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ABSTRACT

Recent literature suggests a shifting paradigm in relation to photobiology associated
with ultraviolet (UV) radiation. UV has been repeatedly shown to be less detrimental
to plant performance than previously thought. Nonetheless, relatively few plant species
have been studied; too few to make definitive statements about eftects of UV on plants
at the ecosystem scale. We present findings of a field-based study using natural solar radi-
ation, coupled with UV screening films, to determine physiological costs and benefits of
exposure to solar UV for three species representative of subalpine Australian flora: a tree
(Eucalyptus pauciflora), a forb (Geranium antrorsum), and a grass (Poa hiemata). Photochemi-
cal and photosynthetic responses to UV exclusion varied among species; exposure to
UV was of no consequence to the structure, chemistry, or incidence of photoinhibition
for E. pauciflora. UV was effectively screened at the leaf surface of P hiemata. The response
of G. anstrorsum to UV exclusion suggests greater susceptibility to photodamage; less
successful in screening against UV and exposure reduced rates of photosynthesis, despite
increased capacity to scavenge reactive oxygen species (via accumulating ascorbate). This
study clarifies that responses to UV are highly species-specific, and that the endemic na-
tive flora is seemingly well-adapted to mitigate negative effects.

tures, screening compounds, and biochemical processes).
Plants reduce their exposure to UV by reflecting around
5% of incident UV radiation at the leaf surface. Of more

INTRODUCTION

Identifying positive relationships between solar ultra-

violet (UV) light and plant performance remains poorly
studied, particularly in natural ecosystems. For example,
the literature overwhelmingly contains examples of UV
causing plant damage, or negatively affecting photobi-
ology and growth, resulting in the general perception
that UV radiation is detrimental to plants. Wargent and
Jordan’s (2013) Tansley Review attributes the balance
of findings to methodology, with the dominance of
‘negative’ studies attributable to unrealistic wavebands
or intensity, or targeting exposed mesophyll cells (rather
than cells embedded within, and protected by leaf struc-
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significance are screening chemicals in the outer leat
structures that together can absorb up to a further 90%
of incident UV. Cuticular waxes, particularly of alpine
plants, have distinct UV-A and UV-B absorption peaks
(Jacobs et al., 2007; Bruhn et al., 2014); the growth of
trichomes and accumulation of UV absorbing hydroxy-
cinnamic acids in these cells is promoted by exposure
to UV (Karabourniotis et al., 1992; Tattini et al., 2000),
and the accumulation of flavonoids and related phe-
nolic compounds in epidermal (and to a lesser extent
mesophyll) cells can attenuate UV-B and UV-A wave-
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lengths, respectively (Caldwell et al., 1983; Agati and
Tattini, 2010). The synthesis of flavonoid compounds
is induced by exposure to UV radiation in some plant
species; however, many do not act solely to screen UV
and have multiple photoprotective roles, including as
antioxidants (Agatti et al., 2012; Landi et al., 2015). UV
that reaches the mesophyll can affect photosynthetic ap-
paratus in similar fashion to excess radiation of longer
wavelengths, in particular via accumulation of reac-
tive oxygen species (ROS) in the thylakoid membrane
(Foyer et al., 1994) and/or by inhibiting repair of PSII
(Nishiyama et al., 2006). At the cellular level, UV wave-
lengths can exacerbate oxidative stress (Barta et al., 2004;
Snyrychova et al., 2007) via the formation of oxygen
radicals from peroxidases and oxidases, chlorophyll mol-
ecules and metabolic reactions in peroxisomes, as well as
in the electron transport chain (for reviews see Kataria
et al.,2014; and Czégény et al.,2016). UV radiation also
promotes the production of hydrogen peroxide (H,O,),
the stable form of oxidized oxygen, and its subsequent
photosensitive breakdown to highly oxidizing hydroxyl
radical (Czégény et al., 2014). Free radicals can be neu-
tralized by the ascorbate (Asc) and glutathione (GSH)
antioxidative system (Foyer and Noctor, 2011; Noctor
et al., 2012; Toth et al., 2013), as well as by other en-
zymatic (including superoxide dismutase, catalases) and
non-enzymatic antioxidants (including a-tocopherols,
carotenoids, phenolic compounds) (for review see Ah-
mad et al., 2010).

