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Abstract

Few studies to date have considered the responses of agriculturally important forage grasses to UV-B radiation. Yet
grasses such as Lolium perenne have a wide current distribution, representing exposure to a significant variation in
ambient UV-B. The current study investigated the responses of L. perenne (cv. AberDart) to a simulated latitudinal gra-
dient of UV-B exposure, representing biologically effective UV-B doses at simulated 70, 60, 50, 40, and 30° N latitudes.
Aspects of growth, soluble compounds, and digestibility were assessed, and results are discussed in relation to UV-B
effects on forage properties and the implications for livestock and bio-ethanol production. Aboveground biomass
production was reduced by approximately 12.67% with every 1 kJ m~ day™ increase in biologically weighted UV-B.
As a result, plants grown in the highest UV-B treatment had a total biomass of just 13.7% of controls. Total flavonoids
were increased by approximately 76% by all UV-B treatments, while hydroxycinnamic acids increased in proportion
to the UV-B dose. Conversely, the digestibility of the aboveground biomass and concentrations of soluble fructans
were reduced by UV-B exposure, although soluble sucrose, glucose, and fructose concentrations were unaffected.
These results highlight the capacity for UV-B to directly affect forage productivity and chemistry, with negative conse-
quences for digestibility and bioethanol production. Results emphasize the need for future development and distribu-
tion of L. perenne varieties to take UV-B irradiance into consideration.
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Introduction

Perennial ryegrass (Lolium perenne 1.) is a temperate grass-
land species, widely distributed across Europe as a forage
and turf grass (Hannaway et al., 1999). The distribution and
use of L. perenne is likely to increase due to rising global
demand for meat and livestock (Speedy, 2003; Daniel et al.,
2010). Recently, high-sugar varieties of L. perenne have been
developed because the accumulation of foliar water-soluble
carbohydrates increases the available energy for early fermen-
tation in ruminants. This improves capture of forage protein
(Theodorou et al., 2006), significantly increasing weight gain
and milk production from livestock (Lee et al., 2001; Miller
et al., 2001). These varieties are also ideal candidates for future

bio-ethanol production (Charlton et al., 2009; Farrar et al.,
2011), providing a significantly greater yield of ethanol than
other L. perenne varieties (Charlton et al., 2009; Murphy and
Power, 2009). Due to such potential benefits, this species has
increasingly been adopted for use as forage. However, with the
exception of temperature constraints on growth (Hulke ez al.,
2008; Hoglind et al., 2011) and the effect of elevated tem-
perature and CO, concentrations (Nijs et al., 1996, 1997), few
studies have considered how climatic factors control or limit
the growth, productivity, and forage chemistry of this species.

Ultraviolet-B radiation (UV-B, 280-320 nm) varies substan-
tially over the latitudinal range where L. perenne is employed

© The Author(2) [2013].

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0/), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.


mailto:dyj@aber.ac.uk

2194 | Comont et al.

(Seckmeyer et al., 2008). Although it is a small component of
sunlight, UV-B can be disproportionally damaging to plants,
affecting tissue chemical composition and reducing growth
and yield (Rozema et al., 1997b; Hollosy, 2002; Mpoloka,
2008; Ballaré et al., 2011). UK-developed varieties of L. per-
enne previously distributed across North-Western Europe
(Marshall and Wilkins, 2003; Wilkins and Lovatt, 2004;
Conaghan et al., 2008) are now being increasingly distributed
in Southern Europe and Australasia, where ambient UV-B
levels are markedly higher. Previous work by Deckmyn and
Impens (1999) showed that L. perenne was sensitive to UV-B
radiation, finding that UV-B caused a decrease in plant height
and an increase in tillering. Similarly, growth location of
L. perenne has been shown to significantly affect biomass and
UV-B absorbing compounds in this species (Comont et al.,
2012). However, no known studies have looked at how varia-
tion in ambient UV-B will affect forage quality traits of this
species including carbohydrates and digestibility. The impli-
cations of UV-B on subsequent employment of this species
for forage and bioethanol production have therefore not been
considered.

