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Abstract
Blue and UV radiation are environmental cues or sources of information that
can shape the morphology and development of plants. It was hypothesized
that: H1) long-term treatments of solar blue (400–500 nm), long-UV (350–
400 nm) and short-UV (290–350 nm) radiation (starting before seedling
emergence) are perceived as different and can trigger distinct morphological,
physiological and molecular responses; H2) parental long-term exposure to
short-UV radiation before flowering affects response patterns to blue and UV
radiation in the offspring; H3) long-term exposure to solar blue, long-UV
and/or short-UV radiation enhances drought tolerance; H4) the responses
in H1, H2 and H3 are accession-dependent and related to the environments
where the accessions originate. To test these hypotheses, three experiments
assessed morphological, physiological and molecular responses of accessions
of two legume species, faba bean (Vicia faba L.) (I, II) and barrel medic
(Medicago truncatula Gaertn.) (III). To impose radiation treatments by
attenuating different wavebands of sunlight, four types of plastic filters were
used in experiments I and III outdoors. Through pairwise filter comparisons,
three different solar wavebands were assessed: blue, long-UV and short-UV
radiation. In experiment I, two accessions of V. faba (Aurora; ILB938)
originating from contrasting UV environments (southern Sweden; Andean
region of Colombia and Ecuador) were grown under the four filters in
sunlight. To study the transgenerational effect of solar short-UV radiation,
experiment II was established using seeds produced by plants from
experiment I and a factorial experiment design combining the two V. faba
accessions, two parental UV treatments (full sunlight and exclusion of shortUV radiation) and four offspring light treatments, from the factorial
combination of UVB and blue radiation manipulations in a controlled
environment. In experiment III, the effect of long-term exposure to solar
blue, long-UV and short-UV radiation during growth on the tolerance of
subsequent progressive drought was studied in three M. truncatula
accessions using the same filter treatments as in experiment I combined with
progressive drought treatments imposed by withholding watering for 2 and
7 days to half the plants starting 40 days after sowing. The three M.
truncatula accessions, Jemalong A17, HM006 and HM020, originate from
Australia, France and Tunisia, respectively.
After long-term natural light treatments (I, III), blue light but not long-UV
or short-UV radiation, significantly regulated plant morphology and
transcript abundance. In contrast, both solar blue and short-UV radiation,
ii

but not long-UV radiation, induced the accumulation of total flavonoids in
leaves of V. faba (I) and M. truncatula (III). Moreover, simultaneous
exposure to blue and UVB radiation had a synergetic effect on the induction
of flavonoid accumulation (II). In V. faba, the variations of flavonoid
composition and gene expression between the two accessions were
consistent throughout the two successive generations (I, II). In V. faba, the
transgenerational effect of short-UV radiation altered the morphological
responses of the progenies to blue light, and it also affected flavonoid
accumulation of the offspring in response to UVB radiation. Moreover, the
transgenerational effects differed in the two accessions (II): in Aurora, the
parental exposure to solar short-UV radiation led to a near-doubling of total
quercetin concentration in response to UVB radiation in the progeny, while
this was not observed in ILB938. The difference of responses to blue and UV
radiation in these two accessions are consistent with adaptation to
contrasting UV environments.
In M. truncatula, long-term exposure to both solar blue and UV radiation
pre-acclimated plants to subsequent slowly imposed drought, as observed in
the transcriptomic result in accession Jemalong A17 that drought (2 and
7 days without watering) did not regulate differentially expressed genes
(DEGs) under the filter transmitting blue and UV radiation. In contrast,
drought increased transcript abundance of several previously described
stress-inducible genes under all other filters. In the light of transcriptomic
and flavonoid responses to filter and drought treatments, two processes
potentially contribute to light-driven acclimation to drought: 1) increased
flavonoid accumulation under blue and short-UV radiation could enhance
the capability to scavenge drought-induced reactive oxygen species (ROS); 2)
down-regulation of genes involved in light reactions of photosynthesis by
blue light could reduce the generation of ROS when stomata close.
In conclusion, under long-term sunlight treatment, blue light modified
plants’ morphology and transcript change while both blue and short-UV
radiation induced the accumulation of flavonoids; a transgenerational effect
of short-UV radiation influenced offspring responses to blue and UVB
radiation differently in the two accessions; both blue and UV radiation
contributed to pre-acclimation toward subsequent drought by functioning as
environmental cues rather than stressors even if the specific responses
differed among accessions. Thus, the results support the four hypotheses.
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1. Introduction
All organisms tend to schedule their growth and development to make the
most of their resources and eventually reproduce successfully in their
habitats. Unlike organisms that can move or migrate, plants are sessile,
which makes it essential for them to use cues from the surrounding
environment as sources of information to adjust their growth and
development based on sensed, current and expected, abiotic and biotic
conditions. Below I review current knowledge about plant photoreceptors,
plants’ responses to UV and blue radiation, transgenerational plasticity, the
interaction of drought and UV radiation, and the two legume species used in
this study.

1.1 Plant photoreceptors
Sunlight serves not only as the source of energy via photosynthesis, but also
as a cue or information source that can direct the growth and development
of plants (Aphalo and Ballare, 1995; Chen et al., 2004). Corresponding to the
wide spectrum of sunlight, plants have evolved a sophisticated light
perception system consisting of several families of photoreceptors. These
photoreceptors perceive different wavebands of sunlight, thus allowing finetuning of growth and development under a range of different light conditions
(Chen et al., 2004). Red and far-red light are perceived through
phytochromes (PHYs) (Smith, 2000). Ultraviolet (UV) radiation (100–
400 nm) is conventionally divided into three spectral regions: UVC (100–
280 nm), UVB (280–315 nm) and UVA (315–400 nm) radiation. Blue and
UVA radiation are sensed by phototropins (PHOTs), cryptochromes (CRYs)
and members of the ZTL/FKF1/LKP2 family (Lin, 2000; Pudasaini and
Zoltowski, 2013), while UVB radiation is perceived through UV
RESISTANCE LOCUS8 (UVR8) (Brown and Jenkins, 2008; Rizzini et al.,
2011; Brelsford et al., 2019; Rai et al., 2019). In Arabidopsis thaliana L.,
short-term responses regulated by UVB and UVA wavebands shorter than
350 nm required UVR8 while those induced by blue and UVA wavebands
longer than 350 nm were dependent on CRYs (Rai et al., 2020). Thus,
350 nm is more appropriate than 315 nm to distinguish the action mediated
by UVR8 and CRYs (Rai et al., 2020).
Upon perception of different wavebands of light, these activated
photoreceptors regulate through a signalling cascade the expression of
numerous genes, ultimately resulting in light-dependent responses (Yadav et
4

al., 2020). These responses include morphological, phytochemical and
developmental changes, such as shade avoidance syndrome, accumulation of
flavonoids and reproductive induction, respectively (Taiz and Zeiger, 2010).
In light-induced responses, transcriptional regulation plays crucial roles in
orchestrating downstream gene regulation (Yadav et al., 2020). In
Arabidopsis thaliana, at least 20% of the genes can be transcriptionally
regulated by light (Ma et al., 2001; Tepperman et al., 2001; Jiao et al., 2005).
Among several transcription factors (TF) enriched upon light exposure, a
bZIP TF, ELONGATED HYPOCOTYL 5 (HY5) is a well characterized positive
regulator in light-induced development (Deng et al., 1991; Oyama et al.,
1997; Gangappa and Botto, 2016). It promotes photomorphogenesis
downstream to PHY-, CRY- and UVR8-mediated light signalling pathways
(Koornneef et al., 1980; Oyama et al., 1997; Ang et al., 1998; Oravecz et al.,
2006; Brown and Jenkins, 2008; Heijde and Ulm, 2012; Li et al., 2013).
These gene regulation events lead to whole plant responses.

1.2 Responses of plants to ultraviolet (UV) and blue radiation
UV: from a stressor to an environmental cue
Most of the incoming solar UV radiation is attenuated by constituents of the
earth’s atmosphere through the processes of scattering and absorption. Of
the shorter wavebands, all UVC and most of the UVB radiation are absorbed
by oxygen, ozone and other minor species (Madronich et al., 1998). UVA
radiation, on the other hand, is weakly absorbed by ozone but strongly
scattered in the atmosphere (Madronich et al., 1998). Terrestrial UVB
irradiance varies depending on multiple factors such as solar zenith angle,
altitude, latitude, cloud cover, shade, time of day, season, aerosols and
surface reflectivity (Madronich et al., 1998). Although they constitute only
0.15% and 6% of global solar radiation energy, respectively (Frederick et al.,
1989), UVB and UVA radiation have the highest energy per photon of all
wavebands in sunlight reaching the ground, so they have an important
impact on terrestrial plants (Caldwell and Flint, 1994; Jansen et al., 1998;
Ballaré, 2003).
Following the discovery of the ozone hole over Antarctica in the mid 1980s
(Farman et al., 1985), the last two decades of the 20th century witnessed
strong interest in UVB research. These early studies often exposed plants to
unrealistically high and acute doses of UVB radiation, which led to the
conclusion that UVB radiation is a stress factor that causes damage to
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proteins, nucleic acids and other macromolecules in plants (Ballare et al.,
1996; Jansen et al., 1998). High levels of UVB radiation can produce
mutagenic lesions in DNA that stop DNA and RNA polymerases from
working properly, thus interfering with DNA replication and transcription
(Jansen et al., 1998; Frohnmeyer and Staiger, 2003). To counteract these
damaging effects, plants have evolved DNA repair mechanisms involving
nucleases, polymerases, recombinases, kinases, topoisomerases, ligases,
glycosylases and helicases, which repair DNA damage through chemical
alteration (Iyama and Wilson, 2013). Among them, photoreactivation is an
enzymatic process, driven by blue/UVA radiation, that monomerises
pyrimidine dimers and restores the DNA damage (Frohnmeyer and Staiger,
2003). Furthermore, exposure to UVB radiation increases the production of
reactive oxygen species (ROS) and in the case of high doses also the
associated oxidative damage in plants (A.-H.-Mackerness, 2000; Hideg et al.,
2002). ROS, known to be a source of cellular damage, have also been proven
to be important signals in plant stress responses (Baxter et al., 2014). The
stress responses induced by high levels of UVB radiation through DNA
damage and ROS are not mediated by the UVR8 signalling pathway (Nawkar
et al., 2013).
Along with the ozone recovery after the Montreal Protocol restricting the use
of ozone-depleting halogens, research on plant responses to UVB radiation
has shifted to study more realistic UVB irradiance in natural settings
(Caldwell and Flint, 1994; Ballaré et al., 2001; Paul and Gwynn-Jones,
2003). Instead of being an ubiquitous stressor, UVB at an ecologically
relevant level most frequently serves as an environmental cue that induces a
range of photomorphogenic responses leading to UV acclimation (Jansen,
2002; Potters et al., 2007; Jenkins, 2009). UVB-induced morphological
responses include leaf thickening, inhibition of hypocotyl elongation and
increased axillary branching, all of which decreased interception of solar
UVB radiation and contribute to UVB acclimation (Jansen, 2002; Jenkins,
2014). Moreover, UVB radiation has been shown to regulate complex
responses in stomatal behaviour (Jansen and Noort, 2000). Stomata, the
pores each bordered by a pair of guard cells in the leaf epidermis, enable gas
exchange between atmosphere and plants. The regulation of stomatal
conductance is essential for plants to balance the carbon gain by
photosynthetic CO2 fixation against the concurrent cost in water loss through
transpiration (Zeiger, 1983; Assmann, 1993; Blatt, 2000). Studies on the
influence of UVB radiation on stomatal conductance have shown both
inhibition (Nogues et al., 1998; Ambasht and Agrawal, 1998; Tossi et al.,
6

2014; Ge et al., 2014) and enhancement (Tevini et al., 1983; Musil and Wand,
1993; Eisinger et al., 2003), which indicate complex stomatal responses upon
UVB radiation and variation among species and/or growth conditions.
Furthermore, Jansen and Noort (2000) pointed out that the observed
opposing effects of UVB radiation on stomatal conductance in Vicia faba L.
were dependent on the metabolic state of the guard cells.
Responses regulated by short-UV radiation require functional UVR8 (Rai et
al., 2020). Upon excitation by UVB photons, UVR8 regulates hundreds of
genes that are key to UV protection, photo-repair of DNA damage (induced
by UVB), oxidative stress and numerous transcription factors shared with
other cell-signalling pathways (Brosche and Strid, 2003; Brown et al., 2005;
Jenkins, 2009; Morales et al., 2013; Jenkins, 2014; Rai et al., 2020). UVB
radiation increases the transcript abundance of genes involved in
biosynthesis of phenolic compounds, in particular CHALCONE SYNTHASE
(CHS) and CHALCONE ISOMERASE (CHI) (Fuglevand et al., 1996; Brown
et al., 2005; Hectors et al., 2007; Favory et al., 2009). An increased
accumulation of phenolic compounds has been often observed in response to
UVB, UVA and blue radiation (Agati and Tattini, 2010; Morales et al., 2010,
2011, 2013; Martínez-Lüscher et al., 2014; Siipola et al., 2015; Hoffmann et
al., 2015; Nascimento et al., 2015; Ma et al., 2018). Phenolics are a
widespread class of secondary metabolites with various functions in plant
growth and development, as well as in plant interactions with environmental
cues (Day et al., 1992; Agati and Tattini, 2010). Among phenolics, flavonoids
and phenolic acids are highly effective in providing UV protection (Burchard
et al., 2000; Agati and Tattini, 2010). In the biosynthetic pathway of
phenolics, chalcone synthase (CHS) is the first enzyme committed to the
biosynthesis of flavonoids, and controls the flow of phenolic precursors to
synthesis of flavonoids vs. phenolic acids (Dao et al., 2011). Naturally
occurring phenolic acids, often possessing one carboxylic acid group with two
different carbon frameworks, can be further divided into two subgroups:
hydroxybenzoic acids and hydroxycinnamic acids (Khadem and Marles,
2010; Lochab et al., 2014). In Arabidopsis, hydroxycinnamic acids have
conferred UV protection in the tt4 mutant plants with impaired capability of
flavonoid biosynthesis (Rai et al., 2019).
Blue: both an energy source and an environmental cue
Blue light (400–500 nm), one of the main spectral bands fuelling
photosynthesis, acts also as a signal regulating a wide range of adaptive
responses (Ahmad and Cashmore, 1996; Ahmad, 1999; Briggs and Huala,
7

1999; Lin, 2000, 2002; Chen et al., 2004). These responses are classified into
two groups by their speed and reversibility: photomorphogenesis and photoinduced movements. Blue-light-induced photomorphogenic responses
consist of relatively slow and irreversible responses such as inhibition of
hypocotyl elongation, induction of cotyledon expansion, and synthesis of
anthocyanins and photosynthetic pigments such as chlorophyll. These
responses are mediated redundantly by CRY1 and CRY2 in Arabidopsis
(Ahmad et al., 1998; Lin et al., 1998). In contrast, photo-induced movements
comprise phototropism, stomatal opening and chloroplast movement, all of
which are observed rapidly upon exposure to blue light and are often
reversible. Phototropism, the curvature of a growing plant towards or away
from a unilateral light source, has been studied as a classic plant response to
blue light (Darwin and Darwin, 1881; Briggs and Huala, 1999). Several blue
photoreceptors have been shown to mediate this response: the role of PHOT1
and PHOT2 in shoot phototropism is well studied (Christie et al., 2015),
while PHYA has been reported to play a role in PHOT1 signalling (Sullivan et
al., 2016). Blue light induces stomatal opening through activation of the H+ATPase in plasma membrane, which hyperpolarizes the membrane potential
and leads to K+ uptake through voltage-gated K+ channels (Kinoshita and
Shimazaki, 1999; Briggs and Christie, 2002). Studies with a PHOT double
mutant demonstrated that PHOT1 and PHOT2 show functional redundancy
in regulating phototropic response, stomatal opening and chloroplast
movement in a fluence-rate-dependent manner (Kinoshita et al., 2001; Sakai
et al., 2001). Moreover, blue light has been reported to regulate the
expression of numerous genes including those involved in light signalling,
photosynthesis (light reaction and Calvin cycle), phenolic biosynthesis
pathway and stress responses (Ohgishi et al., 2004; Kleine et al., 2007).
HY5: integrator of responses to blue and UV radiation
In responses to blue and UV radiation, HY5 acts as the central transcription
factor orchestrating downstream gene regulation. Under blue and UVA
radiation, activated CRY1 interacts with COP1-SUPPRESSOR OF PHYA
(COP1-SPA) complexes to induce the expression of HY5 (Liu et al., 2011;
Yang et al., 2017; Podolec and Ulm, 2018) whereas photomorphogenic UVB
radiation induces the accumulation of HY5 through UVR8 (Favory et al.,
2009; Huang et al., 2013). Stabilized HY5 then relays and orchestrates light
signalling by regulating gene expression contributing to acclimation to blue
and UV radiation (Brown and Jenkins, 2008; Favory et al., 2009; Gangappa
and Botto, 2016). While being the master transcription factor central to light
8