There is strengthening recognition of positive UV-
plant relationships. For example, Day et al. (1992) high-
lighted that plants do not necessarily have to protect
their mesophyll from UV, with herbaceous dicots en-
demic to mountain ecosystems transmitting 20—40% of
UV to the mesophyll (c.f. 4% in adjacent woody dicots
and grasses). Similarly, exposure to solar UV is far from
universally damaging to plant photosynthetic physiol-
ogy. UV may directly (via chlorophyll a absorption: Mc-
Cree, 1972; Inada, 1976; Turnbull et al., 2013) and, to a
lesser extent, indirectly (via reabsorption of UV-induced
blue-green fluorescence: 1% contribution to photosyn-
thesis in Johnson and Day, 2002; 7.8-9.8% in Mantha et
al., 2001) drive oxidative photosynthesis in a range of
plants. Most recently, Wargent et al. (2015) recorded that
the photosynthetic performance of Lactuca sativa was
enhanced when exposed to UV during early develop-
ment, and suggested that UV acted as a priming agent
for primary productivity.

Australian plants are arguably exposed to some of the
brightest (Salby, 2012) and most UV-enriched light en-
vironments on Earth (Roy et al., 1995), far in excess
of requirements for photosynthesis (Amthor, 2010). In
subalpine ecosystems in southeast Australia, plants are

exposed to intense visible and UV radiation because of
latitude (Gies et al., 2004), altitude (Blumthaler et al.,
1997), and albedo and snow cover (Lee et al., 2015).
Theory thus suggests that native (well-adapted) plants
from these systems should exhibit mechanisms and
structures (for example, promotion of antioxidant bio-
syntheses, alteration of morphology/phenology) that
mitigate and limit photobiological stress as, in addition
to an inherently energetic light environment, they are
also subject to extreme variations in temperature, and
availability of water and nutrients, that limit growth and
diminish photosynthetic requirements for light (Born-
man et al., 2015). We recently provided evidence that
Pimelea ligustrina, a woody shrub common to Australia’s
subalpine region, employs a suite of photobiological ad-
aptations in order to utilize UV-A for photosynthesis
(Turnbull et al., 2013). P, ligustrina has no effective cu-
ticle and limited concentrations of phenols in the epi-
dermal layer. Solar UV-A passes relatively unimpeded
to the mesophyll layer, which is in turn enhanced in
the UV-A absorbing photo-pigments chlorophyll a and
lutein (a carotenoid pigment). Consequently, P ligustrina
uses UV-A to raise photosynthetic rates ~12% above
that driven by the visible component of solar radia-
tion. Furthermore, our data suggest the capacity to use
UV-A for photosynthesis features strongly in subalpine
flora, with 26 of the 55 most prominent species (mostly
herbaceous dicots) also demonstrating that UV-A can
directly be absorbed by chlorophyll a in intact leaves
(Turnbull et al., 2013).

We sought to test if UV-A driven photosynthesis
might feature among other major plant genera in the
Australian subalpine region. We chose a canopy domi-
nant tree (Eucalyptus pauciflora), an herbaceous dicot
(Geranium antrorsum), and the common snow grass (Poa
hiemata) as study species. In addition, we sought to test
if exposure to UV during leaf development influenced
the capacity to utilize UV-A and visible wavelengths
together for photosynthesis. We deployed screens above
plants growing in situ for the entire growth season, and
combined field measurements of gas exchange with
laboratory analysis of leaf fluorescence, redox chemistry,
and leaf anatomy.

MATERIALS AND METHODS

Site Description and Treatments

We studied snow gum (Eucalyptus pauciflora Sieber x
Spreng), rosetted cranesbill (Geranium antrorsum Caro-
lin), and soft snow grass (Poa hiemata Vickery) growing
in a subalpine grassy woodland in the Snowy Moun-
tains region of New South Wales (NSW) (36°05"36”S,
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148°31742”E; 1550 m a.s.l.). Photosynthetic measure-
ments were made on clear, sunny days in March 2013
(midday visible photon flux density [PFD] = 1700 pumol
photon m™ s7!; midday UVA PFD = 50 pmol photon
m~ s7!). Samples for fluorescence, reflectance, micros-
copy, and chemical analyses were collected upon com-
pletion of photosynthetic measurements. The youngest
fully expanded leaves (all formed under treatment con-
ditions) were used for all analyses.