There are no consistent patterns in terms of plant carbo-
hydrate response to UV-B. Exposure to UV-B significantly
increased total soluble leaf carbohydrates in Vaccinium
uliginosum during heath regeneration (Phoenix et al., 2000).
Similarly UV-B led to increased fructose concentrations in
Chenopodium quinoa seedlings (Hilal et al., 2004), although
the effect on total carbohydrates was negated by a uniform
reduction of sucrose concentrations over a range of UV-B
exposures. Further studies have either found no effect of UV-B
on carbohydrates (Gehrke et al., 1995; Rozema et al., 1997a;
Barsig and Malz, 2000) or found UV-B to cause decreased
concentrations (Yue et al., 1998; Gwynn-Jones et al., 1999;
Lindroth et al., 2000; Ghisi et al., 2002). However, given the
importance of soluble carbohydrates for bioethanol produc-
tion (Charlton et al., 2009) and grazing efficiency (Theodorou
et al.,2006), the effect of UV-B on these compounds demands
consideration.

More consistent patterns are reported for soluble foliar phe-
nolics which usually increase in plants in response to UV-B
(Agati and Tattini, 2010), and this has been demonstrated
in grasses and other monocots (Liu ez al., 1995; Burchard
et al., 2000; van de Staaij et al., 2002). The accumulation of
soluble phenolic monomers in forage may be beneficial for
animal consumers as such chemicals protect protein from
degradation in the rumen (Theodorou ez al., 2006) and have
been shown to suppress methane emissions during ruminant
digestion (Leiber et al., 2012). However, phenolic monomers
induced for UV-B defence may form intermediates in the syn-
thesis of structural components (including lignin) and insol-
uble cell-wall-bound phenolics (Tu et al., 2010), which may
negatively affect decomposition and digestibility (Hartley
and Ford, 1989; Rozema et al., 1997a; Buanafina et al., 2006;
Austin and Ballaré, 2010). A reduction in digestibility would
negatively affect this species’ utility as forage and would also
impair second-generation bioethanol production which uti-
lizes digestion of the lignocellulose to release further sugars
for conversion to ethanol (Gomez et al., 2010).

The current study investigates aboveground and below-
ground growth, digestibility, and soluble foliar metabolites
associated with forage quality of L. perenne, in response to
a simulated latitudinal gradient of UV-B. Concentrations of
soluble hydroxycinnamic acids, flavonoids, and carbohydrates
are examined to determine how a UV-B gradient affects the
accumulation of these metabolites in this high-sugar variety
of L. perenne (cv. AberDart). The total foliar metabolomic
fingerprint is also assessed using Fourier transform infrared
spectroscopy (FT-IR), and wavenumbers associated with for-
age quality traits are examined for their contribution to the
overall responses observed. Additionally, the effect of the
UV-B gradient on biomass saccharification has been deter-
mined, and results are discussed in relation to forage quality
and bio-ethanol production. This will address the hypotheses
that growth and foliar carbohydrate concentrations will be
negatively affected by UV-B, while foliar phenolics will accu-
mulate under UV-B irradiance. These changes in the foliar
soluble chemistry, coupled with changes in structural metab-
olites, will lead to a reduction in digestibility by UV-B with
implications for the utility of this species as forage at high
ambient UV-B.

