consistent with those of both the

stomatal and stable carbon isotope results.

4. Discussion

In the study described here, two pairs of sister isolines
were selected: 0X921 & 0X922 and 0X941 & 0X942
[33,34]. Their phenotypic characteristics are summarized
in Table 1. These isolines were selected for contrasting
flavonoid composition, stomatal distributions, and the
differential response of stomatal development to blue
light and UV-B radiation [31]. Within each pair the soy-
bean isolines differ by a single gene, based upon pheno-
typic segregation in breeding experiments [35].

The 0X921 and 0X922 isoline pair was selected to
correspond with previous studies [27,31]. 0X922 is al-
most entirely hypostomatous, exhibits reduced chloro-
phyll content and photosynthetic rate, and produces a
kaempferol glycoside with a uniquely branched tri-glu-
cosyl side chain, K9 (kaempferol-3-O-2%-gentiobioside).
Its sister, OX921, is amphistomatous and produces a
normal complement of kaempferol glycosides, predomi-
nately K6 (kaempferol-3-O-sophoroside). Stomatal de-
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Figure 5. Stomatal density and conductance in soybean leaves grown with (shaded bars) and without (open bars) supplemen-
tal UV-B radiation. Left: Adaxial (upper graph, (a)) and abaxial (lower graph, (b)) stomatal density of soybean leaves. Re-
sults of two-tailed (student’s) t-test are shown. Right: Adaxial (upper, (c)) and abaxial (lower, (d)) stomatal conductance.
Adaxial stomatal conductance of OX922 was not measurable with available instrumentation. In each case bars are means +

S.E. and results of Student’s t-test (Py) are shown (n = 20).

Open Access

AJPS



Effect of Ambient UV-B on Stomatal Density, Conductance and Isotope Discrimination 105
in Four Field Grown Soybean [Glycine max (L.) Merr.] Isolines

29
P=0.787  0.004 0.001 0.824
28 4 /3 Mylar @
zz2a Teflon
27 1 }
é
26 1 %
2
2
25 A /
2
%
24 /
2
% Leaf
—~ 23
/ | ¥
= P=0.547 0.143 0099  0.521
(b)
28 1
27 1

26
25
24
23

0X 921 OX922 0OX941 0OX942
(K9) (K9) (magenta)

Figure 6. Stable carbon isotope discrimination of soybean
leaves (a) and soybean plants (b) grown with (shaded bars)
or without (open bars) near-ambient solar UV-B. Bars are
means + S.E. Results of t-test are shown (n = 12).

P;= 0.055 0.714 0.950 0.737
60 -
- EZZA4 Teflon
C) 3 Mylar
=
2 40 % ‘T‘%
2 2 2
5 | 1 > | U
3 %
ial | n
% %
2 %
%
0 / Z
0X921 0X941 0OX942

0X922
K (K9) (magenta)

Figure 7. End of season plant biomass accretion as shoot
dry weight of soybean grown with (shaded bars) or without

(open bars) near-ambient solar UV-B. Bars are means + S.E.

Results of t-test (Py) are shown (n = 12).

Open Access

velopment in OX922 is inhibited by blue light and the
response does not involve phytochrome [31]. The hy-
pothesis that K9 somehow directly inhibits stomatal for-
mation in soybean [34] remains standing.

Similarly, 0X941 & 0X942 were included because of
differences in stomatal distribution, blue light sensitivity,
and the hypothesized involvement of K9 (Table 1).
0X941 is a hypostomatous K9 producer while 0X942 is
amphistomatous and produces only trace amounts of
flavonols. This was of particular interest since it is gen-
erally recognized that a primary adaptive advantage con-
ferred by epidermal flavonoids is UV-B stress tolerance
by screening out ultraviolet radiation before it reaches
underlying sensitive photosynthetic tissues.

Increased phenolic synthesis and accumulation are
consistently reported plant responses to UV-B radiation.
To evaluate the potential for induction of the suite of UV
photomorphogenic responses in the experimental system
we examined levels of the extractible soluble phenolics.
In soybean, blue/UV radiation elicits photomorphogenic
responses such as altered stomatal density [31], reduced
leaf and shoot expansion [17] and increased leaf thick-
ness [36]. Evidence has continued to accumulate that
similar or in some cases identical photoreceptors are in-
volved allowing plants to respond to blue/UV both ar-
chitecturally and chemically (e.g. [15,37-39]). Moreover,
the preceding illustrates the view that while pigment ac-
cumulation in general might not constitute a morpho-
logical characteristic in stricta, the specific case of sec-
ondary phenolic accumulation in response to UV-B
might accurately be considered a photomorphogenic re-
sponse [15].