To control the spectral quality reaching our cho-
sen plant species, we deployed two filters of contrast-
ing spectral transmissivities (Fig. 1); one that transmits
visible light but excludes UV (UV exclusion; #3114,
Rosco Australia PTY Ltd., Artarmon, NSW, Australia)
and a control filter that transmits visible light and UV
(Control; B6191-50; Churchill & Coombes Pty Ltd.,
Lidcombe, NSW, Australia). We positioned 15 control
and 15 UV-exclusion filters along an 800 m transect in
locations where the study species grew within a 1 m?
quadrat. The filters were in place for five months from
October 2012 until March 2013.

Leaf Gas Exchange

An infrared gas analyzer (IRGA) (LI-6400; Li-Cor
Inc., Lincoln, Nebraska, U.S.A.) was used to measure
photosynthetic rates in situ under fully saturating light
conditions (PFD > 1500 pmol photon m™ s™, as de-
termined by a light response curve, data not shown).
Chamber temperature and moisture matched ambient,
whereas reference CO, concentration was 400 ppm and
flow rate retained at 350 pmol s™'. The IRGA was fit-

8+ Sunlight UV = 99 pmolm2s™  Sunlight VIS = 1551 pmol m2 s™
Control UV = 86 ymol m2s™ Control VIS = 1383 ymol m?2s™
UVexc.UV= 3pmolm?s" UV exc. VIS = 1227 pmol m? s™
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FIGURE 1. Spectral light environment of each

treatment in relation to natural insolation; black solid
line—sunlight, gray solid line—control, gray dotted
line—UYV exclusion. The total values shown represent
the sum of total PFDs of the UV waveband (A 280—400
nm) and the VIS waveband (A 400-700 nm) in pmol

-2 o1

m-"s

ted with a clear-topped 2 X 3 cm leaf chamber and
glass filters to control the spectral quality. To quantify
the contribution of UVA to photosynthesis, photo-
synthetic rates were measured when the leaf was in re-
ceipt of wavelengths exceeding 320 nm (PAR + UVA)
(N-WG320; Schott Australia Pty. Ltd., French’s Forest,
NSW, Australia) and at wavelengths greater than 395
nm (PAR — UVA) (GC395; Schott Australia Pty. Ltd.,
French’s Forest, NSW, Australia). Leaves were allowed
to stabilize in the chamber for 3 min prior to measure-
ment. Light saturated rates of photosynthesis (A4_) and
stomatal conductance (g) were logged for 4 min at 30
s intervals.

Fluorescence Spectroscopy

Fluorescence profiles of fresh leaves were captured
with a Cary Eclipse fluorescence spectrophotometer
(Agilent Technologies, Mulgrave, Victoria, Australia) and
a Cary Eclipse fiber optics accessory using a scan rate of
120 nm min™". Fluorescence emission spectra were col-
lected from samples using excitation A 380 nm (emission
A scan = 400—700 nm). Epidermal capacity to screen UV
was estimated from the ratio of fluorescence emission at
A 440 (epidermal hydroxycinnamic acids) to emission at
A 685 nm (chlorophyll in the mesophyll), and chlorophyll
content was estimated from the fluorescence emission at
A 685 to emission at A 720 nm (Lenk and Buschmann,
2006). To determine chlorophyll a fluorescence, excita-
tion spectra were collected for samples at emission A 685
nm (excitation A scan = 340—475 nm) and A 730 nm
(excitation A scan = 370—475 nm). Data points between
A 380 nm and 405 nm were modeled using a sigmoidal
curve fitted to the remaining 30 points at an interval of
1 nm between 370 nm and 425 nm (Prism 6; Graphpad
Software, La Jolla, California, U.S.A.). All fitted curves had
an R-squared value greater than 0.99.

Leaf Anatomy

Slides for microscopy analysis were prepared as per
Turnbull et al. (2013). Fresh leaf sections (1 cm X 2 mm)
were fixed with 2.5% gluteraldehyde solution in 0.1 M
phosphate buffer saline (PBS). These were refrigerated
at 4 °C for four days to allow full penetration of the
fixative. Leaf samples were then dehydrated in a graded
series of ethanol, cleared with xylene, and infiltrated
with paraffin using an automated processor (TissueTek
VIP, Sakura, Tokyo, Japan). The samples were then em-
bedded in blocks of paraffin and cut into 4 pm sections
using a microtome (Leica RM2165; Leica Microsys-
tems GmbH, Wetzlar, Germany). The leaf sections were
picked up on glass slides and dried at 56 °C. Xylene
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was used to deparaffinize the slides, which were then
rehydrated through a graded series of ethanol. Slides
were bathed in 0.1% Toluidine Blue stain, rinsed with
distilled water, dehydrated, cleared, and mounted with
Ultramount (Fronine, Sydney, NSW, Australia).