Materials and methods

Growth conditions and UV-B treatment

Seed of perennial ryegrass (L. perenne L. cv. AberDart) sourced
from IBERS (Aberystwyth University, UK) were germinated and
grown in individual 7 X 7cm pots containing pre-fertilized vermicu-
lite in a glasshouse for the duration of experimentation. Vermiculite
was fertilized using a 0.8% solution containing an NPK 36:6:6 fer-
tilizer (Miracle Grow, UK) and air dried before use. Plants were
watered from below to minimize nutrient leaching, and no visible
signs of nutrient deficiency were observed in plants over the experi-
ment. Whilst it is accepted that plants grown in a non-soil-based
medium may differ from those grown in natural soil conditions, ver-
miculite was specifically chosen for the current study as it allowed
for easier extraction and more accurate analysis of root material.
Seedlings were germinated for 2 weeks prior to treatment. UV-B
treatments were then initiated at this early developmental stage and
maintained for a further 5-week experimental period. Temperature
and humidity were not controlled but remained on average 15 °C
and 59% relative humidity over the course of the experiment, and
minimum temperature did not drop below 5 °C (monitored using
Helios Dataloggers, Skye Instruments, Llandrindod Wells, Wales).
The aim of this study was to simulate a latitudinal gradient of
biologically effective UV-B doses (UV-Bgg) within the experimental
glasshouse, simulating 70, 60, 50, 40, and 30 °N latitudinal treatment
conditions, as well as a zero UV-B control. Target UV-B doses were
determined using a UV radiation software model (the Atmospheric
Chemistry Division Tropospheric Ultraviolet and Visible (ACD TUV)
calculator, available at http://cprm.acd.ucar.edu/Models/TUVY/), set to
model changes in UV-B radiation under clear sky and overcast condi-
tions over 5 weeks, from 29 June to 3 August). In the glasshouse, UV-B
supplementation was provided using lamp-holders containing two
Q-panel 313 UV-B bulbs (Q-Panel, Cleveland, Ohio, USA). Lamps
were wrapped in cellulose diacetate (0.13mm, Courtaulds, Derby,
UK) to attenuate UV-C, and UV-B was provided using a square-
wave approach over 8 hours daily (centred at noon). Lamp height was
adjusted to vary the UV-B within each treatment to match the tar-
get daily UV-B dose rates modelled using the UV radiation software
model. UV-B was assessed using a Fibre Optic Spectroradiometer
(EPP2000, StellarNet, Tampa, Florida, USA) and weighted with the
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Caldwell generalized plant damage action spectrum (Caldwell e? al.,
1986). Treatments represented doses of 2.3, 3.2, 4.1, 5.0, and 5.7 kJ
m~ day ! UV-By; in the simulated 70, 60, 50, 40, and 30 °N latitudes
respectively, and total UV-B at plant height remained stable over the
experimental duration, monitored using a broadband UV-B sensor
(Spectrosense 2*, Skye Instruments). Supplementary photosyntheti-
cally active radiation (PAR) was also provided (200 pmol m2s ) for 8
hours daily so that shade events caused by movement of the sun were
less pronounced.

Harvesting of material

An initial (¢ = 0) harvest was performed before treatments were initi-
ated. Plants were then split between five replicated trays per treat-
ment, each tray containing five individual plants. A further harvest
was subsequently taken at the end of the 5-week experimental treat-
ment period. To ensure sufficient material for chemical analysis, the
five plants per tray were grouped as one replicate by taking the mean
of their growth parameters and bulk grinding their aboveground
material. This provided an overall replication per treatment of n = 5.
Plants were separated into aboveground and belowground material,
and root systems were washed in running water to remove vermicu-
lite. Root systems were placed onto glass Petri dishes with gridded
(0.5cm?) paper and photographed using a fixed camera mounted
1 m above. Total root length was assessed using the line intersect
method (Tennant, 1975). Total plant leaf area (cm?) was assessed
using a leaf area measurement system (Delta-T devices, Cambridge,
England). Leaf material was next flash frozen in liquid nitrogen and
stored at —80 °C. The total aboveground and belowground biomass
was recorded following freeze drying (48 hours at —50 °C) using a
vacuum freeze drier (Lyotrap, LTE Scientific, Oldham, England).
The growth parameters leaf area ratio, leaf weight ratio, specific leaf
area, net assimilation rate, relative growth rate, and root:shoot ratio
were assessed using formulae given by Hunt et al. (2002).

Assessment of soluble phenolics and carbohydrates

Soluble foliar phenolics and sugars were assessed by HPLC. Freeze-
dried leaf material (20mg) was ground and extracted twice, first in
70% methanol then in water, with the two supernatants combined.
Supernatants were pelleted in a vacuum centrifuge (Savant SpeedVac
SPDI121P, Thermo-Scientific, Asheville, USA), then re-suspended in
500 pl water and split into two 250 pl aliquots. One aliquot was par-
tially purified on a Waters Sep-pak (500mg) C'® reversed-phase extrac-
tion cartridge (Waters, Elstree, UK) before analysis using a Waters
HPLC system. A Nova-pak (4 pm, 8 x 100mm) C*¥ column was used
as the solid phase, while the mobile phase consisted of 5% acetic acid
(solvent A) and 100% methanol (solvent B) with a linear gradient from
5-70% B in A, over 35min. The injection volume was 25 pl.

The second 250 pl aliquot was used for assessment of soluble sug-
ars, with 50 pl added to 950 ul buffer comprising 5 uM H,SO,, which
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contained 5 pM crotonic acid as an internal standard. These samples
were analysed by HPLC (Jasco, Essex, UK). A Rezex ROA-Organic
acid column (150%7.8mm) was used, with a mobile phase of
5mM H,SO, at 0.6ml min'. Peaks were identified using EZChrom
Elite HPLC software (Jasco), and quantified by comparison with
standard samples of fructan, sucrose, glucose, and fructose (Sigma
Aldrich, St Louis, Missouri, USA).