responses in plants, HY5 also works in combination with several other
transcription factors enabling fine-tuned responses towards different light
environments (Rai et al., 2020; Qian et al., 2020). For example, together
with HY5, MYBs and PIF4 regulate the expression of genes responding to
solar short-UV radiation (Rai et al., 2020; Qian et al., 2020), while HAT5
and PIF5 regulate gene expression in response to solar blue light (Rai et al.,
2020). Moreover, HY5, activated through blue-light-induced CRYs
signalling, promoted the gene expression of REPRESSOR OF UV-B
PHOTOMORPHOGENESIS 1 (RUP1) and RUP2 and protein accumulation
of RUP2 (Tissot and Ulm, 2020). RUP1 and RUP2 are negative feedback
regulators in UVR8 signalling by facilitating transition of UVR8 from active
monomeric to an inactive homodimeric state (Gruber et al., 2010). Thus,
elevated RUP1 and RUP2 levels under blue light negatively regulate UVR8
signalling and provide photoreceptor pathway crosstalk through the central
light integrator HY5 (Tissot and Ulm, 2020).
Flavonoids: sunscreens and antioxidants
Flavonoids act as a shield against UV radiation in epidermal cells and also as
antioxidants in the chloroplasts and vacuoles of mesophyll cells (Burchard et
al., 2000; Agati and Tattini, 2010; Vidović et al., 2017). Moreover, flavonoids
are involved in regulating plant development and defending against
pathogens and herbivores (Harborne and Williams, 2000). In addition to UV
and blue radiation, other environmental cues, such as drought, induce the
accumulation of flavonoids (Winkel-Shirley, 2002; Roberts and Paul, 2006;
Agati and Tattini, 2010; Ma et al., 2014; Nakabayashi et al., 2014).
Omnipresent in the plant kingdom, flavonoids are synthesized from pcoumaroyl-CoA with three malonyl-CoA molecules through CHS (Le Roy et
al., 2016) (Fig. 1). The product from this reaction, a 2-phenylchroman
backbone, serves as the precursors for flavonols, flavones, isoflavonoids and
anthocyanidins in the phenylpropanoid pathway (Stafford, 1991). Several
enzymes catalyse the reactions for flavonoid transformation, including
glycosyltransferases, isomerases, reductases, hydroxylases and methylases
(Harborne and Williams, 2001; Ferrer et al., 2008). These modifications,
especially glycosylation, widen the diversity of flavonoid structure, which
results in differences in the stability, solubility, antioxidant activity, UV
protective capacity and compartmentalisation of the specific compound (Le
Roy et al., 2016).
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Figure 1. General biosynthetic pathway of flavonoid skeletons in Arabidopsis
thaliana. CHS: chalcone synthase; CHI: chalcone isomerase; F3H: flavanone 3hydroxylase; F3’H: flavonoid 3’-hydroxylase; FLS: flavonol synthase.

Flavonoids can be further divided into subgroups based on the structural
features of the C ring in the skeleton: flavones, flavonols, flavanones,
flavanonols, flavanols or catechins, anthocyanins and chalcones (Panche et
al., 2016). Among them, flavones, flavonols and anthocyanins are important
subgroups widely occurring in plants. Luteolin, apigenin, tricin and
chrysoeriol are flavones while kaempferol, quercetin, myricetin, fisetin and
catechin are the most studied flavonols and flavanols.
Flavonoids are present in a wide range of cells and sub-cellular
compartments, which is consistent with their multiple functional roles in
plant-environment interactions (Agati et al., 2012). For example, the
accumulation of flavonoids in trichomes reflects the role of surface
flavonoids as efficient UV absorbers and anti-herbivory agents (Rozema et
al., 1997; Close and McArthur, 2002). In soybean (Glycine max L.), the
intensity of flavonoid fluorescence was higher in guard cells than in
epidermal cells in the lower leaf epidermis (Gitz and Liu-Gitz, 2003).
These earlier studies raise the question about variation of flavonoid
composition and localization among accessions within the same species and
how these differences correlate with their environments of origin.
From lab to outdoors
Inspired to study plant adaptations in harsh environments, early ecologists
examined the effect of solar UV radiation on alpine plants in places where
solar UV irradiance is naturally high, such as high elevation areas in Europe
and North America (Brodführer, 1955; Caldwell, 1968). These early studies
provided relatively weak evidence to demonstrate the essential ecological
role of solar UV radiation on terrestrial plants. Later, comparative studies of
ecotypes distributed across natural gradients of latitude, elevation and UV
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irradiance demonstrated significant differences in leaf optical properties,
UV-screening compounds and physiological responses under solar UV
radiation (Robberecht et al., 1980; Caldwell et al., 1982). These results have
further inspired more studies revealing mechanisms of UV adaptation and
acclimation under natural conditions (Sullivan et al., 1992; Nybakken et al.,
2004; Ruhland et al., 2013; Barnes, 2016).
On the other hand, many other studies on plant responses to blue and UV
radiation have been conducted in controlled environments with low
irradiance of PAR and monochromatic UV radiation in Arabidopsis thaliana
(Ohgishi et al., 2004; Brown et al., 2005, 2009; Kleine et al., 2007; Brown
and Jenkins, 2008; Favory et al., 2009). These studies have yielded
significant results revealing the mechanism underlying the signalling
pathways. Nevertheless, the radiation environments in these studies differ
drastically from the natural sunlight where irradiance changes through the
day and from day to day. Moreover, the variation of sunlight is also reflected
in the different waveband ratios (UVB:PAR, UVA:PAR and blue:PAR), which
are often constant in controlled environment (Aphalo et al., 2012).
Thus, it is time to combine the molecular knowledge acquired from
controlled environment with natural setting under sunlight using more
agronomically-relevant plant species to gain a better understanding of what
happens in the field (Aphalo et al., 2015).

1.3 Transgenerational effect of UV radiation
Individual organisms can change their physiology, development and life
cycle depending on environmental conditions. These responses to
environmental cues reflect evolved characteristics that differ among
genotypes, populations and species. The same genotype, however, can
produce different phenotypes under distinct environments, which is known
as phenotypic plasticity (Mark, 1896; Schlichting and Pigliucci, 1998; Sultan,
2000; Pigliucci, 2001; DeWitt and Scheiner, 2004; Whitman, 2009; Moczek
et al., 2011). In early works, phenotypic plasticity was often regarded as
“environmental noise” that obscured the true genetic characteristics of the
organism, and was thought to result from the interaction of genotype and
environment within the development of an individual (Woltereck, 1909;
Schmalhausen, 1949; Bradshaw, 1965; Smith-Gill, 1983; Schlichting and
Pigliucci, 1998). With mounting evidence, phenotypic plasticity has been
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gradually recognised as an important aspect of how organisms function,
develop and evolve in the environments (Sultan, 2000; Sommer, 2020).
Transgenerational plasticity occurs when the environment experienced by
the parents shapes their offspring’s reaction norm, that is, both the parental
and offspring environments interact to determine the phenotype of the
offspring (Sultan, 1996; Mousseau and Fox, 1998; Thiede, 2006; Salinas et
al., 2013; Fenesi et al., 2014). The reaction norm is defined as the particular
way an individual genotype's phenotype differs across environments
(Woltereck, 1909). The notion of transgenerational plasticity has appeared
in literature under different names, such as maternal environmental effects
(Donohue, 1998), intergenerational effects (Plaistow et al., 2006),
transgenerational acclimation (Donelson et al., 2012) and cross-generational
plasticity (Sultan, 2003). In nature, transgenerational responses have been
observed in 63 species, 32 orders and 9 phyla, of which 22 are plant species
(Salinas et al., 2013).
Transgenerational plasticity could be adaptive and improve the progeny’s
performance, mainly through buffering populations against the immediate
change of environment and leaving time for genetic adaptation to happen in
the long run (Chevin et al., 2010). Examples of adaptive transgenerational
plasticity have been recorded for the effect of parental environment on the
timing of seed germination (Herman and Sultan, 2011) and shade-avoidance
response (Galloway and Etterson, 2007). On the other hand, non-adaptive
transgenerational effects have also been observed. For example, parental
exposure to enhanced UVB radiation (mimicking stratospheric ozone
depletion) reduced the dry mass production in offspring of Dimorphotheca
sinuata DC (Musil, 1996). Several mechanisms have been proposed for
transgenerational plasticity. Firstly, the parental environment affects the
quantity and composition of starch, proteins, mRNAs, hormones, and other
primary and secondary metabolites packaged into seeds (Roach and Wulff,
1987; Leishman et al., 2000; Moles and Leishman, 2008), thus influencing
the germination and initial growth of the next generation. Secondly,
environmental cues experienced by parents can induce epigenetic
modifications, defined as ‘mitotically and/or meiotically heritable changes in
genome activity that are not caused by genomic DNA sequence changes’
(Goldberg et al., 2007; Eichten et al., 2014). These epigenetic modifications
include DNA methylation, histone post-translational modifications, histone
variants and noncoding RNAs (Hsieh and Fischer, 2005), and their
interaction leads to activation or repression of the expression of specific
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genes (Du et al., 2015). Although there still is debate about the need for more
empirical data (Uller et al., 2013; Charlesworth et al., 2017), increasing
evidence suggests that transgenerational plasticity may substantially affect
phenotypic outcomes in a wide range of organisms, so it should be taken into
consideration as another potential mechanism in evolution by which
organisms can respond to changing surroundings (Adrian-Kalchhauser et al.,
2020).
While temperature has been the most common environmental variable used
in studies for transgenerational plasticity (Went, 1959; Alexander and Wulff,
1985; Crill et al., 1996; Lacey, 1996; Blanckenhorn, 2000; Johnsen et al.,
2005; Blödner et al., 2007; Whittle et al., 2009; Suter and Widmer, 2013),
the light environment experienced by parents has also been shown to affect
the life cycle of their progenies (Galloway and Etterson, 2007). In
Arabidopsis, 13-day-old plants subjected to 4-day UVC radiation treatment
showed an increase in somatic homologous recombination, and it persisted
in the subsequent generation (Molinier et al., 2006). The existence of a
transgenerational effect from UVB radiation has been debated, in light of the
rapid nature of UVB sensing and signal transduction (Müller-Xing et al.,
2014). However, empirical assessments of transgenerational plasticity of
short-UV radiation are rare, especially under natural conditions.

1.4 The interaction of drought and UV radiation
Drought is meteorologically defined as periods in which rainfall does not
keep up with potential evapotranspiration. The continuing emission of
greenhouse gases is predicted to lead to global warming that may exacerbate
and increase the frequency and intensity of drought in Europe and worldwide
(Gornall et al., 2010; Dai, 2013; Samaniego et al., 2018). From the
perspective of plant research, drought was defined by Passioura (1996) as
“circumstances in which plants suffer reduced growth or yield because of
insufficient water supply, or because of too large a humidity deficit despite
there being seemingly adequate water in the soil”. Severe drought stress can
substantially decrease crop production through negative impacts on growth,
physiology and reproduction (Yordanov et al., 2000; Barnabás et al., 2008).
Upon drought stress, the decrease in the intercellular CO2 concentration
after stomatal closure can induce a downregulation of photosynthetic
machinery, as reflected by the reduction of the activity of enzymes in the
Calvin cycle (Medrano et al., 1997; Maroco et al., 2002; Chaves et al., 2003).
In spite of this down-regulation, drought frequently results in excessive light13

driven excitation disrupting the normal homeostats of mesophyll cells, and
thus causes an increased accumulation of ROS (Chaves et al., 2003; Sharma
et al., 2012). During the reproductive stage, the processes of meiosis and
mitosis in anthers are highly vulnerable to water deficit. Drought at these
processes, affecting the structure of the anthers, results in pollen sterility
which can lead to reduction in crop yield including in grain legumes (Farooq
et al., 2017; Yu et al., 2019). In addition, changes in the concentration of
phytohormones are often observed in droughted plants, such as decreases in
concentration of auxins, cytokinins and gibberellins and increases in
concentration of abscisic acid (ABA), jasmonic acid (JA) and ethylene
(Pospíšilová, 2003).
Stress is defined by Larcher (1987) as “a state in which increasing demands
made upon a plant lead to an initial destabilisation of functions, followed by
normalisation and improved resistance”. This definition is further extended
by Lichtenthaler (1996) by differentiating between eu-stress and dis-stress:
eu-stress is defined as “an activating, stimulating stress and a positive
element for plant development” while dis-stress is defined as “a severe and a
real stress that causes damage, and thus has a negative effect on the plant
and its development”. In natural conditions, plants are often exposed to more
than one environmental stressor. The combined effects of environmental
cues or stressors cannot be directly extrapolated from their individual effects
(Mittler, 2006) as the interaction can be either synergistic or antagonistic
(Côté et al., 2016; Galic et al., 2018). A destructive synergy of two limiting
environmental factors happens when the magnitude of the combined effect
of both factors surpasses the sum of the single stress effects, for example, the
combined effect of drought and heat (Mittler, 2006). On the other hand, an
antagonistic interaction occurs when the stressors decrease the sensitivity of
the reaction to each other, e.g., combined herbivore and pathogen attack
(Pieterse and Dicke, 2007). In nature, such simultaneous factors are often
coupled.
A long interval of high irradiance (associated with high UV radiation) in dry,
sunny and warm summer periods often occurs during or before drought. In
other words, the high evapotranspiration rate without a re-supply of water
leading to dry soil presupposes a lack of rain, thus a lack of cloud, hence high
irradiance from clear skies that transmit the maximum amount of blue and
UV radiation. Data from the Finnish Meteorological Institute (FMI) showed
a strong correlation of high UV exposure with low soil moisture (Pedro J.
Aphalo, Anders V. Lindfors, unpublished). Plants can perceive these
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environmental cues and could respond to them in a way that reduces the
damaging effect of an impending drought (Fig. 2). An ecologically relevant
level of UVB radiation is in most cases an eu-stress and its effects on
photomorphogenesis, including alteration in leaf area, leaf thickness,
stomatal density and production of phenolic metabolites along with changes
in stem elongation and branching patterns, could enhance tolerance to
drought (Gitz and Liu-Gitz, 2003; Hideg et al., 2013). Flavonoids could offer
protection to organelles (such as the chloroplast) from oxidative stress
induced by UV radiation or drought stress (Vidović et al., 2017). Moreover,
the accumulation of phenolic compounds in guard cells could enhance
drought tolerance through helping maintain proper stomatal function (Gitz
and Liu-Gitz, 2003). For example, in soybean, the concentration of
flavonoids was higher in guard cells than in epidermal cells in the lower leaf
epidermis (Gitz and Liu-Gitz, 2003).

Figure 2. General illustration of how plants’ responses to UVB on different levels
could confer drought tolerance.

The effects of UV radiation and drought have been investigated more
frequently individually than in combination. Additive effects of drought and
UVB radiation have been reported for reduction of plant height and leaf area
in Populus cathayana L. (Ren et al., 2007). In other species, the combined
treatment of UV radiation and drought was able to increase tolerance to one
another in Arabidopsis thaliana (Schmidt et al., 2000), in annual field crops
such as Vigna unguiculata (L.) Walp. (cowpea) (Balakumar et al., 1993),
Pisum sativum L., cv. Citrina (pea) and Triticum aestivum L., cv. Centauro
15

(wheat) (Alexieva et al., 2001); in perennial species in European heathland
such as Pinus pinea L. and Pinus halepensis Mill. (Björn et al., 1997; Manetas
et al., 1997); and in forest conifers such as Pseudotsuga menziesii Mirbel
(Poulson et al., 2002). The reduction of biomass in Hippophae rhamnoides
L. can be interpreted as a synergistic interaction in terms of the relative
reduction in biomass (-21% vs. -61% by UVB radiation in well watered and
droughted plants, respectively) but as an antagonistic interaction in terms of
actual mass (-15 g vs. -12 g) (from Yang et al., 2005, Table 2). The response
patterns also depend on the sensitivity of the individual species or ecotype
towards drought and UV radiation, as well as the intensity and duration of
treatments (Bandurska et al., 2013).
There is limited literature concerning the interplay between drought and UV
radiation applied sequentially, which is very common in nature (Gitz and
Liu-Gitz, 2003; Robson et al., 2015). Although the interaction between shade
and drought has been studied, no study has looked into the role of a specific
wavebands of visible light (such as blue light) in the tolerance of subsequent
drought stress. Thus, there is a gap in our knowledge of how sunlight may
affect drought tolerance.