Slides were imaged using a light microscope (Olym-
pus BX51; Olympus Imaging Australia, North Ryde,
NSW, Australia) connected to a digital camera (Olym-
pus DP70; Olympus Imaging Australia, North Ryde,
NSW, Australia). Images were captured at 100X and
400X magnifications and were analyzed using Photo-
shop software (Adobe Systems Inc., San Jose, California,
U.S.A.). Measurements were made of abaxial and adax-
ial cuticle depth, abaxial and adaxial epidermal depth,
and total leaf thickness.

Ascorbate and Its Redox Status

Ascorbate contents were analyzed using the method
of Haberer et al. (2007). 20 mg of homogenized fro-
zen leaf material was added to 500 pL of 5% meta-
HPO,, vortexed, and centrifuged for 30 min (12,000
g, 4 °C). Supernatant (100 pL) was transferred to a new
tube and neutralized with 20 pL of 1.5 M triethanola-
mine (TEA) and 100 pL of 150 mM Na-phosphate
buffer. Reduced ascorbate was measured directly; total
ascorbate was measured after complete reduction by
DTT (50 pL, 10 mM, 15 min at room temperature).
Excess DTT was removed with NEM (50 pL, 0.5%).
Samples for reduced and total ascorbate analysis were
then treated in the same way. We added 200 pL of 10%
trichloroacetic acid (TCA), 200 pL of 44% ortho-
H,PO,, and 200 pL of 4% 2,1-dipyridyl to tubes suc-
cessively. Finally, 100 pL of 3% FeCl, was added and
samples incubated in a water bath at 37 °C for 60 min.
Of the final solution, 800 pLL was transferred to a cu-
vette for analysis at I 525 nm in a spectrophotometer
(Beckman DU650, Beckman, Krefeld, Germany) as
per Okamura (1980). Ascorbate concentrations were
quantified using a standard solution (1.5 mg mL™
ascorbate in 0.5% m-H PO,) and normalized per unit
fresh weight. Ascorbate extracts were clear, so interfer-
ence from anthocyanins during analysis was assumed
to be negligible. It is possible that a small amount of
oxidation of Fe’" could be caused by phenolic com-
pounds also present in the leaves.

Glutathione and Its Redox Status

Thiols were extracted and their redox status of
leaves was determined as per Hu et al. (2013). Thiols
were extracted from 30 mg homogenized frozen leaf
tissue in pre-cooled 750 pL 0.1 M HCI with 50 mg

PVPP. Tubes were vortexed and centrifuged for 30 min
(14,000 g, 4 °C).

For analyses of reduced plus oxidized thiols, 120 pL
aliquots of supernatant were added to 180 pL of 2-(N-
cyclohexylamino)-ethanesulphonic  acid  (CHES)
bufter (pH 9.3) and 30 pL of 15 mM dithiothreitol
(DTT). For oxidized thiols, 20 pL of 20 mM N-eth-
ylamide (NEM) was added to tube for 15 min prior
to reduction with DTT, to block reduced thiols (Hu
et al., 2013). Tubes were incubated for 1 h at room
temperature before reduction was terminated with 20
pL of 30 mM monobromobimane (mBBr). Samples
were incubated in the dark at room temperature for 15
min to derivatize thiols. The derivatization process was
stopped by adding 250 pL of 10% acetic acid, which
stabilized the thiol derivatives.

Thiol derivatives were separated by reversed phase
high performance liquid chromatography (HPLC)
(Beckman Gold System; Beckman, Krefeld, Germany)
using a C18-AQ column (Prontosil 120-5-C18, 5 pm
particle size, 25 cm X 4.6 mm 1id; Bischoft Chroma-
tography, Leonberg, Germany) and quantified using a
fluorescence analyzer (Shimadzu RF-551-Spectrofluo-
rometric detector; Shimadzu Europe GmbH, Duisberg,
Germany) as described by Schupp and Rennenberg
(1988). Peaks were identified and quantified using a
standard solution (0.2 mM cysteine, 0.1 mM g-gluta-
myl-cysteine and 1 mM glutathione in 0.01 M HCI)
and concentrations normalized per unit fresh mass.