FT-IR assessment of total metabolite fingerprint and structural
material

Freeze-dried leaf samples (10 mg) were processed and analysed using
FT-IR as a measurement of their metabolomic fingerprint. Samples
were ground and suspended in de-ionized water at a concentration
of 100 pg ml™!. Each sample (5 pl) was pipetted onto an FT-IR plate
and dried at 50 °C for 30 min before analysis using a Vertex 70 FT-IR
spectrometer (Bruker Optics, Ettlingen, Germany). Absorbance
spectra were collected at 1762 wavenumbers over the range 600—
4000cm™!. The spectra were assessed for separation between UV-B
treatments, to explore the linearity of response to the UV-B gradient
over the whole metabolomic fingerprint. Additionally, FT-IR was
used as a tool to assess the effect of the UV-Bgy gradient on leaf
structural material. Characteristic spectral regions associated with
cellulose, hemicellulose, and lignin were identified from the literature
(Table 1) and total absorbance over these regions used as a proxy for
measurement of these compounds.

Assessment of digestibility

Samples of freeze-dried leaf material (50mg) were assessed using
an automated enzymic digestion system, as described by Gomez
et al. (2010). After an alkaline pre-treatment (0.5mol NaOH I'! at
90 °C for 30min), samples were hydrolysed for 8 hours using an
enzyme cocktail designed for biomass (Celluclast/Novozyme 188,
4:1, Novozymes, Bagsvaerd, Denmark). Following digestion, a
75 ul aliquot of the digestate was removed and added to a mixture
comprising 25 nl NaOH (1 mol 1), and 50 pl of a solution con-
taining (ml™') 0.43mg 3-methyl-2-benzothiazolinonehydrazone and
0.14mg dithiothreitol in a PCR plate. This mixture was incubated
at 60 °C for 20 min before an aliquot was removed, placed into an
optical plate, and 100 pl of an oxidizing reagent containing 0.5%
FeNH,(SO,),, 0.5% sulphamic acid, and 0.25 mol 1" HCL was
added. Quantification of reducing sugars was performed calorimet-
rically at 620 nm. Four machine replicates of each individual sample
were performed and the mean result used for analysis.

Statistical analysis

All parameters (excluding FT-IR data) were analysed using one-way
ANOVA followed by Tukey’s multiple-range test (n = 5, P < 0.05)
in Minitab version 14 (Minitab, Coventry, UK). FT-IR spectra

Table 1. Characteristic FT-IR absorbance of the plant structural components cellulose, hemicellulose, and lignin. Data were taken from
tables compiled by Mascarenhas et al. (2000) and Lammers et al. (2009).

Wavenumber cm™ Functional group Compound Reference

1705-1720 Carbonyl/carboxyl stretch Lignin Boeriu et al. (2004)

1215-1220 C-C, C-0, C=0 Lignin Boeriu et al. (2004)

1370-1375 Phenolic OH Lignin Boeriu et al. (2004)

1610 - Lignin Boeriu et al. (2004)

1510, 1514, 1595 Phenylpropanoid/aromatic ring Lignin Mascarenhas et al. (2000)
Boeriu et al. (2004)

1050-1130 Polysaccharide Cellulose Stewart (1996)

1150-1170 C-0O-C stretch Cellulose Michell (1990)

1240, 1732 Ester C=0 Hemicellulose Stewart and Morrison (1992)
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were analysed using principal components analysis, multivariate
analysis of variance (MANOVA), and canonical variates analysis
(CVA) as described in Johnson et al. (2007), using Minitab version
14 (Minitab inc., Coventry, UK), Matlab version 6.5 (Mathworks
Inc, Natick, massachusetts, USA), and PyChem 3.0.5f beta (Jarvis
et al., 2006). The minimum number of principal components (PCs)
explaining >99% of the data’s variability was chosen as the thresh-
old for PC selection. No spectral pre-processing was performed as
all spectra recorded very similar maximum and minimum absorb-
ance, with a high signal to noise ratio. Mean centering of the spec-
tra was initially performed but was found to have no effect on the
analysis.