1.5 Vicia faba L. and Medicago truncatula Gaertn.
The Fabaceae is the third-biggest angiosperm family and consists of 740
genera and 19400 species, widely known as legumes (Lewis, 2005). One of
the distinguishing features of this family is the ability of almost all species to
form symbiotic interactions with nitrogen-fixing bacteria of the family
Rhizobiaceae. The symbiosis reduces non-reactive atmospheric dinitrogen to
ammonium that is then available to the plant for further metabolic processes.
Such interactions enable legumes to have high protein content in their tissues
regardless of the soil nitrogen resource (Ferguson et al., 2010). Thus,
legumes are an important source of vegetable protein in livestock feed and
human diets, while also having a significant impact on the environment and
agriculture (Young et al., 2003; Graham and Vance, 2003; Dita et al., 2006).
Due to this symbiotic nitrogen fixation, legumes are often used as tools to
improve soil fertility and nitrogen economy (Young et al., 2003; Somers et
al., 2003; Howieson and Ballard, 2004).
Vicia faba, also known as faba bean or broad bean, is an annual herbaceous
legume. It is one of the oldest food legumes and was domesticated at the
western end of the Fertile Crescent, later spreading across Eurasia and
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Northern Africa, and eventually with Spanish colonists to South America in
the 16th century (Lawes et al., 1983; Caracuta et al., 2015). Faba bean serves
not only as a good source of food providing high quality nutrition and protein
to humans and livestock (Duc, 1997), but also as “nitrogen fertilizer” (Sprent,
2009). Faba bean has lately gained importance and interest across Europe,
Australia and North America due to its adaptation to cool climates and high
potential protein yield (Satovic et al., 2013). Drought is a main abiotic
constraint limiting faba bean production (Link et al., 1999; Ricciardi et al.,
2001). Drought stress could cause various harmful effects in faba bean: on
stem extension and leaf expansion (Elston et al., 1976; Hebblethwaite, 1982);
on photosynthesis activity due to early leaf senescence (Karamanos, 1978;
Finch-Savage and Elston, 1982); on flowering with decrease in self-fertility
and seed size (Karamanos, 1978; Stoddard, 1986); and on root development
and nodulation (Sprent et al., 1977; Nanda et al., 1988). Accessiondependent drought responses have been documented for cultivars from
various origins (Link et al., 1999; Ricciardi et al., 2001; Khan et al., 2007),
while accession-dependent responses toward different wavebands of
sunlight have been little studied.
Medicago truncatula Gaertn. (barrel medic), originating from the
Mediterranean basin, is a winter-growing annual that is well adapted to
semi-arid conditions (Lesins and Lesins, 2012). There is abundant genetic
and phenotypic variability in this species (Barker et al., 1990). It was chosen
as one of the model legume species for genomics due to its small genome
(estimated ~465 Mb according to plant c-values database
[http://data.kew.org/cvalues/]) (Bennett and Leitch, 2011) and relative ease
of cultivation (Bennett and Smith, 1976; Barker et al., 1990). The cultivar
‘Jemalong’, extensively used in Australian pasture systems (Crawford et al.,
1989), was chosen for genome sequencing (http://www.medicago.org). Due
to its adaptation to semi-arid areas, M. truncatula has been widely used to
study responses to drought stress (Gil-Quintana et al., 2015; Antoniou et al.,
2018; Dhanushkodi et al., 2018; Sańko-Sawczenko et al., 2019). The
symbiotic nitrogen fixation process in M. truncatula is very susceptible to
abiotic stress such as drought. Upon water deficit, the efficiency of nitrogen
fixation decreased and both plant and bacterial transcriptomes showed
extensive changes (Sańko-Sawczenko et al., 2019). A comparative study of
root nodule proteomes of M. truncatula and Glycine max were conducted
under drought (Gil-Quintana et al., 2015). Although displaying different
tolerance to drought, both M. truncatula and Glycine max experienced
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down-regulation of the entire nodule proteome upon drought stress (GilQuintana et al., 2015). The down-regulated proteins include lipoxygenases,
proteins involved in carbon, nitrogen and sulfur metabolism, and proteins
involved in protein turnover (Gil-Quintana et al., 2015). The observed similar
response of nodule proteome in these two species upon drought stress
suggests the essential value of research conducted in M. truncatula that
could be applied to more economically important legumes, such as soybean
(Gil-Quintana et al., 2015). Drought stress and biotic stress (mite attack)
showed synergistic interaction in ROS production in M. truncatula
(Antoniou et al., 2018). However, the interaction of drought and other
environmental factors such as solar radiation has been rarely investigated in
M. truncatula.

2. Aims
The aims of this study were to assess the responses of selected plants to
different wavebands of sunlight (blue, long-UV and short-UV radiation);
whether parental short-UV treatment affects the response of progenies to
blue and UVB radiation; the interaction of light and drought; and how these
responses differ in accessions originating from contrasting environments.
The study was conducted using two important legume species, V. faba and
M. truncatula.
The three experiments in this thesis are based on the following four
hypotheses, H1-H4:
H1. Long-term exposure to blue, long-UV or short-UV wavebands of solar
radiation are perceived as different and can trigger distinct
morphological, physiological and molecular responses in both V. faba
and M. truncatula.
H2. Parental long-term exposure to short-UV radiation before flowering
affects response patterns to blue and UV radiation in the offspring in
V. faba.
H3. Long-term exposure to solar blue, long-UV and/or short-UV radiation
enhances drought tolerance in M. truncatula.
H4. The responses mentioned in H1, H2 and H3 differ in accessions
originated from places of contrasting UV irradiance or water
availability.
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H1 and H4 were tested in experiment I; H2 and H4 were tested in experiment
II; and H1, H3 and H4 were tested in experiment III.

3. Materials and Methods
Table 1 gives details about the accessions used in this thesis. For V. faba, the
origins of Aurora and ILB938 differ greatly in UV irradiance in the growing
season. For M. truncatula, Jemalong A17, HM006 and HM020 differ in their
sensitivity to drought. In this thesis, Jemalong A17 is abbreviated as
Jemalong. In the present study, the seeds used for experiment I, II and III
were produced in the same glasshouse with same radiation environment.
Table 1. Plant’ species, accessions and their origins used in the study.
Species
Vicia faba L.

Medicago
truncatula
Gaertn.

Accessions

Place of origin

Aurora

Southern Sweden

ILB938

Andean region of
Colombia and Ecuador

Jemalong A17

Australia

HM006

France

HM020

Tunisia

Paper
I & II

III

The experiment I was conducted from early May to early June in 2016. The
experiment III was done from early July to middle of August in 2016. They
were both conducted in the field area (60º13´ N, 25º1´ E) of the Viikki
campus of University of Helsinki in Finland. Plastic sheets were used to
create four treatments of differently filtered sunlight for experiment I and III
(Fig. 3): (1) “> 290 nm” (Clear acrylic, PLEXIGLAS 2458 GT, Evonik,
Germany) as control; (2) “> 350 nm” (Solar Clear acrylic, PLEXIGLAS
0Z023 GT, Evonik, Germany) to exclude short UV radiation (290-350 nm);
(3) “> 400 nm” (Clear polycarbonate, Makrolife, Arla Plast, Sweden) to
exclude all UV radiation; (4) “> 500 nm” (Yellow acrylic, PLEXIGLAS 1C33
GT, Evonik, Germany) to exclude both blue and UV radiation. The
transmittance of the four filters is shown in Fig. 4. In both experiments, the
seeds were sown under the filter treatments.
In the two outdoor experiments, pairwise contrasts between data from plants
growing under different filters were used to test the responses to wavebands
of interest. In other words, the contrasts were between plants exposed to a
given waveband vs. those not exposed to it. The effect of short UV (290–
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350 nm) was assessed by testing with a contrast measurements under filter
“> 290 nm” vs. those under filter “> 350 nm”; the effect of long UV (350–
400 nm) was assessed by doing contrast of filter “> 350 nm” vs. “> 400 nm”;
the effect of blue light was assessed by doing contrast of filter “> 400 nm” vs.
“> 500 nm” (Fig. 4).
The plants from experiment I were transferred to the greenhouse before the
first flowers opened to complete seed production while avoiding crosspollination. The plants were thus grown in consistent conditions through
flowering and grain filling.
In experiment II, two sets of seeds were chosen from the two paretal UV
treatment in experiment I: seeds produced by plants exposed to full sunlight
and from plants exposed to sunlight lacking short UV (290-350 nm) for 40
days after sowing (before flower bud opened). Their progenies (+UVparental
and –UVparental) were grown in a controlled environment under four light
treatments from the factorial combination of UVB and blue radiation: 1)
UVB+Blue+; 2) UVB+Blue−; 3) UVB−Blue+; 4) UVB−Blue− (Fig. 5).
In experiment I and II, all plants were frequently watered so as to avoid water
stress. In experiment III, in addition to the filter treatments, progressive
drought treatments were induced starting 41 days after sowing the seeds by
stopping watering to half of the plants (2 days without water; 7 days without
water). In experiment I and II, plant material was harvested once at the end
of the experiments. In experiment III, plant material was harvested three
times: before the drought treatment, after 2 days without watering and after
7 days without watering.

A

B

C

Figure 3. Experimental setting for the two outdoor experiments. A. experiment I,
day 34 out of 40 days; B. experiment I, day 34 out of 40 days; C. experiment III, day
29 out of 48 days.

The types of measurements done in the three experiments are summarised
in Table 2. Morphological and physiological measurements were conducted
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in situ on plants. Expression level of selected genes and profile of phenolics
and hormone were analysed using harvested samples. In experiment III,
RNA-sequencing was conducted for accession Jemalong while q-PCR was
used for all three accessions for 9 selected genes. The timeline of the three
experiments are illustrated in Fig. 6, including the days (after sowing the
seeds) when measurements and harvest were done.
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Figure 4. Spectral transmittance of the four filters used in the experiments for
paper I and III at an average solar irradiance condition in summer of 2016. UVB
(290–315 nm) and UVAsw (315–350 nm) together corresponds to short-UV
radiation in the thesis while UVAlw (350–400 nm) corresponds to long-UV
radiation.

A

B

Figure 5. Pictures of the experiment II. A. experimental setup for chamber
experiment treatment “UVB−Blue−”; B. plants grown under treatment
“UVB+Blue+”.
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day 40: Harvest for flavonoid profile and q PCR
day 40: Physiological traits
day 40: Morphological traits
day 39: Physiological traits

Experiment I

day 39: Epidermal flavonoid content
day 34: Epidermal flavonoid content
day 29: Epidermal flavonoid content
day 24: Epidermal flavonoid content

day 0: Sowing
day 28: Harvest for flavonoid profile and q PCR
day 28: Morphological traits

Experiment II

day 27: Epidermal flavonoid content

day 0: Sowing
day 48: Third Harvest for flavonoid profile, phytohormone, q PCR and RNA seq
day 48: Physiological traits
day 43: Second harvest for flavonoid profile, phytohormone, q PCR and RNA seq
day 41: Stop watering for droughted plants
day 40: First harvest for flavonoid profile, phytohormone and q PCR

Experiment III

day 40: Morphological traits

day 0: Sowing

Figure 6. Timeline for the three experiments in the thesis showing time of
measurements and harvest. Experiment I was conducted outdoors starting on 4th of
May. Experiment II was conducted in growth chambers and replicated for four
rounds with each round lasting 28 days. Experiment III was conducted outdoors
starting on 1st of July.
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All data was analysed by fitting linear mixed effect models with replicates as
random effects (LME) since the design of the experiments was hierarchical.
Factorial analysis of variance (ANOVA) was used when determining the
significance of main effects (treatments and accession) and their
interactions. When the ANOVA indicated significant interaction (p<0.05 or
p<0.1) between two or more main effects, response differences were assessed
splitting the data by one of the main effects (e.g., accession) before fitting
simpler models separately.
The bioinformatic analysis for the RNA-seq data was conducted as following
steps: the adapter was trimmed from the raw read; trimmed reads were
mapped against M. truncatula coding DNA sequences; the final count tables
were acquired by calculating the mean of 4000 bootstrap replicates, at
gene/transcript-level inference; count table were analysed for evaluating
differentially expressed genes towards different treatments.
Table 2. Measurements and analysis conducted for assessing responses in the
study.
Measurements

Publication

Traits

Methods

Morphological
traits

I

Plant height; leaf
area; leaf dry weight

II

stem height; leaf
area; shoot dry mass;
stem dry mass/shoot
dry mass; leaf dry
mass/shoot dry
mass; Specific stem
length (SSL); Specific
leaf area (SLA)
Plant height; average
shoot length

In situ measurement
with ruler; leaf area
measurement with
scanner and imageJ;
weight measurement
with scale before and
after drying.

III
Physiological
traits

I

II

CO2 assimilation
rate; chlorophyll
fluorescence;
stomatal
conductance
Stomatal
conductance
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In situ measurement
with LI-COR 6400XT
for CO2 assimilation
rate and chlorophyll
fluorescence;
porometer for
stomatal

III

Stomatal
conductance; water
potential
Epidermal UV
absorbance

conductance;
pressure chamber for
water potential.
Dualex

Epidermal
flavonoid
content

I & II

Whole leaf
flavonoid
profile

I, II & III

Concentration of
flavonoid compounds

HPLC-MS

Phytohormone

II

Concentration of
Abscisic acid (ABA)
and Jasmonic acid
(JA)
Concentration of
ABA
Fold-change of
selected genes

HPLC-MS

Fold-change of
significantly
differentially
expressed genes

RNA-sequencing

III
Transcript
abundance
change

I, II & III

Transcriptomic
analysis

III

Quantitative real time
PCR (Q-PCR)

4. Results and Discussion
4.1 Responses to UV and blue radiation
Within generation — plants responded more to blue light than to
long- or short-UV radiation (H1)
Under long-term filter treatments, plants of both V. faba and M. truncatula
responded morphologically with distinct patterns to solar blue, long-UV and
short-UV radiation. The deprivation of blue light increased plant height in
both accessions of V. faba (I, Fig. 2) and in all three accessions of M.
truncatula (III, Fig. 2). These observations are in line with well established
results from earlier studies that blue light inhibits hypocotyl elongation
through CRYs (Briggs and Huala, 1999; Chen et al., 2004). Furthermore, the
exclusion of blue light increased leaf area in the two accessions of V. faba (I,
Fig. 2) and led to more vertical-oriented branches in accession HM020 of M.
truncatula (III, Fig. 2). Since blue light is an important component of
photosynthetically active radiation (PAR), its absence, imitating the low24

light scenario, initiates shade avoidance syndrome in Arabidopsis thaliana
(Sellaro et al., 2010).
Solar short- and long-UV radiation had few effects on the morphologies of
these two species. The only detected change was that short-UV radiation
reduced plant height of HM020, the M. truncatula accession from Tunisia
(III, Fig. 2). The lack of UV effect on morphology contrasts with reports
demonstrating an effect of UVB radiation on reducing plant height in
Lycopersicon esculentum Mill. (tomato) and Brassica napus L. (rapeseed)
(Corso and Lercari, 1997; Qaderi et al., 2007). The morphological results
from the outdoor experiments suggests that, under long-term treatment, the
effect of solar blue light on plant growth persisted while that of UV radiation
was not detectable. Furthermore, the effect of blue light effect on plant
morphology could have contributed to the process of UV acclimation.
In the outdoor experiments with V. faba and M. truncatula, the effects of UV
and blue radiation were not detected for physiological traits (I, III).
Nevertheless, in the chamber experiment with V. faba, the effect of UVB
radiation on stomatal conductance in ILB938 was found to be dependent on
the presence/absence of blue light (II, Fig. 2): UVB radiation decreased
stomatal conductance when blue light was absent while it did not affect
stomatal conductance when blue was present. Different stomatal behaviors
have been observed in response to UVB radiation in many species, such as
Cucumis sativus L., Raphanus sativus L., Erica curvirostris Salisb., Pisum
sativum L. (pea), Sorghum vulgare L., Vicia faba and Arabidopsis thaliana
(Tevini et al., 1983; Musil and Wand, 1993; Nogues et al., 1998; Ambasht and
Agrawal, 1998; Eisinger et al., 2003; Tossi et al., 2014; Ge et al., 2014). In
the presence of low fluence of background PAR, many effects induced by UV
radiation were aggravated, while they became more moderate with increased
PAR:UVB ratio (Cen and Bornman, 1990). Moreover, Jansen and Noort
(2000) demonstrated that the different stomatal behaviors upon UVB
radiation in V. faba were dependent on the metabolic state of the guard cells
inflicted by different fluences of PAR. In the present study, stomatal response
in ILB938 is in line with the result from this previous study where UVB
radiation augmented stomatal closure under a low PAR background (Jansen
and Noort, 2000). In addition, blue light increased stomatal conductance of
Aurora in the chamber experiment (II), which confirms the well known effect
of blue light on stomatal opening (Kinoshita et al., 2001; Briggs and Christie,
2002). On the other hand, the present results show different stomatal
responses to light treatments between outdoor and chamber experiments,
25