Statistical Analyses

Data were tested for normality and identification of
outliers (SPSS Statistics Ver. 21; IBM Australia Ltd., St
Leonards, NSW, Australia), and then two-way analyses
of variance (ANOVA) were used to determine growth
treatment effects and differences between species (Prism
6; Graphpad Software, La Jolla, California, U.S.A.). A
paired f-test was used to determine the contribution of
UV-A to photosynthesis (Prism 6).

REsuLTS

Leaf Gas Exchange

Plants grown without exposure to UV exhibited fast-
er rates of light-saturated photosynthesis and stomatal
conductance than those exposed to UV (F, | = 4.5, P <
0.05, Fig. 2). Photosynthetic rates of G. antrorsum plants
grown under UV exclusion were 19.7% faster than those
grown in full sunlight (P < 0.05), corresponding with
a 30% faster rate of stomatal conductance (P < 0.05,
Fig. 2); E. pauciflora and P hiemata showed similar trends.
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Net photosynthetic rates of P hiemata were ~60% slower
than the other two species (F, . = 99.2, P < 0.001). In-
trinsic water use efficiency (WUE)) varied significantly
among species (F, = 5.9, P <0.01) (Fig. 2). Responses
of WUE, to UV exposure were species-specific (interac-
tion between species and UV treatment, Fz,75 =95,P<
0.001); WUE, was reduced in P. hiemata exposed to solar
UV (P < 0.001), whereas E. pauciflora and G. antrorsum
were unaffected (P > 0.05). No species was able to uti-

lize UV-A to significantly increase photosynthetic rates

32- A Spp Fedek

A, (umol m2s™)

- A A Spp Hkk
* * uv *
i Int. NS.

g, (mol m2s™)
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(Fig. 3), with the maximum gain in photosynthetic rate
from including UV-A in the measurement spectrum be-
ing 1.5-2% for G. antrorsum (P > 0.05).

Fluorescence

Fluorescence emission spectra of fresh leaves varied
significantly among species (F, , = 28.9, P < 0.001)
(Fig. 4), indicating a potential disparity among species in
the capacity of leaf surface chemistry to absorb UV-A.
The spectra of E. pauciflora and G. antrorsum had identi-
cal peak profiles (A 423 nm, 445 nm, 460 nm, 486 nm,
and 519 nm), indicating comparable chemical profiles,
in contrast to P hiemata that maintained a broad peak be-
tween A 410 nm to A 480 nm and sharp peaks at A 486
nm and A 519 nm.Total fluorescence emission, calculat-
ed as the area under the emission spectra, and capacity of
epidermal cells to screen UV-A were least for G. antror-
sum (both P < 0.001), with E. pauciflora leaves emitting
the most fluorescence (70% greater than G. antrorsum)
and P hiemata best able to screen against UV-A (2.8-
fold greater ability than G. antrorsum). Exposure to UV
increased the capacity for epidermal screening against
uv (F1,48 = 6.2, P < 0.05, Table 1), with differences
most clear in the grass P hiemata, which displayed a 22%
greater capacity to screen against UV-A when exposed
to UV in the growth environment (P < 0.01).

Exposure to UV did not affect the chlorophyll con-
tent of leaves (P > 0.05; Table 1), although chlorophyll
content did vary among species. E. pauciflora leaves had,

B
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FIGURE 2. (top) Light saturated photosynthetic rates

(4,,), (middle) light saturated stomatal conductance
(g), and (bottom) intrinsic water use efficiency
(WUE,)) of E. pauciflora, G. antrorsum, and P. hiemata
under UVA+VIS wavelengths (A > 320 nm). Filled
bars represent the full sunlight treatment; dashed
bars represent the UV exclusion treatment. Values are
means * SEM (n = 15). Asterisks indicate significantly
different means (* P < 0.05, ™ P < 0.01, "™ P < 0.001)
between light treatments, within species; upper-case
letters denote significantly different means between
species identified by Fisher’s LSD test (P < 0.05).
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FIGURE 3. Effect of inclusion of UVA wavelengths
on the light saturated photosynthetic rate (A_) for
E. pauciflora, G. antrorsum, and P hiemata. Filled bars
represent the full sunlight treatment; dashed bars
represent the UV exclusion treatment. Values are
means +* SEM (n = 15). Asterisks indicate significantly
different means (" P < 0.05, " P < 0.01, ™ P < 0.001)
between light treatments, within species; upper-case
letters denote significantly different means between
species identified by Fisher’s LSD test (P < 0.05).
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FIGURE 5. Spectral profiles of Chl a fluorescence for fresh leaves of E. pauciflora (orange), G. antrorsum (orchid),
and P, hiemata (green).Values represent excitation of the Chl a emission peak at A 685 nm for plants grown under
(a) full sunlight, and (b) UV exclusion; and of the Chl a emission peak at A 730 nm for plants grown under (c)
full sunlight, and (d) UV exclusion. Data shown are means * SEM for n = 9.