Results
UV-B modelling and simulation of the UV-Bge gradient

To identify the target UV-Bgg doses required for an ecologi-
cally relevant latitudinal gradient (30-70 °N) of UV-Bgg, a
UV radiation software model (the ACD TUYV calculator) was
first used to model changes in UV-B radiation (280-320nm)
over this range (Supplementary Fig. S1, available at JXB
online). As expected, UV-Bgg doses over the modelled time
frame were greatest at 30 °N and lowest at 70 °N. Maximal
dose rates per hour were approximately 0.4 and 1.5 kJ UV-Bgg
m2 h™! at the modelled 70 and 30 °N latitudes respectively.
Increasing the modelled cloud optical depth caused a sub-
stantial reduction in the modelled UV-Bgg.

In the glasshouse, lamp heights were adjusted so that the
biologically effective daily dose rates provided a gradient
of daily UV-Bgg in five UV-B supplementation treatments
representing 70, 60, 50, 40, and 30 °N latitude. Biologically
weighted hourly UV-Bgg dose rates did not exceed the hourly
maxima modelled for each latitude. The weighted daily
UV-Bgg doses provided a gradient of UV-Bgg, with values
falling between the clear sky and overcast conditions mod-
elled using the tropospheric UV-B modelling software (TUV)
(Supplementary Fig. S2) and constituted doses of 2.3, 3.2,
4.1,5.0,and 5.7 kJ UV-Bgr m 2 day . A control (zero UV-Bgg
treatment) was also established providing a standard against
which the effects of the UV-Bgg gradient could be tested.

Effects of the UV-Bge gradient on aboveground and
belowground growth

Growth of L. perenne was significantly inhibited by UV-B
exposure (Fig. 1, Supplementary Fig. S3). Negative effects
of UV-B were observed both above ground in tiller length,
biomass and leaf area, and below ground in total root length
and biomass (Fig. 1). In all cases, the greater the UV-Bgg
dose the more negative the effects, as most clearly shown
in assessment of leaf area and relative growth rate (Fig. 1E
and F). Acclimation to UV-B was observed at low UV-B
irradiance via a reduction in leaf area ratio relative to the
zero UV-B control, representing a reduced resource alloca-
tion to leaf area production. At higher UV-B irradiance,
leaf area ratio was unaffected but net assimilation rate was
reduced (Fig. 1G and H). This suggests that alteration of
morphology under low UV-B irradiance allows productivity

in relation to leaf area (i.e. net assimilation rate) to be main-
tained, but a comparable response was not observed at
greater UV-B irradiance causing net assimilation rate to be
adversely affected.

Effects of the UV-B gradient on soluble foliar
carbohydrates and phenolics

Fructan was found to be the dominant soluble foliar carbo-
hydrate present, but there was a significant reduction in con-
centration in samples from higher UV-B exposure regimes
relative to control and 70 °N treatments (Table 2). However,
no significant UV-B effect was found in the foliar concentra-
tions of glucose, sucrose, or fructose (Table 2). In contrast,
total foliar hydroxycinnamic acids (HCAs) and flavonoids
were significantly increased by UV-B (Fig. 2). Chlorogenic
acid was the dominant HCA in leaf extracts, and concentra-
tions increased proportionally with the UV-Bgg dose, result-
ing in a monotonic increase in total HCA concentrations
with UV-Bgg (Fig. 2A). Total flavonoids were increased by
approximately 76% over all UV-B treatments relative to con-
trols, although the 40 and 60 °N treatments could not be sep-
arated from controls due to large variability between samples
(Fig. 2B).

Chemometric analysis of FTIR spectra in relation
to UV-B

PC-CVA and MANOVA was applied to the FT-IR spec-
tra according to Johnson et al. (2007). The first eight PCs
were found to contain >99% of the FT-IR spectra’s vari-
ability, and MANOVA identified a significant treatment
effect within them (P < 0.001). CVA of these eight PCs
identified significant separation between the canonical treat-
ment means according to the UV-Byg dose rate (Fig. 3A).
Analysis of the PC-CVA loadings identified peaks on both
axes between 1550 and 1800cm™ (Supplementary Fig. S4).
Absorbance in this region is dominated by amides (Allwood
et al., 2008), suggesting separation between groups on both
axes may be caused by changes in protein. Wavenumbers
around 3500cm™ also show strong weighting on CV2,
and are usually characteristic of hydroxyl groups, possi-
ble related to alcohols, phenols, or sugars (Nakanishi and
Solomon, 1977).