and these could be the result of the differences in light conditions, for
example: UVB:UVA ratio was nearly 40 times higher in the chambers than
in the field, and “UVB+Blue-” treatment did not exist in the field.
The flavonoid derivatives identified in V. faba and M. truncatula belonged
to two sub-groups, namely flavonols and flavones, which differ by the
presence of a hydroxyl group in the 3-position on flavonols. The flavonols
found in V. faba were quercetins and kaempferols, while the flavones present
in M. truncatula were apigenins, tricins, chrysoeriols and luteolins (I, Fig. 4
& 5; III, Fig. 5). In both outdoor experiments, flavonoid accumulation was
induced by solar blue and short UV radiation, but not by the long UV
radiation that lies between these bands. In V. faba, the light effects were
same for the two accessions (I, Fig. 3). As the dominant flavonoids in V. faba,
quercetin was induced by both blue and short UV radiation in the two
accessions, while kaempferol was not affected by filter treatments. Studies
have reported that under UVB radiation, ortho-dihydroxy B-ring-substituted
flavonoids (quercetin and luteolin) increase disproportionally in comparison
to monohydroxy B-ring-substituted flavonoids (kaempferol and apigenin)
(Ryan et al., 2002; Agati et al., 2012), which is in line with the present finding
in V. faba upon solar short-UV radiation. As flavonoids with more hydroxyl
groups have higher ROS scavenging activity (Harborne and Williams, 2000),
these responses to short-UV radiation should enhance the antioxidant
capacity in V. faba. Furthermore, Smith and Markham (1998) argued that
quercetin glycosides are better at harmlessly dissipating absorbed UVB
radiation through keto–enol tautomerization than the equivalent kaempferol
glycosides.
In both well watered and droughted M. truncatula plants, light effects on
total flavonoid concentration were small and similar among harvests: blue
and short-UV radiation induced the accumulation of flavonoids in all three
accessions (III, Fig. 4). Where flavonoid concentration was induced by blue
and short-UV radiation, it was the tricin component responding rather than
the apigenin, chrysoeriol and luteolin components (III, Fig. 5). The effect of
solar UVB radiation on inducing flavonoid accumulation has been observed
in several studies in Betula pendula Roth, Deschampsia antarctica É.Desv.
and Colobanthus quitensis Bartl (Ruhland and Day, 2000; Kotilainen et al.,
2009; Morales et al., 2010, 2011, 2013), while that of solar blue light has been
rarely studied but anyway observed in Pisum sativum L. (pea) (Siipola et al.,
2015). The results from present study in another two legume species (V. faba
and M. truncatula) demonstrate the effect of both solar blue and short-UV
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radiation on inducing flavonoid accumulation. While Brelsford et al. (2019)
observed a decreased accumulation of flavonoid in response to long-UV
radiation from LEDs, the present work did not detect such a response in this
waveband.
As found with plant growth, blue light was also the main waveband
responsible for changes in transcript levels in both species. In V. faba, solar
blue light increased the abundance of TYROSINE AMINOTRANSFERASE3
(TAT3) and HY5 in the outdoor experiment (I, Fig. 7), while blue light
enhanced the transcript abundance of CHALCONE ISOMERASE (CHI), HY5
and ABA INSENSITIVE 2 (ABI2) in accession Aurora in the chamber (II, Fig.
10). CHI is an enzyme involved in the biosynthesis of flavonoids (where
chalcone is converted into flavanone) and its transcript level is induced by
UVB radiation in Arabidopsis (Brown et al., 2005; Hectors et al., 2007;
Favory et al., 2009). HY5 is a positive regulator in light signalling (Deng et
al., 1991; Oyama et al., 1997). In Arabidopsis thaliana, the transcript
abundance of HY5 was increased upon blue and UVB radiation in field/sun
simulators and controlled environments (Wade et al., 2002; Liu et al., 2011;
Morales et al., 2013; Gangappa and Botto, 2016; Yang et al., 2017; Podolec
and Ulm, 2018; Rai et al., 2019, 2020). In the present study, the induction of
HY5 and CHI by blue light agrees with the earlier observation in
morphological traits that under long-term exposure, blue light had a more
long-lasting effect than UV radiation, while that of UV radiation was either
more transient or appeared at an earlier stage of plant development. This has
been previously demonstrated in an experiment examining transcript
response in Arabidopsis thaliana upon 6 hour vs. 17 days of UVB radiation
treatment in a sun simulator (Rai et al., 2019). The lack of effect of short-UV
on gene expression of CHS and CHI does not match the enhancement effect
of short-UV on flavonoid accumulation, and this could be also the result of
different time scale or turnover rate for these responses.
TAT catalyses the conversion from tyrosine to 4-hydroxyphenylpyruvate and
it is the first enzyme on the biosynthetic pathway of tocopherols, which are
known radical scavengers in plants. TAT has been shown to be induced by
wounding, UV radiation and jasmonate acid (JA) in Arabidopsis (Sandorf
and Holländer-Czytko, 2002). ABI2 and ABI1 mediate stomatal closure in
response to ABA (Roelfsema and Prins, 1995; Leung et al., 1997), thus, I
speculate that enhanced expression of ABI2 could enhance readiness to
stomatal closure under incipient drought. Moreover, ABI2, together with
SALT OVERLY SENSITIVE 2 (SOS2) and SOS3, promoted red light induced
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responses through up-regulating seedling de-etiolation and altering
gibberellic acid sensitivity during germination (Trupkin et al., 2017). The
term photomorphogenesis means morphological changes in response to light
stimulus, thus it is not surprising that hormones play a role in regulating
light-induced morphogenesis (Neff et al., 2006). HY5, the well established
positive regulator in light signalling, is also the convergence point of light and
hormone pathways including gibberellin (GA), cytokinin, auxin and abscisic
acid (ABA) (Cluis et al., 2004; Sibout et al., 2006; Vandenbussche et al.,
2007; Alabadí et al., 2008; Chen et al., 2008; Weller et al., 2009). In the
present study, the induction of HY5, TAT3 and ABI2 by blue light indicates
that HY5 potentially acts as the integrator between blue light and hormone
signalling under both outdoor and controlled conditions.
In M. truncatula, transcriptomic analysis of accession Jemalong showed that
blue light induced significantly more differentially expressed genes (DEGs)
than either short- or long-UV radiation in both well watered and droughted
plants after 2 and 7 days without watering (III, Table 2). Nevertheless, two
DEGs (Medtr0005s0110, associated with defence response; Medtr7g021950,
with unknown function) were found to be induced by short-UV yet
suppressed by long-UV radiation (III, Fig. 9). A recent study has shown that,
upon 6 hours exposure to sunlight, long-UV radiation activated a
cryptochrome-mediated signalling pathway while short-UV radiation
initiated UVR8-mediated signal transduction (Rai et al., 2020). The two
DEGs differentially regulated by long-UV and short-UV radiation reflected
the combined action of these two signalling pathways counteracting each
other when both light sources were present under sunlight. Blue light
regulated different DEGs in the 2nd and 3rd harvest (III, Fig. 7). Blue light
down-regulated 8 stress-inducible genes in the 2nd harvest and 6 in the 3rd
harvest (III, Supplementary file 1), suggesting that the absence of blue light
is itself a stress factor. Blue light in the 3rd harvest also induced genes
involved in light responses, such as EARLY LIGHT-INDUCIBLE PROTEIN
(ELIP), UGT84A1, EMBRYO SAC DEVELOPMENT ARREST 3 (PSA2), HY5HOMOLOG (HYH) and CHS. The expression of ELIP is up-regulated under
high light levels and assists in turnover of damaged PSII proteins (HarariSteinberg et al., 2001; Hayami et al., 2015). This response to high light could
reduce overdriving of the photosynthetic electron transport system, so it is
important for survival and growth of plants under stress conditions.
UGT84A1 encodes a UDP-glycosyltransferase, a class of enzyme that
glycosylates metabolites such as quercetins (Lim et al., 2004) and is up-
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regulated by UVB radiation in Arabidopsis (Rehman et al., 2018). PSA2, a
DnaJ-like zinc finger domain protein, promotes the biogenesis of
photosystem I (PSI) (Fristedt et al., 2014) and plays an important role in light
acclimation and chloroplast development in Arabidopsis (Wang et al., 2016).
HYH, as indicated by the name, share 49% sequence identity with HY5 and
mediates blue and UVB radiation-dependent transcript change in part
redundantly with HY5 (Holm et al., 2002; Brown and Jenkins, 2008). The
expression of CHS was induced by both blue and UV radiation in Arabidopsis
(Fuglevand et al., 1996). In the 3rd harvest (47 days after sowing the seeds),
the induction of these light-responsive genes by blue light confirms the
results from V. faba (I, II) and previous study (Rai et al., 2019) that the effect
of blue light is long-lasting.
Very few past studies have assessed and compared responses to solar blue,
long-UV and short-UV radiation in the same experiment. In the present
study, outdoors long-term exposure to each of the three wavebands (blue,
long-UV and short-UV radiation) brought about different morphological,
physiological and transcriptomic responses (I and III). Both solar blue and
short-UV radiation induced the accumulation of flavonoids potentially
conferring protection from UV radiation and alleviating its impact on
oxidative stress in V. faba and M. truncatula. In contrast, blue light, rather
than long- or short-UV radiation, led to significant changes of morphology
and transcript in both species. The effect of blue light persisted in the long
run while that of long- or short-UV did not. I speculate that UV-induced
morphological and transcript responses were more transient or occurred in
an earlier stage of plant development. This, then, gives rise to the question of
whether the seemingly “transient” effect of short-UV radiation would affect
the next generation’s response to UVB and blue radiation.
Cross-generation — transgenerational effect altered
responses of V. faba to blue and UVB radiation (H2)

the

In V. faba, the exposure to solar short-UV radiation in the parental
generation altered the next generation’s responses to blue and UVB radiation
in morphological traits and flavonoid composition.
Morphological responses to blue light were modified by the
transgenerational effect of short-UV radiation in the two accessions with
different patterns (II, Fig. 2). In Aurora, in progenies whose parents were
exposed to short-UV radiation, blue light (when UVB radiation was absent)
did not affect total shoot dry mass while it led to thicker leaves and shorter
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stem. Instead, when the parents were not exposed to short-UV radiation,
blue light (when UVB radiation was absent) increased shoot dry mass with
thicker stem and larger and thicker leaves (II, Fig. 2). In other words, when
both blue and UVB radiation were deprived, the parental short-UV treatment
conferred a shade-avoidance syndrome, comprising maintained growth and
increased stem length in the offspring. In ILB938, blue light (regardless of
the presence/absence of UVB radiation) enabled a bigger enhancement in
growth in plants whose parents were exposed to short-UV than those that
were not, and this promotion of shoot dry mass was mainly through
increased leaf biomass (II, Fig. 2). In Dimorphotheca sinuata DC, in
contrast, parental exposure to enhanced UVB radiation (representing 20%
stratospheric ozone depletion) led to a decrease in dry mass production in
the progeny compared to simulated ambient UVB radiation level (Musil,
1996). The different results result could be explained by the different
parental treatments: ambient vs. above ambient level UVB radiation for D.
sinuata and absent vs. ambient level of short-UV radiation for V. faba. Thus,
the study in D. sinuata, focusing on UVB damage from ozone depletion
rather than the acclimation effect, had the opposite response compared to
the present study.
Nevertheless, when the offspring received UVB radiation, the effects from
different parental UV treatments were reduced in ILB938 and lost from
Aurora. This indicates that the transgenerational effects of short-UV
radiation are dynamic, and their strength depends on the UV environment of
the second generation. Morphological responses to blue light were altered in
the offspring by parental short-UV treatment. Although different strategies
were found in the two accessions, the transgenerational effect from UV
radiation might promote better fitness through what can be interpreted as
pre-emptive UV acclimation of the second generation.
Moreover, the transgenerational effect of UV radiation was observed in total
quercetin concentration in Aurora but not in ILB938 (II, Fig. 3, 5, 6 & 7). In
Aurora, in response to UVB radiation (when blue light was present), the
parental treatment of short-UV enabled a near-doubling of total quercetin
concentration in the progeny (II, Fig. 3). In addition, a strong positive
interaction between blue and UVB radiation was found, such that the
presence of blue light potentiated the inductive effect of UVB on total
quercetin concentration (II, Fig. 3). Thus, in Aurora, both the
transgenerational effect of UV treatment and enhancement from interaction
with blue light worked together to ensure a stronger increase of flavonoids
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upon UVB radiation. Similar divergence of transgenerational plasticity has
been observed between accessions of Arabidopsis thaliana from areas with
different drought prevalence (Groot et al., 2017) and between populations of
Biscutella didyma L. (Brassicaceae) from areas with clinal variation in
predictability of seasonal precipitation (Lampei et al., 2017). These previous
studies, together with the present results, indicate that genetic
differentiation as a result of natural selection potentially affects
transgenerational plasticity (Sultan, 2017).
The transgenerational effect of short-UV radiation could be adaptive for
plants, and in V. faba this was through acclimation of relatively slow and
cumulative morphological change, and by early development of UV
protection through flavonoid accumulation upon UVB exposure. The
mechanisms underlying transgenerational plasticity include seed size and
composition along with epigenetic effects from DNA methylation and histone
modifications, as has been shown in many species, such as Arabidopsis
thaliana, Hordeum vulgare L., Lotus wrangelianus Fisch. & C. A. Mey. and
Nicotiana tabacum L. (Roach and Wulff, 1987; Li et al., 1993; Mousseau and
Fox, 1998; Jablonka and Raz, 2009; Bonduriansky and Day, 2009; Holeski
et al., 2012; Munday, 2014). Flavonoid and nitrogenous metabolites, as the
major component in plant seeds, play essential role in early seedling
development in legumes. For example, they act as recognition signals for
beneficial partners in the soil (rhizobia and mycorrhizal) as well as a carbon
source for microbial growth (Ndakidemi and Dakora, 2003), suggesting their
potential indirect role in transgenerational plasticity. However, further
research is needed to reveal the mechanisms behind transgenerational
effects of solar short-UV radiation and their potential impact on responses to
other environmental factors.
In the chamber experiment with V. faba, using the factorial design with UVB
× blue radiation treatments, I examined the seldom studied interaction
between blue and UVB radiation keeping PAR irradiance constant. A
significant positive interaction between the two was detected for flavonoid
accumulation, such that the presence of blue light enhanced the inductive
effect of UVB radiation. Furthermore, cross-generation response toward blue
and UVB radiation was altered by parental UV environment through
transgenerational plasticity, which was reflected in the flavonoid and growth
data.
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4.2 Long-term exposure to solar blue and UV radiation
affected subsequent responses to water deficit (H3)
In M. truncatula accession Jemalong, after both 2 and 7 days without
watering, 4 differentially expressed genes (DEGs) were detected in plants
growing under the UV-transparent filter (“> 290 nm”), while 66–124 DEGs
were regulated under the other three filters (III, Table 2). Among these
DEGs, many are stress-responsive genes (III, Supplementary file 2). Twentythree disease resistance (R) proteins were up-regulated by 7 days without
watering under the “> 500 nm” filter and 3 R proteins were up-regulated by
2 days without watering under the “> 350 nm” filter. R proteins are known
to detect disease-causing organisms (bacteria, fungi and viruses) by
recognizing specific pathogen effector molecules, thus initiating defence
against biotic stress (Martin et al., 2003). The role of R proteins in both biotic
and abiotic stress has also been demonstrated in transgenic Nicotiana
benthamiana Domin plants, where the overexpression of VaRGA1, an R
protein encoding gene in Vitis vinifera L. (grapevine), elevated resistance to
a plant pathogen (Phytophthora parasitica) and improved the germination
rate under osmotic stress induced by mannitol treatment (Li et al., 2017b).
In the present study, the lack of enhancement of stress-inducible genes upon
drought stress in plants growing under fully transparent filters indicates that
long-term exposure to solar blue and UV radiation contributes to preacclimation to drought stress. Moreover, drought stress affected plants under
different filters at different time scales: 2 days without watering regulated
DEGs under “> 350 nm” and “> 400 nm” filters while 7 days without
watering induced DEGs under “> 500 nm” filter. The shading effect from
“> 500 nm” filter could be interpreted as slowing down and alleviating
drought stress. Canopy shade under Mediterranean climate enhanced
seedling establishment of Pinus sylvestris L. and Pinus nigra J.F.Arnold
(Castro et al., 2004), while artificial shade (3% of control radiation) also
alleviated drought impact in two evergreen and two deciduous Quercus
species (Quero et al., 2006).In contrast, there are studies showing negative
interaction between combined shade and drought conditions. In controlled
environment, Quercus suber L. seedlings grown in low light treatment (2%
of full sunlight) were less efficient in developing physiological mechanisms
of drought tolerance than those grown in high light condition (50% of full
sunlight), particularly, osmotic adjustment and water use efficiency (Aranda
et al., 2005). This negative interaction has also been found in field studies
with Heteromeles arbutifolia M.Roem. (Valladares and Pearcy, 2002). In the
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present study, the “> 500 nm” filter blocked only around 25% of the ambient
radiation, a much smaller reduction than in these previous studies in
controlled environments where more than 90% of control radiation was
excluded. Moreover, the relatively slow drought development under
“> 500 nm” filter can be attributed partly to the direct effect of the different
wavebands on stomatal conductance (Eisinger et al., 2000; II) and the effect
of the reduction of incoming PAR on evapotranspiration (I).
The overall effect of 2 days without watering on the transcriptome was
greater than that of 7 days without watering, and the 53 DEGs shared
between dates responded in the same direction on both dates (III, Fig. 8,
Table 2). Both 2 and 7 days without watering upregulated DEGs involved in
plant-pathogen interaction and the biosynthetic pathways of
phenylpropanoids, flavonoids and secondary metabolites, while 2 days
without watering suppressed genes in photosynthesis and oxidative
phosphorylation. Furthermore, 2 days without watering induced the
expression of 5 HEAT SHOCK PROTEINS (HSP) and one LATE
EMBRYOGENESIS ABUNDANT (LEA). HSPs and LEA-type proteins are
two major types of stress-inducible proteins that accumulate upon water
deficit, salinity and extreme temperature stresses, and have been shown to
play a role in cellular protection during these stresses (Vierling and Kimpel,
1992; Ingram and Bartels, 1996; Bohnert and Sheveleva, 1998; Thomashow,
1999; Hoekstra et al., 2001). In Arabidopsis, the over-expression of HSP70
enhanced tolerance to abiotic stresses (Sung and Guy, 2003; Li et al., 2017a).
In M. truncatula (III), the induction of HSPs and LEA by 2 days without
watering but not by 7 days without watering suggest their role in stress
acclimation at an early stage of progressive drought.
Both 2 and 7 days without watering induced the expression of genes encoding
WRKY transcription factors (WRKYs) and MYB transcription factors (MYBs).
Transcription factors (TFs) are key regulators in plant stress responses and
coordinate many signalling pathways. Plant genomes include numerous TFs,
for example, Arabidopsis devotes nearly 6% of its genome to more than 1,500
TFs (Riechmann et al., 2000). Most of these TFs belong to a few large gene
families, such as MYBs, bZIPs and WRKYs. Individual members of the same
TF family respond differently to different stresses while different stresses can
in some cases regulate the same TF resulting in overlap of downstream gene
regulation among responses tailored to different stresses (Bohnert et al.,
2001; Seki et al., 2001; Chen et al., 2002; Fowler and Thomashow, 2002;
Kreps et al., 2002). UVB radiation regulates flavonoid biosynthesis by
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controlling transcriptionally the genes encoding enzymes in the biosynthetic
pathway (Shirley, 1996). HY5, activated by UVR8-mediated UVB signalling,
enhances the activity of several R2R3MYB TFs (Jaakola, 2013; Zoratti et al.,
2014). The R2R3MYB TFs co-ordinately regulate the genes of flavonoid
biosynthesis pathway by enhancing or supressing their expression (Pandey
and Agrawal, 2020). For example, genes participating in early biosynthesis
of flavonoids (CHS, CHI, F3H and FLS1) were transcriptionally regulated by
three R2R3MYB TFs: MYB11, MYB12 and MYB111 (Pandey and Agrawal,
2020). Under sunlight, MYBs were also found to regulate the expression of
genes responding to UVB/UVAsw (315-350nm) radiation (Rai et al., 2020),
thus contributing to UV acclimation under natural condition. In addition,
MYBs play essential roles in response to drought stress (Baldoni et al., 2015).
Significant enhancement of stress tolerance was observed upon
overexpression of a single TF in Arabidopsis. Transgenic Arabidopsis plants
over-expressing MYB48 from maize and MYB33 from wheat showed
improved tolerance to drought (Qin et al., 2012; Wang et al., 2017). In M.
truncatula (III), the enhancement of MYBs by both 2 and 7 days without
watering indicates their involvement in the regulation of responses to
drought as well as the potential crosstalk among drought, blue and UV
signalling pathways.
WRKYs are another group of TFs that regulate responses to simultaneous
stresses (Ülker and Somssich, 2004; Ren et al., 2010; Liu et al., 2016;
Phukan et al., 2016; Zhao et al., 2020). WRKYs could be involved in the
signalling crosstalk downstream of CRYs and UVR8 under sunlight (Rai et
al., 2020). Relevantly, 2 and 7 days without watering also induced the
expression of WRKYs while blue light suppressed that of WRKY50 in the 2nd
harvest (III). Since the blocking of both blue and UV radiation was associated
with increased response to drought reflected by the induction of stress
inducible genes, I conclude that the presence of these wavebands under the
transparent filter allowed the plants to be pre-acclimated to the imposed,
progressive drought stress, and this interaction could be mediated through
coordinated regulation through transcription factors such as MYBs and
WRKYs.
Furthermore, 2 days without watering decreased the transcript abundance of
genes involved in the light reactions of photosynthesis: proton channel
(ATPB) and electron transporter (PSBA: PHOTOSYSTEM II REACTION
CENTER PROTEIN A; FD2: FERREDOXIN 2). ATPB and ATPI were also
down-regulated by blue light in the 3rd harvest. Restricted photosynthesis
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induced by drought has been well characterised, resulting from two aspects:
reduced CO2 supply from decreased stomatal conductance (Carmo-Silva et
al., 2012) and inhibition of photobiochemistry (Ghannoum et al., 2003).
Photoinhibition has been known for a long time as the damage to the
photosynthetic apparatus caused by excessive PAR or UV irradiance (Powles,
1984; Vassiliev et al., 1994; Turcsányi and Vass, 2007). Environmental stress,
such as water deficit, high and low temperature can also induce
photoinhibition (Murata et al., 2007). Drought stress has been shown to
aggravate light-induced photoinhibition in species adapted to sun or shade
habitats (Gauhl, 1979; Björkman and Powles, 1984), while drought priming
during the vegetative phase alleviated biochemical photosynthetic
limitations induced by later drought stress in wheat (Mendanha et al., 2020).
The key genes regulated by the treatments in experiment III are illustrated
in Fig. 7. The results in M. truncatula (III) suggest that, in order to avoid the
imbalance between the captured PAR photons and the reduced supply of CO2
due to lower stomatal conductance, blue light and drought treatment downregulated photosynthetic capacity. Thus, restricted photosynthesis could
pre-acclimate plants to water deficit, and blue light has an important role in
this process.