fect on profiles of Chl a excitation via UV-A (P >  grown in full sunlight). Leaves of E. pauciflora were also
0.05; Fig. 5). more than twice as thick (463 um) as those of the other
two species (G. antrorsum 227 um, P hiemata 208 pm; F,
= 155.3, P < 0.001).The epidermis of P hiemata was sig-

Leaf Anatomy nificantly thinner than that of the other two species (F,
Of the three study species, only the tree, E. pauciflora, = 88.0, P < 0.001), 13.9 £ 0.5 pm compared to 19.4 *

had a waxy cuticle (Fig. 6; images shown are of leaves 0.6 um in E. pauciflora and 21.6 * 0.7 ym in G. antrorsum.
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E. pauciflora

G. antrorsum

P. hiemata

FIGURE 6. Microscopy im-
ages of E. pauciflora (top), G.
antrorsum (middle), and P hie-
mata (bottom) at 100X mag-
nification. Images are from

Adaxial epidermal cells were between 7% (I hiemata) and
15% (G. antrosum) thicker than abaxial epidermal cells
for all three species (F,,, = 75.4, P < 0.001), consistent
with a high light environment. Trichomes were present

leaves grown in full sunlight.

on the adaxial and abaxial surfaces of G. antrorsum, but
absent in the other two species. There were, however, no
discernable anatomical differences between control and
UV-exclusion plants in any species (P > 0.05).
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Antioxidants and Their Redox Status

Foliar concentrations of ascorbate were, on average,
30% greater in plants exposed to UV (F, ,, = 6.3, P <
0.05; Fig. 7), albeit of unaltered redox state (P > 0.05).
UV-induced ascorbate accumulation was greatest in G.
antrorsum, with 50% greater concentrations in leaves
grown in full sunlight than those grown without UV (P
< 0.05). Concentrations of ascorbate differed among all
three species (F, ;, = 69.9, P < 0.001), being greatest in
E. pauciflora (40.8 * 3.8 pmol g' FW) and the least in
P hiemata (6.5 * 1.7 pmol g! FW).The ascorbate redox
state of P hiemata leaves was significantly greater than
the other two species (F, ,, = 31.5, P < 0.05).

Leaf concentrations of glutathione (GSH), glu-
tathione disulphide (GSSG) (Fig. 7), and the glutathione
precursors cysteine (Cys) and y-glutamylcysteine (Y-EC)
(Table 2) were unaftected by exposure to solar UV dur-
ing growth (P > 0.05) but varied considerably among
species (GSH, F, ,, = 30.2, P < 0.001; GSSG, F, ,, =

507 A B 85/9 500-
401 " lmt NS 4001

Total Asc (umol g! FW)
Total GSH (nmol g™! FW)

126.0, P < 0.001; Cys, F, ,, = 55.2, P < 0.001; y-EC,
13214_7 =19.0, P < 0.001; Fig. 7 and Table 2), with greatest
levels of these compounds found in G. antrorsum. Glu-
tathione redox state was also unaffected by solar UV (P
< 0.05), but was much lower in E. pauciflora than the
other two species (F, ,, = 118.4, P < 0.001).

DiscussioN

Our results show clearly that whereas the reported
capacity of P ligustrina to utilize UV-A for photosyn-
thesis (Turnbull et al., 2013) is not necessarily shared
by other subalpine Australian species, neither can UV
wavelengths be regarded as universally detrimental to
the functioning of these plants. These results add to the
emerging body of literature showing natural levels of
UV radiation are not necessarily damaging to plants.