Further targeted analysis of wavenumbers associated with
cellulose, lignin, and hemicellulose (Table 1) was performed,
but showed no significant overall treatment effects (P > 0.05).
Determination of treatment effects in specific wavenumber
groupings such as this may be hampered by potential co-
absorbance from other metabolites present. Nevertheless, in
each case there was a strong trend for change in FT-IR absorb-
ance with UV-B (Fig. 3B-D). Sample groups were therefore
pooled and re-analysed to further highlight these pronounced
trends within the data. Total absorbance over wavenumbers
associated with cellulose showed a distinct increase between
the 60 and 50 °N treatments. When the data were analysed as
two groups (n = 15) according to low UV-B (control, 70°, 60°)
and high UV-B (30°, 40°, 50°), a significant result is observed
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Table 2. Foliar sugar concentrations extracted from leaf material (mg g~') assessed by HPLC. Values are mean + SE. P-values show the
result of a one-way ANOVA (* <0.05, ** <0.01, ** <0.001). Letters denote significant differences following a Tukey’s multiple-range test

(n=5,P<0.05).

P-value Treatment (UV-Bgg dose kJ m™ day™)

Control (0) 70° (2.3) 60° (3.2) 50° (4.1) 40° (5.0) 30° (5.7)

Fructans 0.003* 116.1+18.12 116.0+13.6° 87.0+12.5%P 68.7+13.5%° 36.1+13.3° 52.5+18.1°
Sucrose 0.586 31.8+5.24 36.9+4.15 37.4+4.66 42.2+10.5 34.5+2.94 32.2+1.95
b(+)-Glucose 0.143 14.9+2.78 22.1+1.90 17.9+2.00 18.2+1.45 20.6+1.04 18.5+0.62
b()-Fructose 0.505 37.1+3.83 42.9+5.30 38.3+4.20 37.5+3.07 37.1+2.62 34.5+2.50
P=0. . Similarly, hemicellul nd lignin rban , 0o
( 0.007). Similarly, hemicellulose and lignin absorbances Digestibility

showed a consistent increase with increasing UV-B over the
control up to the 50 °N treatment. When these treatments
alone are assessed, the treatment effect becomes more pro-
nounced at P = 0.086 (hemicellulose) and P = 0.021 (lignin).
This suggests UV-B may cause accumulation of these com-
pounds, although not at all UV-B doses, and the current
FT-IR analysis can only serve as a guideline for assessment of
these components due to possible co-absorbance from other
metabolites.

Saccharification analysis showed that higher UV-B irradiance
caused a significant (P = 0.003) reduction in the quantity of
sugars released during enzymic digestion of the aboveground
biomass (Fig. 4). This clearly demonstrates the negative effect
of UV-B irradiance on the digestibility of this material. There
was also some indication that the response did not increase
further at the highest UV-B doses (40-30 °N), although gen-
erally the greater the UV-B dose the greater the reduction in
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leaf)™". Statistical analysis was performed using one-way ANOVA (* <0.05, ** <0.01, *** <0.001). Letters denote significant differences
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MANOVA using the first eight principal components (>99% of the variability within the spectra) (* <0.05, ** <0.01, *** <0.001). (B-D) Total
absorbance over the FT-IR wavenumbers shown to be characteristic of cellulose (B), hemicellulose (C), and lignin (D) (see Table 1 for
specific wavenumbers). Values are mean + SE.
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Fig. 4. Concentration of sugars released per hour during an enzymic saccharification analysis of aboveground L. perenne biomass
exposed to different UV-B regimes. The total concentration of reducing sugars was assessed calorimetrically following 8 hours of
enzymic digestion. The P-value shows the result of a one-way ANOVA (* <0.05, ** <0.01, *** <0.001). Letters denote differences
between treatments as shown by a Tukey’s multiple-range test (n = 5, P < 0.05). Values are mean + SE.

digestibility, as shown by the significant reduction in sugars
released during enzymic digestion (Fig. 4).