The phenolic responses presented here are consistent
with those obtained in similar field studies in which am-
bient UV-B was selectively removed by growth under
cutoff filters [26,40] and in experiments where glass-
house grown 0X921 & 0X922 were grown under en-
hanced UV-B [27]. If such increases in phenolic pig-
ments were elicited through mechanisms similar to that
of architectural responses [39], then one might view
phenolic accumulation as a surrogate measure for the
potential induction of an entire suite of putative UV pho-
tomorphogenic responses. The morphological responses
observed in the present study are consistent with this.
These are well established responses of soybean to en-
hanced UV-B. Taken together, this suggests that am-
bient UV-B radiation has the potential to act as photo-
morphogenic signal.

It is a long standing hypothesis that a primary adap-
tive advantage conferred by leaf epidermal flavonoids is
the attenuation of potentially harmful UV-B radiation
prior to reaching sensitive photosynthetically active me-
sophyll [41]. Flavonols are generally thought to be
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Table 1. Stomatal density and flavonol glycoside expression associated with soybean isoline pairs [27,31,33,34].

Isoline Pair 0X921 0X922 0X941 0X942
Genotype fel fg2 Fg3 Fg4 Fgl fg2 Fg3 Fg4 Fgl Fg3 Wm Fgl Fg3 wm
. K6, kaempferol K9, a branched kaemp- K9, a branched kaemp- “magenta” isoline,
Predominant Flavonol . . . . . -

diglycoside ferol triglycoside ferol triglycoside only trace flavonols

Flavonol Content (pg-cm2) 58 50 45 1.7

Upper 164 5 3 146

Stomatal Density (mm ?)
Lower 303 241 141 319

responsible for the bulk of UV-B inducible pigment ex-
pression. Hydroxycinnamic acids (HCAs) have also been
shown to effectively screen UV-B within the leaves of
soybean [39] and other plants [42]. In the present study,
the maximal absorption of all the all extracts was around
330 nm or shorter wavelengths, consistent with HCAs
being the predominate UV absorbing compounds in the
extracts [43]. HCA synthesis has been found to be UV-B
inducible, although flavonol induction is specifically or
preferentially enhanced by UV-B radiation in a wide
range of plants [44,45]. The OX942 isoline, which was
blocked in flavonol synthesis, exhibited increased leaf
extract absorbance with UV-B and it seems likely that
photosynthesis was unaffected since biomass was un-
changed. We conclude that while flavonols may function
as efficient UV screening pigments, they are not a pre-
requisite for UV-B tolerance in soybean.

An earlier report described the morphological and
physiological responses of the 0X921/0X922 isoline
pair to UV-B [27]. Consistent with the present study, it
was reported that 0X922, the K9 isoline, was much more
responsive than its sister isoline under glasshouse condi-
tions and most other results are comparable. However,
one difference between the two studies is notable. In the
greenhouse study adaxial stomatal density was depressed
with UV-B whereas in the present study it increased (re-
sponse of abaxial stomatal densities were comparable). It
has been well documented that under low levels of pho-
tosynthetically active radiation, plants are much more
responsive to or easily damaged by UV. It remains a
possibility that the observed reductions in stomatal den-
sity in greenhouse experiments are the result of UV
damage to developing stomatal initials rather than the
result of a true photomorphogenic process, especially
with regard to the upper leaf surface. As with the previ-
ous study, regardless of whether a damage or photo-
morphogenic response is involved, conductance gener-
ally exhibited a response pattern to UV-B similar to that
of stomatal density. A generalized inhibition of epider-
mal cell division by UV has also been reported in green-
house grown pea, although this did not result in reduced
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stomatal densities owing to reduced leaf area [24]. A
reduction in stomatal density in response to putatively
non-damaging blue light during leaf development was
reported in OX922, caused by arrested stomatal devel-
opment primarily at the guard mother cell stage [31].

5. Conclusion

Stomatal density, conductance, biomass, and WUE as A
all exhibited nearly identical responses to UV-B treat-
ment, consistent with the notion of a photomorphogenic
response leading to altered WUE. Taken together, the
results indicate that UV-B photomorphogenic processes
could affect soybean WUE under agronomically relevant
ambient light, but such effects are cultivar dependent.
Although this study does not eliminate the role that other
photomorphogenic responses might play in affecting gas
exchange in soybean, it does point to the potential for
such mechanisms in field grown plants.
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