Figure 7. Key genes regulated by 2 days without watering (2 d WW), 7 days

without watering (7 d WW) and blue light treatments in experiment III.

Blue and short-UV radiation enhanced the accumulation of flavonoids in
both well watered and droughted plants, while 2 and 7 days without watering
increased the accumulation in HM020, the Tunisian accession (III, Fig. 4).
In HM020, the induction effect of 7 days without watering on flavonoid
accumulation could be explained by the enhanced expression of CHS by
7 days without watering (III, Fig. 13). In HM006 (the French accession), the
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interaction between filter and drought treatment was detected: 2 days
without watering increased the concentration of total flavonoid only under
the “> 500 nm” filter that excluded blue, long- and short-UV radiation (III,
Fig. 4). In contrast, drought did not affect flavonoid accumulation in
Jemalong (III, Fig. 4). Moreover, in all three accessions, more than half of
flavonoid compounds were acylated with hydroxycinnamic acids. Flavonoids
are effective scavengers to ROS, which is produced under imposed stress,
thus preventing oxidation of biomolecules (Agati et al., 2012; Hideg and
Strid, 2017), and acylated flavonoids possess enhanced capacity as
antioxidants and sunscreens (Tohge et al., 2018). In accession HM020, blue
and short-UV radiation worked additively with subsequent imposed drought
to increase the accumulation of flavonoids, thus potentially pre-acclimating
plants to drought through enhanced antioxidative capacity. In Jemalong and
HM006, the lack of drought effect on flavonoids under all filters suggests that
blue and short-UV induced accumulation could have been sufficient to
scavenge drought-induced ROS stress.
It has been shown elsewhere that pre-exposure to artificial UVB radiation
from lamps can reduce the impact caused by drought stress in seedlings of
Arabidopsis thaliana, Triticum aestivum L., Pisum sativum L. (pea) and N.
benthamiana in controlled environments (Schmidt et al., 2000; Alexieva et
al., 2001; He et al., 2011; Mátai et al., 2019). Moreover, allowing UVB
waveband in sunlight to reach seedlings of Betula pendula Roth. (silver
birch) improved their tolerance to drought through a mechanism that
remained unsolved but was not a reduction in water use (Robson et al.,
2015). In these studies, the alleviation effect of UVB treatment was mostly
indicated by changes in plant growth, water relations, and biochemical
parameters. The present study, on the other hand, demonstrated the
alleviation effect of not only UV radiation but also blue light on drought stress
through transcriptomic data.
Since V. faba is considered relatively susceptible to water deficit, much
research has been conducted to identify traits for improving its drought
tolerance (Khan et al., 2007; Khazaei et al., 2013). Experiments with
accessions originating from areas with different drought conditions revealed
that leaf stomatal conductance, leaf temperature, relative water content and
carbon isotope discrimination serve as promising physiological traits for
future selection of drought-tolerant cultivars (Khan et al., 2007; Khazaei et
al., 2013). ILB938, used as a representative of drought tolerance, had lower
stomatal conductance associated with warmer leaves than Aurora, which was
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a drought sensitive accession (Khan et al., 2007). In addition, alleviation of
drought stress in V. faba has been induced by exogenous application of βaminobutyric acid (Abid et al., 2020). From the present experiments on V.
faba, I speculate that the transgenerational effect of UV treatment might
confer better or altered drought tolerance in the second generation, and this
priming effect might differ in ILB938 and Aurora originating from areas with
different drought conditions and UV irradiance. However, further studies are
needed to investigate the within and cross generation interaction of UVB
exposure and drought stress in V. faba in more ecologically relevant
conditions.
Compared to the number of studies conducted for drought and UV radiation
individually, there are few studies about their interaction. Even fewer studies
have considered the interplay of drought and blue light and assess whole
transcriptomic response in plant. In the present study, the transcriptomic
data in M. truncatula accession Jemalong upon progressive drought
confirmed the hypothesis that long-term exposure of solar blue and UV
radiation can pre-acclimate plants to progressive drought stress. This
interaction could be mediated by inducing signalling crosstalk through key
transcription factors (such as WRKYs and MYBs). In addition, acclimation of
photosynthesis capacity through down-regulation of genes involved in light
reactions, together with increased flavonoid accumulation, possibly
contributed to the alleviation of drought stress by pre-acclimation through
blue and UV radiation.

4.3 Accession-dependent responses (H4)
Accession- or genotype-dependent responses have been widely observed for
different environmental factors, such as to supplemental blue light treatment
in Brassica campestris ssp. (pak choi) (Zheng et al., 2018), to drought
treatment in V. faba (Belachew et al., 2019), to artificial UVB treatment in
Pisum sativum L. (pea) (Choudhary and Agrawal, 2014), to thermotolerance
induced by mildly elevated temperature priming in Solanum tuberosum L.
(potato) (Trapero-Mozos et al., 2018) and to interaction of light and high
temperature in Cicer arietinum L.(chickpea) (Zhou et al., 2020).
Low stomatal conductance is frequently a determinant of drought tolerance
by water conservation (Medrano et al., 2002). Stomatal conductance was
constitutively higher in Aurora than in ILB938 in the outdoor experiment
and in a previous study (I; Khan et al., 2007, Table 3A), suggesting that
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ILB938 is a drought-tolerant accession. This has been demonstrated in an
association study of shoot and root responses to drought stress in eight V.
faba accessions showing that ILB938 conformed to the isohydric model of
Blum (2015), which describes a water-saving strategy by reducing stomatal
conductance and arresting growth upon water deficit (Belachew et al., 2019).
In the chamber experiment, stomatal responses to UVB radiation differed
between the two accessions (II, Fig. 2; Table 3B): UVB radiation decreased
stomatal conductance in Aurora regardless of the presence/absence of blue
light, while it decreased stomatal conductance in ILB938 only when blue was
absent. The treatment with UVB radiation in the absence of blue light is an
artificial light environment that does not exist in nature. Thus, under natural
condition, UVB radiation could be affecting steady-state stomatal
conductance more in Aurora than in ILB938. In addition, the
transgenerational effect of solar short-UV radiation influenced the
accumulation of flavonoids differently in the two accessions: the lack of
parental exposure to short-UV led to a smaller increase of total flavonoid
concentration in Aurora while the increase did not happen in ILB938 (II, Fig.
3). The different responses between the two accessions to UV treatments in
both generations could result from adaptation to the contrasting UV
environments: the estimated yearly maximum UV-B irradiance is more than
50 % higher in the origin of ILB938 than in that of Aurora (I). The absence
of transgenerational effect of solar short-UV radiation on flavonoids in
ILB938, the accession adapted to a high UV environment for hundreds of
generations, suggests that this accession either needs higher UV irradiation
to induce this response or it has maximised the UV response of the current
generation so that it is less dependent on the sustained UV memory from the
previous generation. Together with different stomatal sensitivity in response
to UVB radiation, distinct transgenerational effects between the two
accession suggest that Aurora is less UV-tolerant than ILB938, and this could
result from selection after introduction to areas with contrasting UV
environments. The genetic variation was further revealed by the
constitutively higher transcript level of studied genes in Aurora than in
ILB938, and the different kaempferol glycosylation patterns between the two
accessions (I, II).
In M. truncatula, accession-dependent responses were observed under the
combination of filter treatment and subsequent drought stress (Table 4). In
HM020, but not in the other two accessions, short-UV decreased plant
height while the deprivation of blue light led to more vertically oriented
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branches (III, Fig. 2; Table 4A). UVB has been reported to reduce plant
height as part of UV acclimation in Lycopersicon esculentum and Brassica
napus (Corso and Lercari, 1997; Qaderi et al., 2007), while the lack of blue
light can be perceived as a low-light condition that induces the shadeavoidance syndrome in plants (Sellaro et al., 2010). In response to 7 days
without watering, leaf ABA concentration increased more, and both stomatal
conductance and shoot water potential decreased more in HM006 than in
the other two accessions (III, Fig. 3 & 6; Table 4B). In addition, the three
accessions differed in their flavonoid composition (apigenin as the main
flavonoid in Jemalong; tricin as the main flavonoid in HM006 and HM020),
while they responded differently to drought treatments (Table 4B).
Flavonoid concentration was enhanced by 2 and 7 days without watering in
HM020, while it was increased by 2 days without watering in HM006 only
under the “> 500 nm” filter. In contrast, neither 2 nor 7 days without
watering induced a change in total flavonoid concentration in Jemalong. The
combined treatment of drought, blue and short-UV radiation had positive
additive effects on flavonoid induction in HM020, while this effect was
weaker in Jemalong and HM006 (III). Similarly, the combined applications
of UVB radiation and subsequent drought stress in wheat induced more
positive effects on the drought-tolerant genotype than on the droughtsusceptible genotype (He et al., 2011). Furthermore, in a previous study in
M. truncatula, the effect of drought was studied in the same three accessions:
HM006 (F83.005-5), Jemalong A17 and HM020 (TN1.11) (González et al.,
2007). The drought-sensitive accession HM006 had the biggest reduction of
leaf water potential after 8 days without watering (González et al., 2007). A
significant decrease in biomass was detected in HM006 but not in the other
two accessions after 6 days without watering while the reduction was
observed in all three accessions after 8 days without watering (González et
al., 2007). The present results are thus in line with previous studies that the
French accession, HM006, is the most sensitive to drought of these three. In
addition, the positive additive effects of drought and light on flavonoid
accumulation in HM020 potentially contribute to its better drought
tolerance.
In general, accession-dependent responses have been observed in the three
experiments of the present study. Both V. faba and M. truncatula were
originally from the Mediterranean region. The two accessions of V. faba have
been adapted after introduction to their places of origin for hundreds of
generations. In M. truncatula, Jemalong has adapted for relatively short
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time after introduction to Australia in the 20th century (Nichols et al., 2012),
while HM020 and HM006 are genetically closer and their origins are close
to their native distribution in Mediterranean region (Young and Zhou,
2020). This adaptation history could help explain the observed differences
in responses between the two species. In V. faba, Aurora, from low UV
environment, responded more to treatment of UVB radiation in the current
and parental generation compared to ILB938. This suggest that ILB938,
adapted to relatively high UV irradiance, could have already maximized its
response to UV radiation, thus a higher level of UV could be needed to trigger
stronger response in this accession. In contrast, in M. truncatula, HM020,
from more droughted area, responded more in terms of conferring UV and
drought acclimation than the other two accessions. For example, plant height
and shoot verticality were reduced upon UVB and blue radiation,
respectively; while the accumulation of flavonoid was enhanced as a result of
positive additive effects of drought and light. In spite of their genetic
similarity, HM006, from a less drought-prone place, responded more to
drought treatment than HM020, as shown by its greater increase of ABA
concentration and decrease of stomatal conductance and water potential. In
this respect, Jemalong, genetically distant from the other two accessions,
behaved similarly to HM020. Although originally from the same area
(Mediterranean region), V. faba and M. truncatula seem to use different
strategies when exposed to solar UV radiation and/or drought.
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Stomatal
conductance
Total flavonoid
Total kaempferol
Total quercetin

Total quercetin
B.

Traits
Stomatal
conductance
Total flavonoid
Total kaempferol

A.

Aurora > ILB938
Aurora > ILB938
Aurora ~ ILB938

Accession difference
Aurora ~ ILB938

Aurora ~ ILB938
Aurora > ILB938
(mass
concentration)
Aurora ~ ILB938

Accession difference
Aurora > ILB938

↑
↑
↑

↓
↑
↑
↑

↓

UVB(-Blue)
Aurora
ILB938

↑

—

—
↑

↑

—

↑

—

Short-UV
Aurora
ILB938

—

—

—

—

↑↑
↑
↑↑

↓

↑↑
↑
↑↑

—

UVB(+Blue)
Aurora
ILB938

—

—

—

—

Long-UV
Aurora
ILB938

↑

—

↑

—

Blue
ILB938

↑
↑
↑

↑

↑
↑
↑

—

Blue(-UVB)
Aurora
ILB938

↑

—

↑

—

Aurora

↑↑
↑
↑↑

↑

↑↑
↑
↑↑

↑

Blue(+UVB)
Aurora
ILB938

Table 3. Responses to radiation treatments in V. faba accession Aurora and ILB938. A. Effect of three solar wavebands short-UV (290–
350 nm), long-UV (350–400 nm) and blue (400–500 nm) radiation. B. Effect of blue or UVB radiation from lamps. For example,
“UVB(-Blue)” shows the effect of UVB radiation when blue light was absent. The “+” and “-” in the parenthesis indicate that presence and
absence of the specific radiation. The effect of treatments was pooled from both parental treatments. “↑” and “↓” indicate effect of increase
and decrease while “—” indicates no significant effect. The general difference between the two accession is shown in the second column.
“~” indicates no significant effect of accession.
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Total flavonoid

ABA
concentration

Stomatal
conductance
Water potential

B.