Discussion

Previous work has shown that exposure to UV-B can adversely
affect plant growth (Rozema et al., 1997b; Mpoloka, 2008),
but by far the commonest observed response to UV-B is an
effect on tissue chemistry (Searles et al., 2001; Newsham and
Robinson, 2009), with implications for other trophic processes
including decomposition and digestibility (Rozema et al.,
1997a; Austin and Ballaré, 2010). This study targeted UV-B
effects on the soluble leaf chemistry, plant growth, and subse-
quent digestibility of the commercially important and inter-
nationally distributed forage species L. perenne. The scale of
latitudinal gradient studied (30 to 70 °N) meant that a glass-
house experimental system was employed, and it is accepted
that lamp UV-B supplementation cannot entirely represent
an ambient UV-B regime. Similarly, the PAR:UV-B ratio will
not necessarily represent that found under true field condi-
tions (Krizek, 2004). Nevertheless, care was taken to ensure
that the weighted UV-Bgg doses were comparable to those
which occur at latitudes between 30 and 70 °N. Furthermore,
following the work of Flint et al. (2009) and Krizek (2004),
this study was particularly careful to minimize shading from
the lamp holders, ensuring a high PAR environment at all
times via supplementary lighting.

This study hypothesized that increased UV-B doses would
cause inhibition of growth and soluble carbohydrates and
accumulation of soluble phenolic monomers. Aboveground
biomass production was reduced by 12.67% with every 1
kJ m™ day! increase in biologically weighted UV-Bgg. As

a result, plants grown in the highest UV-B treatment had
a total biomass of just 13.7% of control (zero UV-B treat-
ment). UV-B is also known to reduce root growth (Zaller
et al., 2002), and in the current study both root biomass
and root length were reduced by the UV-B gradient, likely
as a consequence of the pronounced reduction in plant leaf
area by UV-B. Ballaré ez al. (2011) have argued that growth
of plants in the field is generally less sensitive to UV-B in
comparison to controlled environment studies such as this
one, nevertheless, the current results agreed closely with the
previous work of Deckmyn and Impens (1999), who also
demonstrated that L. perenne showed considerable sensitiv-
ity to UV-B.

Fructan concentrations were significantly reduced by
elevated UV-B causing lowered total soluble carbohydrate
concentrations, although sucrose, glucose, and fructose were
unaffected. Similar results have been observed in a num-
ber of commercially important monocots (Yue et al., 1998;
Ghisi et al., 2002; Quaggiotti et al., 2004), demonstrating the
potential for UV-B to negatively affect soluble carbohydrates.
A study by Parsons et al. (2004) identified that water-soluble
carbohydrate production was less pronounced in high-sugar
L. perenne cultivars, including AberDart, when grown in New
Zealand compared to the UK. The authors attributed this to
higher growth temperatures, but the results of the current
study suggest variation in UV-B may also play an important
role. Conversely, an increasing UV-B intensity resulted in
higher concentrations of soluble foliar phenolics, comparable
with results from Deckmyn and Impens (1999). In the current
study, HCAs were the dominant phenolic monomers present,
although both total HCAs and flavonoids were significantly
increased by elevated UV-B, as reported in a number of other
species (Agati and Tattini, 2010).



However, as a determinant of forage quality it is the struc-
tural and cell-wall-associated components which contribute
most to digestibility. It was hypothesized that UV-B expo-
sure would cause an increase in cell structural metabolites,
thereby reducing digestibility. For example, structural metab-
olites accumulate under UV-B exposure in a range of species
(Rozema et al., 1997a; Laakso et al., 2000; Hilal et al., 2004;
Yamasaki et al., 2007) and can influence cell-wall digestibil-
ity in forage grasses (Buxton and Marten, 1989; Smith and
Flinn, 1991; Moore and Jung, 2001). Chemometric assess-
ment of FT-IR wavenumbers associated with lignin, cel-
lulose, and hemicellulose suggested increases with UV-B
exposure. However, FT-IR analysis can only be used to imply
changes in these components due to possible co-absorbance
from other metabolites. Saccharification was therefore used
as a more accurate determination of the forage digestibility.
UV-B irradiance was shown to cause a significant reduction
in digestibility, as demonstrated by a 15% reduction in release
of sugars during enzymic digestion of material from the high-
est UV-B treatment. Consequently, these results could have
significant implications for forage quality and bioethanol
production.