Despite their contrasting anatomy and chemistry, all
three of the study species demonstrated capacity to use

Spp. *kk
B uv NS.
Int. NS.

q(\o‘a o Pt FIGURE 7. Total ascorbate
v 50f e
¢ ¢ ) e A concentration, dehydroascor-
S bate concentration, ascorbate
_ A S . o — u pp. *kk _
g 20 E U\P/P NS, s 200 5 |0V ns. redox state (dehydroascor:
23 15 B Int NS. < 150 Int. NS. bate/total ascorbate), to-
§:" N \\ o tal glutathione concentra-
g%’ 10{ | § 2 100 c tion, GSSG concentration,
NN c .
2,5 5 (W % c o 50- A ?gcéséh/ltatl;mne rledoichi statc;
@ 0773 to glutathione
(a] ] [72]
0- \ o 0- in leaves of E. pauciflora, G.
Priis o o 0" o o? t , and P hiemata.
W5 o e o o we ap?um:u: e lllmfluu
e'p \\ . e_p 20 . ed bars represent the
5 sunlight treatment; dashed
? bars the UV exclusion treat-
= _ |Spp. *** = _ Spp. *** ment. Values are means *
£ 2100 T 100
58 80 Il;:\t/ mg B o 80 IU\t/ mg SEM (n = 15). Asterisks in-
§% ' - £S m : dicate significantly different
2 'g 60- A A o2 60- B B means (* P <0.05,” P < 0.01,
g2 40- e 23 40 ** P < 0.001) between light
:‘E_g 204 & Q 58 20- A treatments, within species;
oz \ X 0 upper-case letters denote
[] = . . .
-:c .\‘\o‘a (50“\ ’ “\a'@ .\‘\o"" p o ‘ “\a‘"’ significantly (-hfﬁ.erent.means
S . 20° 0O e ¢ 20° a““o e between species identified by

Fisher’s LSD test (P < 0.05).
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TABLE 2

Glutathione precursors. Concentrations of the glutathione precursors cysteine and y-glutamylcysteine (y-EC).

Values represent means £ SEM for n = 15. Asterisks indicate significantly different means using a two-way ANO-

VA (" P < 0.001). Different lowercase letters represent significantly different means between species by Fisher’s
LSD multiple comparison test (0. = 0.05).

E. pauciflora G. antrorsum P, hiemata P-value
Full uv Full uv Full uv
Redox component sunlight exclusion sunlight exclusion sunlight exclusion (species)  (UV) (Int.)
Cysteine (nmol g! FW) 8.4 £1.10 5.7+ 0.66 a 222+254 2241503 b 9.1+068 9.8+088 a
¥-EC (nmol g! FW) 37%£048 331031 a 6.0+£039 50£083 b 2741023 27031 ¢

UV-A tor photosynthesis as indicated by Chl a fluoresc-
ing at wavelengths less than 400 nm (Fig. 3). As for P
ligustrina (Turnbull et al., 2013), G. anstrorsum displayed
negligible blue-green fluorescence when leaf surfaces
were exposed to UV-A (Fig. 2) and had no cuticle (Fig.
4). Both E. pauciflora and P hiemata strongly fluoresced
under UV-A, a feature associated with the ability to
use UV-A for photosynthesis (Turnbull et al., 2013).
Whereas the excitation fluorescence profiles (Fig. 3)
suggest the grass P hiemata should have the greatest ca-
pacity to utilize UV-A wavelengths for photosynthesis,
both the emission profile (Fig.2) and capacity for UV-A
absorption (Table 1) suggest that Chl a was stimulated to
fluoresce upon receipt of blue-green fluorescence rather
than directly by UV-A photons (Johnson and Day, 2002;
Mantha et al., 2001). Regardless of whether UV-A was
directly or indirectly (via blue green fluorescence) used
for photosynthesis, including UV-A in the photosyn-
thetic spectrum increased photosynthetic gain but by
less than 2%. Work with lower plants (red algae) has
highlighted that contributions of UV-A to photosyn-
thesis are more important close to dawn and dusk, when
visible light is limited (Gao and Xu, 2008). In higher
plants, contributions of UV-A under light-limiting
conditions are less clear. Of some relevance are diurnal
fluctuations in UV screening compounds (Barnes et al.,
2008) that offer increased protection during the middle
of the day but allow additional UV to penetrate to the
mesophyll closer to nighttime.