Total flavonoid

Shoot length

Traits
Plant height

A.

Jemalong > HM020 >
HM006

Accession difference
HM020 ~ HM006 ~
Jemalong
HM020 ~ HM006 ~
Jemalong
HM020 ~ HM006 ~
Jemalong

Accession difference
HM020 > HM006 >
Jemalong
HM020 > HM006 ~
Jemalong
Jemalong > HM020 >
HM006
↑

↑

—

↓

HM020

—

↑

↑
↑

↑
↑
(under ”> 500 nm”
filter)

2 days without watering
Jemalong
HM006
HM020

↑

—

—

—
—

Short-UV
HM006

Jemalong

—

—

—

Long-UV
HM006

—

—

—

HM020

—

—

↑↑

↓↓

↓
↑

↓↓

↓

↑

↑

↓

↓

7 days without watering
Jemalong HM006
HM020

—

—

—

Jemalong

↑

—

↓

Jemalong

↑

—

↓

Blue
HM006

↑

↓

↓↓

HM020

Table 4. Responses to solar wavebands and drought treatments in M. truncatula accessions Jemalong, HM006 and HM020.
A. Effect of solar short-UV (290–350 nm), long-UV (350–400 nm) and blue (400–500 nm) radiation. B. effects of 2 and 7 days without watering. In
HM006, the interaction of filter treatment and 2 days without watering was significant. “↑” and “↓” indicate effect of increase and decrease while “—”
indicates no significant effect. The general difference between the two accession is shown in the second column. “~” indicates no significant effect of
accession. Plant height and shoot length were measured before drought treatment while total flavonoid was quantified for all three harvests.

4.4 Implications for agriculture and research
While being a powerful technology for humankind, agriculture is subjected
to multiple limitations, such as drought stress (Yordanov et al., 2000;
Barnabás et al., 2008). Since the 1970s, the intensity, duration and affected
area of drought have been rising, and the land surface subjected to drought
is estimated to expand by 30% during the 21st century (Burke et al., 2006).
Given this prediction, scientific findings that help alleviate drought stress in
crop species will be essential for food security (Sadras et al., 2020).
From the perspective of translational research in agriculture (Passioura,
2020, Fig. 2), the present study encompasses the aspects of work done by
“physiologists” and “molecular biologists” with experiments designed to be
relevant to “agronomists and breeders”. Thus, the results of the present work
give suggestions for future agricultural research related to farming
applications (Sadras et al., 2020). The findings about the responses to solar
blue and UV radiation in two legume species suggest that the radiation
environment should be taken into consideration when dissecting plants’
response to other environmental factors. For example, it may be worth
testing in greenhouses whether substituting the UV-blocking cladding
material with UV-transparent ones could pre-acclimate plants to mild
drought, and thus allowing reduction of water usage for greenhouse crops.
One the other hand, the transgenerational effect of UV radiation calls
attention to the necessity of homogeneity and relevance of parental short-UV
environments when studying the effect of solar radiation and drought as well
as other environmental factors. Thus, the present work could in the future
indirectly contribute to the improvement of agriculture practices.
Meanwhile, the present studies also give rise to new scientific questions:
1) Do these observed responses apply consistently to more accessions
from similarly contrasting environments?
2) Does the transgenerational effect of short-UV radiation affect the
following generation’s response to drought?
3) As the accession-dependent response patterns were observed at 60°N
in a mesic environment, do different responses occur when the
experiments are at a location with higher UV irradiance and/or higher
evaporative demand?
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5. Conclusions
In this thesis, I used two legume species that are important to agriculture,
Vicia faba and Medicago truncatula. Accessions originating from places
with contrasting UV environments were used for V. faba, while accessions
originating from areas of differing drought prevalence were used for M.
truncatula. Based on the results from the three experiments, I conclude for
the hypotheses I presented above:
H1. Under long-term light treatment in outdoors and growth chamber,
blue light, rather than UV radiation, induced the change of morphology
and transcription. The accumulation of flavonoids was induced by both
blue and short-UV radiation. Overall, blue light played a more longlasting role in light acclimation compared to UV radiation.
H2. Parental exposure to short-UV environment affected the offspring’s
response to blue and UVB radiation as indicated by growth and
flavonoid data. Moreover, when the offspring was treated with UVB
radiation, the transgenerational effect on blue light response became
smaller or disappeared, indicating an interaction of UV environments
between the two generations.
H3. The transcriptomic data in M. truncatula confirmed the hypothesis
that long-term exposure to solar blue and UV radiation pre-acclimates
a plant to upcoming drought stress. Key transcription factors (WRKYs
and MYBs) responded to these cues, suggesting that their signalling
crosstalk has a role in the interplay between light and drought
responses. Moreover, blue light-induced down-regulation of genes
involved in photosynthesis, together with increased flavonoid
accumulation upon blue and short-UV radiation, might also play roles
in this interaction.
H4. Accession-dependent responses were observed to blue and UV
radiation within and across generations in V. faba, and upon the
combination of light and drought treatment in M. truncatula. The
genetic variation in accessions resulting from the contrasting
environment of their origins (UV irradiance or drought prevalence)
contributes to their different responses in two generations.
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In addition, the results suggest a possible mechanism for the light-driven
pre-acclimation to drought. The effect of water deficit was mitigated by longterm exposure to blue and UV radiation in Jemalong possibly through
reduction of drought-induced ROS stress. Two aspect of ROS reduction can
be mediated by blue and/or short-UV radiation: upregulation of strong
antioxidant flavonoid to scavenge ROS, and downregulation of light
reactions of photosynthesis to reduce the generation of ROS when stomata
close. Similarly, a previous study in V. faba has also shown increased activity
of antioxidant enzymes (CAT and SOD) and concentration of flavonoids
upon the combinational treatment of drought and UVB radiation compared
to drought alone (Hassan et al., 2013, Fig. 1 & Fig. 2). Solar blue and UV
radiation did not trigger changes in photosynthesis rate and chlorophyll
fluorescence (I), while they did not induce stress-responsive genes (III),
indicating they were not stressors. Thus, in M. truncatula, UV and blue
radiation alleviated drought-induced impact as environmental cues rather
than as stressors.
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Responses of ﬂavonoid proﬁle and associated
gene expression to solar blue and UV radiation in
two accessions of Vicia faba L. from contrasting
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Blue light and UV radiation shape a plant’s morphology and development, but accession-dependent
responses under natural conditions are unclear. Here we tested the hypothesis that two faba bean (Vicia
faba L.) accessions adapted to diﬀerent latitudes and altitudes vary in their responses to solar blue and UV
light. We measured growth, physiological traits, phenolic proﬁles and expression of associated genes in a
factorial experiment combining two accessions (Aurora, a Swedish cultivar adapted to high latitude and
low altitude; ILB938, from the Andean region of Colombia and Ecuador, adapted to low latitude and high
altitude) and four ﬁlter treatments created with plastic sheets: 1. transparent as control; 2. attenuated
short UV (290–350 nm); 3. attenuated UV (290–400 nm); 4. attenuated blue and UV light. In both accessions, the exclusion of blue and UV light increased plant height and leaf area, and decreased transcript
abundance of ELONGATED HYPOCOTYL 5 (HY5) and TYROSINE AMINOTRANSFERASE 3 (TAT3). Blue light
and short UV induced the accumulation of epidermal and whole-leaf ﬂavonoids, mainly quercetins, and
the responses in the two accessions were through diﬀerent glycosides. Filter treatments did not aﬀect
kaempferol concentration, but there were more tri-glycosides in Aurora and di-glycosides in ILB938.
Furthermore, fewer quercetin glycosides were identiﬁed in ILB938. The transcript abundance was consistently higher in Aurora than in ILB938 for all seven investigated genes: HY5, TAT3, CHALCONE SYNTHASE
(CHS), CHALCONE ISOMERASE (CHI), DON-GLUCOSYLTRANSFERASE 1 (DOGT1), ABA INSENSITIVE 2
(ABI2), AUXIN-INDUCIBLE 2–27 (IAA5). The two largest diﬀerences in transcript abundance between the
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two accessions across treatments were 132-fold in CHS and 30-fold in DOGT1 which may explain the
accession-dependent glycosylation patterns. Our ﬁndings suggest that agronomic selection for adaptation to high altitude may favour phenotypes with particular adaptations to the light environment, including solar UV and blue light.

Introduction
Sunlight drives photosynthesis, growth and development of
plants.1 Plants perceive light through diﬀerent families of
photoreceptors: phytochromes are the well documented red
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and far-red light receptors;2 blue and UV-A wavebands are
sensed through cryptochromes, phototropins and Zeitlupe
family;3 and UV-B is perceived through the photoreceptor
UVR8 (UV RESISTANCE LOCUS8) which mediates UV-B acclimation.4 Since plants simultaneously receive diﬀerent wavebands of light, crosstalk between diﬀerent photoreceptor signaling pathways has been investigated,5 where a common set
of signaling components seems to be shared.1,6 In addition,
blue and UV-A radiation activate photolyase that repairs DNA
damage caused by UV-B, which contributes to UV-B tolerance
in plants.7
Since the 1980s, the depletion of the ozone layer has stimulated UV-B research. Early experiments in controlled environments with unrealistically high UV-B radiation led to the conclusion that UV-B is a stressor causing DNA-damage and
increasing the concentration of reactive oxygen species (ROS)
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in plants.8 Subsequently, the importance of studying more realistic UV-B radiation regimes in the natural environment was
recognized.9,10 Instead of causing damage, low fluence rates of
UV-B radiation were found to initiate regulatory photomorphogenesis, such as reducing hypocotyl length, increasing leaf
thickness and promoting axillary branching.11
Blue, UV-A and UV-B radiation are all reported to stimulate
the synthesis and accumulation of phenolic compounds.12,13
Flavonoids are phenolic compounds that serve as a sunscreen
in the leaf epidermis, protecting inner mesophyll cells from
harmful levels of UV radiation while allowing photosynthetically active radiation (PAR) to pass.13 Flavonoids also regulate
growth and reproduction, provide antioxidant activity and
defend plants against herbivores and pathogens.14
Under photomorphogenic UV-B light, activated UVR8
monomer interacts with CONSTITUTIVELY PHOTOMORPHOGENIC 1-SUPPRESSOR OF PHYA (COP1-SPA) complexes to
induce and stabilize the transcription factor HY5.15 Blue and
UV-A radiation also induce the accumulation of HY5 through
cryptochrome 1.16,17 HY5 then relays the light signals by activating gene expression contributing to blue and UV light
acclimation, including genes involved in flavonoid synthesis,
e.g., CHALCONE SYNTHASE (CHS) and CHALCONE ISOMERASE
(CHI). It is well documented that most genes responding to
UV-B are likely to be regulated at the level of transcription,11
but there is little information on how long-term exposure to
UV-B or other wavebands of the spectrum aﬀect transcription
of genes involved in UV signaling and other pathways that
promote UV acclimation in sunlight. While the mechanism for
light perception in Arabidopsis thaliana has been intensively
studied, research in model plants generates a two-fold-bias,
one taxonomic18 and the other from often unrealistic growing
conditions, as discussed above. Our knowledge of responses to
solar blue and UV light remains limited for crop species under
natural sunlight.
Faba bean (Vicia faba L.) is one of the oldest crops. It was
apparently domesticated at the western end of the Fertile
Crescent and spread from there across Eurasia and Northern
Africa, and with Spanish colonists to South America in the 16th
century.19,20 Several distinctive germplasm pools are recognized, including Mediterranean autumn-sown, Atlantic
autumn-sown, and continental spring-sown.21 Faba bean is a
winter annual where it evolved in Western Asia and the
Mediterranean basin, so its evolutionary exposure to high PAR
and solar UV-B was presumably limited to the end of the ripening phase in spring. Its adaptation to higher latitudes, such as
central and Northern Europe, has involved a shift to spring
sowing and autumn ripening. Significant adaptations are
required for the diﬀusion of crops away from their center of
origin, particularly across latitudes.22 In equatorial regions,
such as Colombia and Ecuador, V. faba is grown at high altitudes (around 3000 m) with strong exposure to UV light,
whereas it is exposed to less UV at higher latitudes such as the
Nordic-Baltic region.
Hence, we hypothesized that V. faba accessions from equatorial highlands (low latitude at high altitude) and sub-boreal
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lowlands (high latitude at low altitude) would react diﬀerently
to solar blue and UV light. ILB938, a selection from the
Andean region of Colombia and Ecuador,23 was chosen as the
representative from equatorial highlands, and Aurora, an old
Swedish cultivar, as the representative from sub-boreal lowlands. The estimated yearly maximum UV-B irradiance is more
than 50% higher in the Ecuadorian Andean region than in
Southern Sweden (ESI Table 1†). The largest diﬀerence in irradiance between these two locations is in the shortest wavelengths of the solar spectrum where photons are most energetic (ESI Fig. 1†) and consequently solar UV radiation is
much more eﬀective in Ecuador than in Southern Sweden
(eﬀective irradiances of 0.75 W m−2 vs. 0.25 W m−2, using
Green’s formulation of the generalized plant action spectrum).
In contrast, daily average air temperatures in the growing
season in these two regions are similar, 8–15 °C in southern
Sweden and 10–11 °C in Andean Ecuador and Colombia.

Materials and methods
Solar radiation and temperatures in Ecuadorian Andean
region and Southern Sweden
To estimate the yearly maximum solar spectral irradiance in
the Andean region of Ecuador and in southern Sweden where
these two accessions originate, we used the Quick TUV
model24 and “R for photobiology” packages25 assuming clear
sky conditions. We used 0° and 33° as zenith angles and
3000 m a.m.s.l. and 0 m a.m-s.l. as elevations for Ecuador and
southern Sweden, respectively. The estimates for ozone layer
were obtained from the Aura OMI (DOAS) layer in NASA’s
Worldview site (https://worldview.earthdata.nasa.gov/): 230 DU
for Ecuador as representative for the annual average and 300
DU for southern Sweden for the end of June. Mean temperature data for Ipiales, Colombia, and Gothenburg, Sweden were
obtained from the World Weather Information Service, World
Meteorological Organization (https://worldweather.wmo.int).
Plant material, treatments and experimental design
The experiment was conducted outdoors in the Viikki campus
of the University of Helsinki, Finland (60°13′N, 25°1′E) from
early May to early June of 2016, when the ambient temperature
averaged 13.8 °C and ranged from 9.1 to 20.0 °C. The experiment was a full factorial combining two accessions and four
filter treatments with 4 replicate blocks in a split-plot design,
with filters as the main plot and accessions as the sub-plot.
Within each block, filter locations were randomized. Under
each filter, 4–6 pots of each accession were located at random
and interspersed. The pots were placed under the filters when
the seeds were sown, and their positions were rotated every
3–4 days.
The original seed of ILB938/2 and Aurora/2 was provided by
courtesy of Prof. W. Link, University of Göttingen, Germany,
and further inbred for several generations in the University of
Helsinki glasshouses. The seeds were imbibed overnight in tap
water, inoculated evenly with rhizobium (R. leguminosarum
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Estimated biologically eﬀective UV doses calculated with five BSWFs (biological spectral weighting functions) and PAR, blue, UV-B, UV-A1 and UV-A2 radiation for the whole duration of the
experiment. The minimum, mean and maximum daily doses are given with mean indicated in parenthesis. Ambient (no filter) light condition is listed here for comparison purposes with
the filter treatments. GEN(G) and GEN(T) are the generalized plant action spectrum calculated with two diﬀerent formulations.27 FLAV is the action spectrum for the accumulation of the flavonoid mesembryanthin in Mesembryanthemum crystallinum,27 CIE is the action spectrum for UV-induced erythema in human skin27 and DNA(P) is the action spectrum for DNA damage in
alfalfa (Medicago sativa) seedlings.27 UV-A2 is radiation from 315 to 340 nm, and UV-A1 is from 340 to 400 nm.