It is the water-soluble carbohydrates in this high-sugar vari-
ety of L. perenne that, when used as forage, contributes to the
increased weight gain and milk production of livestock (Lee
et al., 2001; Miller et al., 2001). Therefore, a negative effect
of UV-B on fructan concentration as observed in the current
study may have deleterious consequences for forage quality in
areas where ambient UV-B is high. However, the presence of
increased soluble phenolics at higher UV-B may partially alle-
viate this, as mounting evidence suggests that such phenolic
monomers serve as a substrate for polyphenol oxidase and
cross link to dietary protein. This protects protein from deg-
radation in the rumen and thereby increases the efficiency of
conversion from plant to animal protein (Theodorou et al.,
2006), as well as suppression of methane emissions (Leiber
et al., 2012). Nevertheless, the observed reduction in digest-
ibility could potentially have the greatest impact upon forage
quality. It is estimated that an increase in perennial ryegrass
digestibility of only 5-6% may increase summer milk produc-
tion in southern Australia by up to 27% (Smith et al., 1998).
Therefore conversely, reduction in digestibility of up to 15%
by UV-B as observed in the current study would likely have
a pronounced negative impact upon ruminant grazing effi-
ciency. First-generation methods for bio-ethanol production
are dependent upon the extractable foliar sugars for conver-
sion to bioethanol (Charlton et al., 2009; Farrar et al., 2011),
and fructan is the dominant water-soluble storage carbohy-
drate in L. perenne (McGrath, 1988; Farrar et al., 2011). As
a result, the reduction in soluble fructan concentration by
UV-B observed would likely reduce the yield of bioethanol
produced. First-generation biofuels are now being phased
out to make way for second-generation biofuels, which will
utilize digestion of lignocellulose to provide additional sug-
ars for the production of bioethanol (Gomez et al., 2010).
Nevertheless, the current study highlights that UV-B irradi-
ance may also reduce the efficiency of this process, limiting
the release of sugars from biomass, and thereby reducing the
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efficiency of conversion to bioethanol. It is the high bioetha-
nol yield per hectare which makes this high-sugar L. per-
enne variety so attractive for future bio-ethanol production
(Charlton et al., 2009; Farrar et al., 2011). However, when the
negative effects of UV-B on biomass production, soluble sug-
ars, and digestibility are considered together, the significant
potential for UV-B to limit the efficiency of such bioethanol
production is demonstrated.

The current study only utilized one L. perenne variety and
under glasshouse conditions. Also, some discrepancy in the
PAR:UV-B ratio between these treatments and those found
at each latitude is expected. This may affect UV-B responses
(Krizek, 2004), for example a higher PAR:UV-B ratio
could potentially reduce UV-B responses to some extent.
Nevertheless, the strength of this study is in its demonstration
of the pronounced effects of a UV-B gradient under other-
wise standardized conditions in this species. The pronounced
negative impacts of UV-B observed, and the previously doc-
umented sensitivity of this species to UV-B (Deckmyn and
Impens, 1999), suggest the need to consider UV-B tolerance
as an important breeding trait. UV-B tolerance has largely
been ignored, yet potentially co-occurring factors have been
considered, including water stress (e.g. Wang and Bughrara,
2008; Foito et al., 2009; Li et al., 2010). Previous research on
drought tolerance in this species could represent an impor-
tant basis for UV-B tolerance, as application of drought and
UV-B in other species, either consecutively or simultaneously,
has been shown to ameliorate responses to either factor in
isolation (Schmidt et al., 2000; Alexieva et al., 2001; Ren
et al., 2007; Cechin et al., 2008; He et al., 2011). Such find-
ings beg the question of whether plant breeding for UV-B
resistance could also provide beneficial impacts for drought
tolerance and vice versa, and highlight the importance of
considering both factors together when developing cultivars
with increased environmental resistance.

In conclusion, the observed UV-B induced increase of
soluble phenolics and reduction of aboveground biomass,
soluble fructan concentrations, and digestibility provide clear
evidence that UV-B can reduce the forage quality of this spe-
cies. This may have important considerations for grazing
efficiency, as well as both first- and second-generation bio-
ethanol production in areas of high ambient UV-B. Given the
pronounced responses to UV-B in the current study, a large-
scale field trial is warranted with other varieties of L. perenne
to identify both the extent of UV-B response and possible
mechanisms of UV-B tolerance in this species under field
conditions.

Supplementary material

Supplementary data are available at JXB online.
Supplementary Fig. S1. Modelled biologically effec-
tive UV-B (UV-Bgg) irradiance data created using the ACD
TUV model.
Supplementary Fig. S2. Measured biologically effective
UV-B (UV-Bgg) irradiances from the UV-B treatments under
glasshouse conditions.
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Supplementary Fig. S3. Representative L. perenne plants
from each of the six UV-B treatments.

Supplementary Fig. S4. Wavenumber loadings on the first
and second CV axes following PC-CVA of FT-IR spectra of
L. perenne leaf material raised over the simulated UV-Bgg
gradient.
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