Plants mostly adapt to UV exposure via modified
structures and chemistry such that evaluating impacts
of UV wavelengths on photosynthesis and carbon gain
is complex for terrestrial ecosystems (Jansen et al., 1998;
Jordan, 2002). Removing exposure to UV did not insti-
gate any structural change in our three study species over
the course of our study period. Although this contrasts
with some reports (Grammatikopoulos et al., 1998), it
is consistent with strong co-regulation of leat anatomy
by light intensity (Krauss et al., 1997; Liakopoulos et al.,
2006), which is also intense in subalpine areas. Leaves

of E. pauciflora have thick cuticles and thick epidermal
layers and exhibit strong structural screening against UV
(Day et al., 1992). These are traits typical of woody per-
ennials (Jordan et al., 2005) that have evolved in receipt
of more direct radiation than understory grasses and
herbs (Brodersen and Vogelmann, 2007). The literature
contains many records of exposure to UV altering the
array of leaf photoprotective compounds by increasing
“sunscreens” such as flavonols and hydroxycinnamic ac-
ids (Wargent et al., 2015), which dissipate high-energy
UV either as heat (Demmig-Adams and Adams, 2006)
or by re-fluorescing it as lower energy photons (i.e., vis-
ible photons, Johnson et al., 2000). Even so there is wide
variation among life forms (Day et al., 1992) and diur-
nally (Barnes et al., 2008).

One of our study species, the grass P hiemata, emit-
ted more blue-red fluorescence (an analogue for UV
screening capacity, Lenk and Buschmann, 2006) when
exposed to solar UV. Similar responses to non-UV
wavelengths have been recorded in dicot species (War-
gent et al.,2015). Our data diverges from those of Day et
al. (1992), who found grasses of subalpine areas in North
America less able than the dominant woody plants to
screen against UV. P hiemata is widely distributed in sub-
alpine areas of SE Australia and is often the dominant
species on lower, treeless plains within inverted treeline
landscapes. Our data show that P hiemata has more than
twice the capacity to screen against UV than the tree E.
pauciflora and more than three-fold the capacity of the
herb G. antrorsum.

Whereas E. pauciflora and P hiemata rely heavily on
structural and chemical screens against UV, G. antrorsum
does not. Herbaceous species generally show weaker
screening capacity than other life forms (Day et al., 1992).
A likely consequence is that significant amounts of UV
reach the underlying mesophyll, stimulating generation of
reactive oxygen species (ROS) (Czégény et al., 2016) and
potentially damaging cellular organelles involved with
photosynthesis (Ivanova et al., 2008). Fittingly, G. antror-
sum maintained the greatest concentrations of glutathione
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(Noctor et al., 2012) and synthesized ascorbate upon ex-
posure to UV (Foyer et al., 1994; Gao and Zhang, 2008;
Kataria et al., 2012). Ascorbate and glutathione scavenge
and detoxify ROS to prevent cellular damage (Foyer et
al., 1994), ascorbate being the most responsive to light in-
tensity (Grace and Logan, 1996; Peltzer and Polle, 2001).
Whereas the constant oxidative state upon exposure to
solar UV suggests the varying photoprotective strategies
employed by each species prevent oxidative stress, we still
observed reduced rates of photosynthesis for G. anstror-
sum plants exposed to UV. We speculate that this could
be because of direct damage to photosynthetic reaction
centers (PSII being particularly sensitive to UV, Ivanova
et al., 2008), as has been found in other alpine ecosys-
tems (Albert et al., 2010; Shi et al., 2011), or to diffusional
limitations arising from reduced stomatal conductance
that accompanies exposure to UV (Nogues et al., 1999),
as illustrated by both G. anstrorsum and E. pauciflora. In-
creased expression of the UV resistance locus8 (UVRS),
a UV-B specific photoreceptor, has been used to explain
decreased stomatal conductance following UV-B expo-
sure (Brown et al., 2009). As UVRS evolved with unicel-
lular algae (Parihar et al., 2016) it is likely also present in
monocots as well as dicots. We observed no regulation of
£ by UV for the grass P hiemata. Regardless, it appears dif-
fusional limitations are unlikely to explain our decreased
photosynthetic rate in G. anstrorsum exposed to UV as
WUE, remained constant among treatments.

CONCLUSIONS

Recent studies show that exposure to solar UV can
upregulate photosynthetic capacity for agricultural
crops in temperate regions (Wargent et al., 2011, 2015;
Davey et al., 2012). Here we demonstrate highly spe-
cies-specific photobiological responses of native plants
adapted to high UV exposure. Across three study spe-
cies there were varying strategies to dissipate incoming
UV radiation. Mild photoinhibition was recorded for
one species, G. anstrorsum, the species least structurally or
chemically able to screen against UV wavelengths. We
also found that increased photosynthetic rates do not
necessarily follow the inclusion of UV-A wavelengths
in the photosynthetic spectrum for plants that transmit
UV wavelengths to the mesophyll, and finally, that UV
exposure during growth appears an important regulator
of plant water loss in dicots.
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