16.6 (45.9) 59.2
0.0029 (0.008) 0.01
0.0019 (0.0053) 0.0068
0.0019 (0.0052) 0.0067

18.8 (51.8) 66.8
256 (651) 799

229 (582) 714
0.30 (0.76) 0.94
0.026 (0.066) 0.081
0.027 (0.068) 0.083
1.02 (2.74) 3.40
0.74 (2.01) 2.50
0.008 (0.023) 0.028
0.001 (0.003) 0.004
2.85 (8.41) 10.56
2.91 (8.57) 10.76
2.75 (8.10) 10.17
0.007 (0.02) 0.025

1.13 (3.05) 3.78
3.15 (9.30) 11.67
15.17 (46.14) 58.19

13.78 (41.88) 52.82
14.04 (42.70) 53.84
13.06 (39.75) 50.14
8.69 (26.92) 34.04

Ambient (no
filter)
>290 nm
>350 nm
>400 nm
>500 nm

UV-B (mmol m−2 day−1) min
(mean) max
UV-A1 (mmol m−2 day−1) min
(mean) max
UV-A2 (mol m−2 day−1) min
(mean) max
PAR (mol m−2 day−1) min
(mean) max
Filter treatment

Blue (mol m−2 day−1) min
(mean) max

6.71 (17.64) 21.89
0.21 (0.56) 0.69
0.001 (0.003) 0.004
0.0008 (0.002) 0.003

7.53 (19.80) 24.57
3.48 (9.32) 11.76

3.09 (8.29) 10.45
0.002 (0.005) 0.007
0.0004 (0.001) 0.001
0.0004 (0.0009) 0.001
0.82 (2.28) 2.92
0.06 (0.17) 0.21
0.0004 (0.001) 0.0014
0.0001 (0.0004) 0.0005
1.39 (3.88) 5.03
0.0003 (0.0008) 0.001
0.0002 (0.0004) 0.0006
0.0002 (0.0004) 0.0006
0.76 (2.30) 3.11
0.0001 (0.0003) 0.0005
0.0001 (0.0003) 0.0004
0.0001 (0.0003) 0.0004

0.93 (2.57) 3.29
1.57 (4.38) 5.68
0.86 (2.61) 3.53

Ambient (no
filter)
>290 nm
>350 nm
>400 nm
>500 nm

DNA(P) (kJ m−2 day−1) min
(mean) max
FLAV (kJ m−2 day−1) min
(mean) max
CIE (kJ m−2 day−1) min
(mean) max
GEN(T) (kJ m−2 day−1) min
(mean) max
GEN(G) (kJ m−2 day−1) min
(mean) max
Filter treatment

Fig. 1 Spectral transmittance of the four ﬁlters used in the experiment.
The contrast of ﬁlter “>290 nm” vs. “>350 nm” shows the eﬀect of short
UV (290–350 nm); the contrast of ﬁlter “>350 nm” vs. “>400 nm” shows
the eﬀect of long UV (350–400 nm); and the contrast of ﬁlter
“>400 nm” vs. “>500 nm” shows the eﬀect of blue light. For detailed
descriptions of the ﬁlters, see Methods.

Table 1

biovar vicieae, Elomestari OY, Tornio, Finland), and sown into
1.2 L pots containing pre-fertilized nursery peat (Kekkilä P6,
Finland) and vermiculite (Vermipu, Finland) (2 : 1 by volume).
Pots were watered evenly throughout the experiment.
Four filter treatments were established with four types of
plastic sheets (3 mm) that transmit diﬀerent wavelengths of
the solar spectrum: (1) >290 nm (Clear acrylic, PLEXIGLAS
2458 GT, Evonik, Germany) as control; (2) >350 nm (Solar
Clear acrylic, PLEXIGLAS 0Z023 GT, Evonik, Germany) to
attenuate short UV light (<350 nm); (3) >400 nm (Clear polycarbonate, Makrolife, Arla Plast, Sweden) to attenuate all UV radiation; (4) >500 nm (Yellow acrylic, PLEXIGLAS 1C33 GT,
Evonik, Germany) to attenuate both blue and UV radiation. We
chose 350 nm as the boundary for distinguishing short UV
from long UV rather than the usual 315 nm, because 350 nm
is the border between the sensitivity of UVR8 and that of
A. thaliana cryptochromes (Neha Rai, Luis Morales, Pedro J
Aphalo, unpublished data). All filters were attached on top of
wooden frames (1 × 0.80 m) at a slight inclination toward the
south. The filters were adjusted to 15 cm above the top of the
plants throughout the experiment.
The transmittance of the filters (Fig. 1) was measured with
a spectrophotometer (Agilent 8453 UV-visible spectrophotometer, Agilent Technologies, Waldbronn, Germany). Hourly
ambient spectra for the whole duration of the experiment were
modelled following Lindfors et al.26 and summaries computed
with the “R for photobiology” package.25 Biologically eﬀective
UV daily exposures were calculated for five frequently used
BSWFs (biological spectral weighting functions)27 normalized
to 300 nm to allow comparison with earlier publications.
Table 1 shows eﬀective irradiances and spectral ratios. We
used the generalized plant action spectrum by Caldwell,27 in
two formulations, one introduced by Green et al.27 and the
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other by Thimijan et al.;27 an action spectrum for the accumulation of the flavonoid mesembryanthin in Mesembryanthemum
crystallinum L;27 the CIE spectrum for UV-induced erythema in
human skin,27 and an action spectrum for DNA damage in
alfalfa (Medicago sativa L.) seedlings.27 ESI Fig. 2† shows the
daily photon exposure to photosynthetically active radiation
(PAR) throughout the duration of the experiment under each
filter treatment. ESI Fig. 3 and 4† show the time course of
photon irradiances during the day (30 days after plant
emergence) when samples for metabolite and RNA abundance
analyses were collected.
Growth, gas exchange and stomatal conductance
For each accession, 4–6 plants from the center under each
filter frame were selected for growth and physiological
measurements. The remaining plants were not measured to
avoid edge eﬀects. Plant height was measured 30 d after emergence. Leaves harvested at the end of the experiment were
scanned with a reference of known length on a white background for later leaf area measurement using imageJ.28 The
leaves were then dried at 75 °C for 4 d to measure dry weight.
The flavonoid and chlorophyll content in leaf epidermis
was assessed non-destructively with a Dualex Scientific+ device
(Force-A™, Paris, France)29 four times: 14 d after seedling
emergence, when the first two leaves were fully expanded, and
then at 5 d intervals, each time adding a new fully expanded
leaf.
Photosynthesis rate and chlorophyll fluorescence were
measured with a portable photosynthesis system (LI-COR
6400XT, LI-COR, Inc., Lincoln, NE, USA) using the standard
leaf chamber (2 × 3 cm) (LI-COR 6400-40 Leaf Chamber
Fluorometer) under a constant CO2 concentration of
400 μmol mol−1 maintained by the CO2 injection system, with
1.95 kPa as the vapor pressure deficit based on Leaf temperature (VpdL). The PPFD used for all measurements was
1000 μmol m−2 s−1 provided by a red and blue light source
with a ratio of 9 : 1 (LI-COR 6400-40). On average, 2–3 minutes
were required for stabilization after enclosing leaves in the
chamber. Chlorophyll fluorescence was measured without leaf
dark adaptation. All measurements were done at midday
(12:00 EEST) ±1 h under clear sky, 29 and 30 d after seedling
emergence. The abaxial stomatal conductance was measured
in situ with an automatic transit-time porometer (AP4, Delta-T
Devices, Cambridge, UK) at midday (12:00 EEST) ±1 h.
Measurements were taken from at least two leaves per plant,
30 d after seedling emergence.
Phenolic analysis by HPLC-DAD-ESI-MSn
The youngest two fully expanded leaves were harvested independently from each plant, put into liquid nitrogen and stored
at −80 °C until use. One leaf sample was used for phenolic
analysis and the other for gene expression analysis. The
samples harvested for phenolic analysis were lyophilized in a
freeze dryer (Savant Modulyo® Freeze Dryer, Thermo Electron
Corporation, USA). The samples were then ground to powder
in a porcelain mortar.
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Flavonoids were analysed according to Schmidt et al.30 with
slight modification. Lyophilized, ground plant material
(0.02 g) was extracted with 600 µl of 60% aqueous methanol
on a magnetic stirrer plate for 40 min at 20 °C. The extract was
centrifuged at 19 000g for 10 min at room temperature, and
the supernatant was collected in a glass tube. This process was
repeated twice with 300 µl of 60% aqueous methanol for
20 min and 10 min, respectively, and the three supernatants
were combined. The extract was subsequently evaporated until
it was dry and was then suspended in 200 µl of 10% aqueous
methanol. The extract was centrifuged at 12 500g for 5 min at
20 °C through a Corning® Costar® Spin-X® plastic centrifuge
tube filter (Sigma Aldrich Chemical Co., St. Louis, MO, USA)
for the HPLC analysis. Each extraction was carried out in
duplicate.
Flavonoid profile (including hydroxycinnamic acid derivatives and glycosides of flavonoids) and concentrations were
determined from the filtrate using a series 1100 HPLC (Agilent
Technologies, Waldbronn, Germany) equipped with a degasser, binary pump, autosampler, column oven, and photodiode
array detector. An Ascentis® Express F5 column (150 mm ×
4.6 mm, 5 µm, Supelco, Sigma Aldrich, St. Louis, MO, USA)
was used to separate the compounds at 25 °C. Eluent A was
0.5% acetic acid, and eluent B was 100% acetonitrile. The
gradient used for eluent B was 5–12% (0–3 min), 12–25%
(3–46 min), 25–90% (46–49.5 min), 90% isocratic
(49.5–52 min), 90–5% (52–52.7 min), and 5% isocratic
(52.7–59 min). The flow rate was 0.85 ml min−1 and the detector wavelengths were 280 nm, 320 nm, 330 nm, 370 nm and
520 nm. The hydroxycinnamic acid derivatives and glycosides
of flavonoids were identified as deprotonated molecular ions
and characteristic mass fragment ions according to Schmidt
et al.31 and Neugart et al.32 by HPLC-DAD-ESI-MSn using a
Bruker Amazon SL ion trap mass spectrometer (Agilent
Technologies, Waldbronn, Germany) in negative ionisation
mode. Nitrogen was used as the dry gas (10 l min−1, 325 °C)
and the nebulizer gas (40 psi) with a capillary voltage of −3500
V. Helium was used as the collision gas in the ion trap. The
mass optimization for the ion optics of the mass spectrometer
for quercetin was performed at m/z 301 or arbitrarily at m/z
1000. The MSn experiments were performed in automatic
mode up to MS3 in a scan from m/z 200 to 2000. Chlorogenic
acid, quercetin 3-glucoside and kaempferol 3-glucoside (all
from Roth, Karlsruhe, Germany) were the standards used for
external calibration curves in a semi-quantitative approach.
Gene expression analysis by quantitative real-time PCR (q-PCR)
Long-term eﬀects of filter treatments on the expression of
genes involved in light signaling, flavonoid glycoside biosynthesis and hormone response were assessed with q-PCR. Here,
transcript abundance of seven selected genes (ESI Table 2†)
was measured in leaf samples after 30 days of filter treatments
outdoors. Among the seven selected genes, ELONGATED
HYPOCOTYL 5 (HY5) is involved in blue and UV-B light signaling; CHALCONE SYNTHASE (CHS), CHALCONE ISOMERASE
(CHI) and DON-GLUCOSYLTRANSFERASE 1 (DOGT1) are
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involved in biosynthesis of flavonoid glycosides; ABA
INSENSITIVE 2 (ABI2) is a negative regulator in ABA activated
signal pathway; AUXIN-INDUCIBLE 2-27 (IAA5) is responsive to
auxin; TYROSINE AMINOTRANSFERASE 3 (TAT3) is responsive
to JA. Some other relevant genes such as F3′H could not be
included as their sequence data (CDS) was not yet available for
V. faba. Total RNA was extracted using TRIzol™ reagent
(Thermo Fisher Scientific, Waltham, MS, USA) according to
the manufacturer’s instructions. The concentration of RNA
was
determined
using
a
NanoDrop
ND-1000
Spectrophotometer (Thermo Fisher Scientific), and the integrity of RNA was assessed on a 1% agarose gel. Each sample
containing 2 µg of RNA was first treated with DNase I (Thermo
Fisher Scientific) to eliminate genomic DNA contamination
and then the RNA reverse-transcribed to cDNA using RevertAid
Reverse Transcriptase (Thermo Fisher Scientific) and oligo
(dT)20 primers. The Arabidopsis thaliana sequences of 13
initially selected genes obtained from The Arabidopsis
Information Resource (TAIR) were used to find homologous
genes in the Medicago truncatula Gaertn sequence database
(LegumeIP, The Samuel Roberts Noble Foundation, Ardmore,
OK, USA) using BLAST. Gene sequences from M. truncatula
were subsequently used to find the homologous genes in
V. faba by blasting against a developing Trinity assembly of
transcripts derived from RNAseq of a mapping population
(Frederick Stoddard, Jaakko Tanskanen, Alan Schulman,
unpublished data). Primers for the available genes in V. faba
were designed using Primer 3,33 and the melting curve was
checked for each pair of primers before they were used in
q-PCR. ESI Table 2† shows the primer sequence and gene
information. The q-PCR was conducted in a CFX384 Touch™
Real-Time PCR Detection System (Bio-Rad Laboratories, Inc.,
USA) using FIREPol® EvaGreen® q-PCR Mix Plus (Solis
Biodyne, Tartu, Estonia). All samples collected from each replicate block were run on the same 384-well plate as 10 µl PCR
reactions in triplicate. The cycle thresholds were determined
using Bio-Rad CFX Manager and were imported into qbasePLUS
2.0 (Biogazelle, Belgium), where two reference genes (CYP2
and ELF1A)34 were used to normalize the q-PCR data. The
reference genes had an average geNorm expression value M =
0.9 and coeﬃcient of variation (CV) = 0.2. After normalization,
expression values were scaled to the average expression values
of the specific run,35 log10-transformed and exported from
qbasePLUS for statistical analyses in R-3.5.0.36
Statistical analysis
Linear mixed models with blocks as random eﬀects (LME)
were fitted using the NLME package37 in R-3.5.0.36 Factorial
analysis of variance (ANOVA) was used to assess the significance of main eﬀects of the factors, filter treatment and accession, and their interaction. When the ANOVA indicated interaction ( p < 0.05), response to filter treatments within each of
the two accessions was assessed by splitting the data by accession before fitting simpler models separately. When the filter
treatment was significant ( p < 0.05), the individual eﬀects of
short UV (290–350 nm), long UV (350–400 nm) and blue radi-
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ation (400–500 nm) were assessed through selected contrasts
using the fit.contrasts() function from the package gmodels,38
and p-values were later adjusted using p.adjust() function. The
contrast between filter “>290 nm” and filter “>350 nm” was
used as to test for the eﬀect of short UV radiation, that
between filter “>350 nm” and filter “>400 nm” for the eﬀect of
long UV radiation, and finally that between filter “>400 nm”
and filter “>500 nm” for the eﬀect of blue light.
Diﬀerences in the profiles of flavonoid derivatives were
assessed by principal component analysis (PCA) using prcomp
() function from package stats of core R. Data used for PCA
were log2 transformed molar concentrations (µmol g−1) to
ensure normal distribution. Figures were drawn using the
package ggfortify and ggplot2 in R-3.5.0.39

Results
Plant growth and physiological traits
The Andean-origin accession ILB938 had taller plants ( p =
0.0004) and greater leaf dry weight ( p < 0.0001) than the
Swedish cultivar Aurora under all filter treatments. The exclusion of blue light increased plant height ( p < 0.0001) and leaf
area ( p = 0.034) in both accessions (Fig. 2a and b). The main
eﬀect of accession was significant for photosynthetic rate ( p =
0.0102), chlorophyll fluorescence ( p = 0.0151) and stomatal
conductance gs ( p = 0.0001) (Fig. 2d–f ), while the interaction
between accession and filter treatment was not significant for
these three parameters. Under all filter treatments, Aurora had
higher stomatal conductance than ILB938. The chlorophyll
concentration per unit area estimated with Dualex was 7%
higher in Aurora than in ILB938 ( p = 0.0019).
Phenolic metabolites
In non-destructive measurements, the adaxial leaf surface had
higher estimated flavonoid concentration per unit area than
the abaxial surface ( p < 0.0001). Blue ( p < 0.0001) and short
UV light ( p < 0.0001) enhanced phenolic content per unit area
in both surfaces. The induction eﬀects of blue and short UV
light were observed at all leaf growth stages (ESI Fig. 5†).
In destructive HPLC analysis, a total of 24 individual phenolic compounds (19 flavonoid derivatives and 5 phenolic acids)
were identified in leaf samples at the end of the experiment
(Table 2 and ESI Table 3†). Quercetin glycosides were the main
flavonoids (Fig. 3). Total kaempferol (sum of kaempferol glycosides) concentration was not aﬀected by filter treatments in
either of the two accessions ( p = 0.59) (Fig. 3). The mass concentration (µg g−1) of kaempferol glycosides was higher in
Aurora (p = 0.016), but no diﬀerence between accessions was
found with molar concentration (p = 0.77) (ESI Fig. 6†). The two
accessions were separated clearly in the first principal component (PC1) (Fig. 4), which explained 58% of the variation and
highlighted their diﬀerent profiles of kaempferol glycosides. In
ILB938, the kaempferol glycosides were mainly mono-glycoside
and di-glycosides, whereas in Aurora, they were mainly tri-glycosides and a tetra-glycoside. Moreover, acetylated kaempferol
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Fig. 2 Growth and physiological traits of plants of accessions aurora and ILB938 of V. faba grown in sunlight under four ﬁlters. a. Height of the
seedlings at 30 d after emergence; b. leaf area at 30 d after emergence; c. leaf dry weight 30 d after emergence; d. leaf photosynthesis rate
measured by gas exchange at 29–30 d; e. leaf chlorophyll ﬂuorescence; f. abaxial leaf stomatal conductance measured with porometer. All values
are means ± SE of four replicate blocks, 163 measured plants for a, b, c, f; 96 measured plants for d, e.

glycosides were at higher concentration in Aurora (Fig. 4).
Eﬀects of filter treatments on kaempferol compounds were not
separated by PCA, which is in accordance with ANOVA.
The variation among replicates for total quercetin (sum of
quercetin glycosides) concentration was higher in ILB938 than
in Aurora ( p < 0.001, Fig. 3), primarily due to the greater standard deviation of Q2-3 (Quercetin-3-O-rhamnoglucoside) in
ILB938 (Fig. 5). Short UV radiation increased total quercetin
concentration ( p = 0.001) in Aurora, while the response of total
quercetin in ILB938 to the filter treatments was not statistically
significant due to the large variation caused by Q2-3. Two of
the quercetin glycosides quantified in Aurora were not
detected in ILB938: Q2-4 (acetyl) (quercetin-3-O-acetyl-galactoside-7-O-rhamnoside) and Q3-3 (quercetin-3-O-rhamnoglucoside-7-O-rhamnoside). The PCA for quercetin glycosides separated the two accessions in PC1, which accounted for 49% of
the variation (Fig. 5). In Aurora, “>290 nm” filter and
“>500 nm” filter were clearly discriminated in PC1 due to the
responses of Q2-2, Q2-4 (acetyl), Q3-2 and Q3-3 (they had
absolute rotation values around 0.5 in PC1, Table 2). In
ILB938, filter treatments were separated in the second princi-
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pal component (PC2), which explained 24% of the variation.
Q2-1 and Q3-4, having absolute rotation values of 0.634 and
0.625 respectively in PC2, responded significantly to both blue
and short UV light in ILB938. Quercetin glycosides responded
to filter treatment dependent on their glycosylation pattern. In
Aurora, the concentration of Q2-2 (quercetin-3-O-rhamnoside7-O-galactoside) increased with short UV radiation, while those
of Q3-2 (quercetin-3-O-rhamnogalactoside-7-O-rhamnoside)
and Q3-3 (quercetin-3-O-rhamnoglucoside-7-O-rhamnoside)
increased with blue light (Fig. 5 and Table 2). In ILB938, in
contrast, the concentrations of Q2-1 (quercetin-3-O-rhamnoside-7-O-rhamnoside) and Q3-4 (quercetin-3-O-rhamnorahmnogalactoside) increased with both short UV and blue light
(Fig. 5 and Table 2). Five phenolic acids were found in leaf
samples, out of which two could not be identified (Table 2 and
ESI Table 3†). Filter treatments did not aﬀect total phenolic
acid concentration in either accession ( p = 0.168) (Fig. 6). Of
the individual phenolic acids, blue light induced sinapoylglucoside in both accessions ( p = 0.002), while short UV
increased the concentration of unknown2 in both accessions
( p = 0.033) (Fig. 6 and Table 2).
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Table 2 Flavonoid and phenolic acid compounds identiﬁed by HPLC-MSn in the leaves of accessions Aurora and ILB938 of V. faba, abbreviation for
the compounds, signiﬁcances of the main eﬀects of accession and ﬁlter as well as of the interaction of accession and ﬁlter, and weightings in principal component analysis (PC1 and PC2). All ﬂavonoid compounds are arranged sequentially by molecular mass

Compound name

Accession ×
filter
interaction
Abbreviationa (p)

Accession
eﬀect (p)

Filter
eﬀect
(p)

Kaempferol-3-O-rhamnoside

K1-1

0.876

A ≈ I (0.258)

0.088

Kaempferol-3-O-arabinoside-7-O-rhamnoside

K2-1

0.224

A ≪ I (<0.0001) 0.556

Kaempferol-3-O-rhamnoside-7-O-rhamnoside
Kaempferol-3-O-galactoside-7-O-rhamnoside

K2-2
K2-3

0.943
0.550

A < I (<0.0001) 0.131
A < I (0.009)
0.350

Kaempferol-3-O-rhamnoglucoside
Kaempferol-3-O-acetyl-galactoside-7-O-rhamnoside
Kampferol-3-O-rhamnoarabinoside-7-O-rhamnoside
Kaempferol-3-O-rhamnogalactoside-7-O-rhamnoside

K2-4
K2-5(acetyl)
K3-1
K3-2

0.338
0.204
0.956
0.448

A > I (0.001)
A > I (<0.0001)
A ≫ I (<0.0001)
A > I (<0.0001)

Kaempferol-3-O-rhamnoglucoside-7-O-rhamnoside

K3-3

0.392

A ≫ I (<0.0001) 0.306

Diﬀerent filter eﬀect in
two accession (p)
Short UV

Blue

0.025
0.258
0.982
0.336

K3-4(acetyl)

0.463

A ≫ I (<0.0001) 0.365

K4-1

0.435

A > I (0.011)

0.326

Q2-1
Q2-2
Q2-3
Q2-4(acetyl)

0.0003
0.0002
0.907

<0.0001 <0.0001 (I) 0.0079 (I)
0.0005 0.0287 (A)
0.747
0.196

Quercetin-3-O-rhamnoarabinoside-7-O-rhamnoside
Quercetin-3-O-rhamnogalactoside-7-O-rhamnoside
Quercetin-3-O-rhamnoglucoside-7-O-rhamnoside

Q3-1
Q3-2
Q3-3

0.474
0.008

Quercetin-3-O-rhamnorhamnogalactoside
Caﬀeoyl-glucoside
Feruloyl-glucoside
Sinapoyl-glucoside

Q3-4

0.018
0.001
0.028
0.113

A < I (<0.0001)
A ≫ I (<0.0001)
A ≈ I (0.051)
Not detected
in I
A ≈ I (0.081)
A > I (<0.0001)
Not detected
in I
A > I (0.026)
A < I (0.0005)
A > I (0.0006)
A > I (0.005)

0.908
0.106

A > I (0.004)
A ≈ I (0.362)

0.153
0.004

Kaempferol-3-O-acetyl-rhamnogalactoside-7-Orhamnoside
Kaempferol-3-O-rhamnoglucoside-7-O-rhamnoside4′-rhamnoside
Quercetin-3-O-rhamnoside-7-O-rhamnoside
Quercetin-3-O-rhamnoside-7-O-galactoside
Quercetin-3-O-rhamnoglucoside
Quercetin-3-O-acetyl-galactoside-7-O-rhamnoside

Unknown 1
Unknown 2

0.558
0.002
0.002
0.002
0.720
0.080
0.0004

PC1

PC2

0.088 —
0.683
−0.377 —
0.098
−0.311 0.006
−0.159 —
0.551
0.280 0.056
0.313 0.188
0.363 0.143
0.268 —
0.326
0.378 —
0.054
0.371 —
0.066
0.258 —
0.219
0.131 0.634
−0.475 0.052
0.060 0.402
−0.409 0.135

−0.322 0.081
0.0183 (A) −0.477 0.132
0.0285 (A) −0.496 —
0.003
<0.0001 (I) 0.0001 (I)
0.096 0.625
0.002
(A & I)
0.033
(A & I)

a
The first number in the label stands for the number of sugars attached to the aglycone, and when “acetyl” is in the label, the compound is acetylated.
The p values for interaction between accession and filter, main eﬀect of accession and filter are shown. Significant interactions (p < 0.05), overall treatment
eﬀects (p < 0.01), and eﬀects of solar short UV and blue light (p < 0.01) are shown in bold. Accession legend: A (Aurora), I (ILB938). When accession eﬀect
is significant (p < 0.05), “>”, “<” are used to indicate in which accession the compound has higher concentration. “≈” is used when accession eﬀect is not
significant. “≫”and “≪” are used when the diﬀerence between accessions was greater than or equal to 5 fold. The rotation value for PC1 and PC2 are
listed for each compound. The rotation value around 0.5 or more than 0.5 are shown in bold.

Gene transcript abundance
The lack of significant interaction (accession × filter-treatment)
in our data indicated that transcript abundance of all seven
genes was not diﬀerentially aﬀected by the filter treatments in
Aurora and ILB938 (Fig. 7). However, ANOVA detected significant main eﬀects of accession for all these genes, and of the
filter treatment for HY5 and TAT3 (Fig. 7). After 30 d of
exposure to blue light, stable transcript levels of genes involved
in light signaling (HY5, p = 0.007) and JA signaling (TAT3, p =
0.0548) increased in both accessions. For all seven investigated
genes, transcript abundance was higher in Aurora than in
ILB938 under all filter treatments (Fig. 7). For example, the
two largest mean diﬀerences between the two accessions
across treatments were 132-fold in CHS, an enzyme involved
early in the flavonoid pathway, and 30-fold in DOGT1, an
enzyme reported to be involved in glucosylation at position 7
of flavonoid aglycones (Fig. 7).40
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Discussion
Both short UV and blue radiation induced phenolic accumulation in the leaves of two V. faba accessions by increasing the
concentration of quercetin glycosides, while long UV radiation
showed no significant eﬀect. The induction of flavonoids by
short UV and blue light was validated by Dualex measurements
throughout the experiment. In our experiment, quercetin glycosides were the main flavonoids in Aurora and ILB938,
whereas kaempferol glycosides were the main flavonoids in
the leaves of German winter (Hiverna and Nordica) and spring
(Fuego and Espresso) cultivars of V. faba grown under greenhouse conditions, with quercetin having a relatively minor
role.32 The diﬀerences may be due to the absence of UV treatment in the earlier experiment and/or genetic diﬀerences
between the tested germplasm. The role of blue light in
increasing the concentration of flavonoids in the epidermis
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Fig. 3 Whole-leaf molar concentrations (μmol g−1) of total kaempferols
and quercetins per unit leaf dry mass in plants of accessions aurora and
ILB938 of V. faba grown in sunlight under four ﬁlters. All values are
means ± SE of four replicate blocks, 163 sampled plants in total.

and the whole leaf under natural light has been previously
described in pea (Pisum sativum L.),41 a close relative of V. faba.
In the present study, solar short UV radiation increased the flavonoid concentration in whole leaves even more than solar
blue light. Similarly, a strong UV response in flavonoid concentration was observed in controlled environment in cabbage
(Brassica oleracea L. var. capitata)42 and under natural solar
radiation in A. thaliana.43,44
Flavonoid profiles and glycosylation diﬀered greatly
between the two accessions. Glycosylation of flavonoids by
UDP-Glycosyltransferases (UGTs) regulates flavonoid homeostasis by modifying the solubility, stability and antioxidant
potential, as well as changing compartmentalization.45 Our
data revealed consistently higher expression of DOGT1 in
Aurora, implying higher glycosylation activity, which may
explain the observation that the kaempferol glycosides in this
accession had more sugar residues than those in ILB938. The
diﬀerent accession eﬀects on mass and molar concentration of
total kaempferol confirmed the diﬀerent glycosylation pattern
in the two accessions. This diﬀerence is important, and highlights that mass concentrations as used in many earlier
studies of UV radiation eﬀects on plants46 cannot be directly
compared to the functionally more relevant molar concentrations. Short UV radiation and blue light significantly
changed the profile of quercetin derivatives in the two accessions with distinct response patterns: in Aurora, the concentration of a di-glycoside increased in response to short UV radiation whereas the concentrations of two tri-glycosides
increased in response to blue light; in ILB938, concentrations
of a diﬀerent di-glycoside and two tri-glycosides increased in
response to both short UV radiation and blue light. These
diﬀerences could aﬀect the antioxidant capacity in the plant. A
genotype eﬀect on flavonoid profile has been previously
observed in B. oleracea and B. rapa.31 In contrast to quercetin,
filter treatments did not aﬀect the kaempferol profile in the
present experiment. No eﬀect of accession or filter treatment
was detected for total phenolic acid concentration, and as this
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concentration was only 2% of that of flavonoids, these acids
could have played at most a minor role in UV protection in the
current experiment.
While most previous research on gene regulation in
response to UV radiation and blue light has been with short
term treatments in controlled environments, our data,
measured after 30 d of sunlight exposure, demonstrate that
regulation of gene expression by blue light can be observed
after longer treatments outdoors. Solar blue light, but not UV
radiation, induced the expression of HY5, which is a wellknown positive transcription factor in photomorphogenesis,
activated by short-term exposure of plants to blue light
through cryptochromes and by short-term exposure to UV-B
radiation through UVR8.16,17 Our study shows that this
response of HY5 to blue light also takes place outdoors after
30 d of exposure to sunlight. In contrast, lack of response of
HY5 to 30 d of exposure to solar UV radiation suggests that
transcriptional response to UV was transient. Blue light also
increased the transcript level of jasmonic acid (JA) responsive
gene TAT3, indicating that long-term exposure to solar blue
light may modulate the JA signaling pathway. This crosstalk
has been observed in A. thaliana, mediated through transcription factor AtMYC2.47 In contrast, eﬀects of UV radiation or
blue light on transcript abundance of CHS and CHI were not
detected after 30 d of filter treatment while the total molar
concentration of flavonoids increased, suggesting that the
increase in expression of these genes may have also been transient. It is also possible that responses to other factors such as
time of day may have masked the eﬀect of the filter treatments
on these genes.48 Although most light-induced responses in
plants are regulated at the level of transcription,11 we cannot
exclude the possibility that responses of the genes studied (e.g.
HY5) are also regulated at post-transcriptional, translational or
post-translational levels.
For all seven genes investigated, chosen a priori as markers
for responses to UV radiation and blue light, the transcript
abundance was higher in Aurora than in ILB938, but the size
of the diﬀerence varied among genes. As transcript abundance
values for these seven genes were normalized to those of
housekeeping genes, the increase in abundance indicates that
these seven genes were diﬀerently regulated in the two accessions. Because the accessions were compared under Nordic UV
conditions, higher expression of these genes in Aurora could
reflect adaptation to lower “basal” UV exposures than ILB938.
The large diﬀerence in transcript abundance of the gene
DOGT1 coding for a glucosylation enzyme may help explain
the larger number of sugar moieties attached to kaempferol in
Aurora than in ILB938.40 IAA5 is an auxin-inducible transcription repressor49 and its lower transcript abundance in ILB938
than in Aurora may be one reason for the greater height of
ILB938. The diﬀerence in normalized transcript abundance
between the two accessions is probably related to the diﬀerent
UV exposures at their regions of origin, as only small diﬀerences in mean temperature exist between these regions and
the temperature during the experiment was also similar to this
temperature.
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Fig. 4 Kaempferol proﬁles of accessions aurora and ILB938 of V. faba grown in sunlight under four ﬁlters. Top, molar concentrations (μmol g−1) of
individual kaempferol glycosides per unit leaf dry mass. Values are means ± SE of four replicate blocks, 163 sampled plants in total. Bottom, principal
component analysis (PCA) of the kaempferol glycoside proﬁle. The ellipses show 0.95 conﬁdence regions assuming bivariate t distribution. The ﬁrst
two principal components together explain 70% of the variance. All kaempferol compounds are shown with their labels. The corresponding compound names and their rotation values for PC1 and PC2 are shown in Table 2.

In the present experiment, Aurora had higher photosynthesis
rate, chlorophyll fluorescence and stomatal conductance than
ILB938. Similarly, a previous comparison of eight accessions of

This journal is © The Royal Society of Chemistry and Owner Societies 2019

V. faba showed higher stomatal conductance in drought-sensitive
Aurora than in drought-tolerant ILB938.50 No eﬀect of UV radiation was detected in growth and physiological traits, while blue
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Fig. 5 Quercetin proﬁles of accessions aurora and ILB938 of V. faba grown in sunlight under four ﬁlters. Top, molar concentrations (μmol g−1) of
individual quercetin glycosides per unit leaf dry mass. Values are means ± SE of four replicate blocks, 163 sampled plants in total. Bottom, principal
component analysis (PCA) of the quercetin glycoside proﬁle. The ellipses show 0.95 conﬁdence regions assuming bivariate t distribution. The ﬁrst
two principal components together explain 72% of the variance. All quercetin compounds are shown with their labels. The corresponding compound names and their rotation values for PC1 and PC2 are shown in Table 2.

light decreased plant height and leaf area in both accessions.
This observation is consistent with the well-established eﬀect of
blue light on inhibiting hypocotyl elongation mediated by crypto-

Photochem. Photobiol. Sci.

chromes.51 Our results also agree with an outdoor experiment
with pea showing that solar blue light was more eﬀective than UV
radiation in reducing plant height and leaf area.41
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Fig. 6 Phenolic acids in plants of accessions aurora and ILB938 of V. faba grown in sunlight under four ﬁlters. Whole-leaf molar concentrations
(μmol g−1) of total phenolic acids and molar concentration of individual phenolic acid compounds. All values are means ± SE of four replicate blocks,
163 sampled plants in total.

Fig. 7 Normalized relative transcript abundance scaled to average expression of all genes in each run: HY5, CHS, CHI, DOGT1, ABI2, IAA5 AND TAT3
in plants of accessions aurora and ILB938 of V. faba grown in sunlight under four ﬁlters. Values are plotted on a logarithmic scale with mean ± SE of
four replicate blocks, 163 sampled plants in total, computed using log10 transformed data. Short UV (290–350 nm) eﬀect was assessed by comparing “>290 nm” and “>350 nm”; long UV (350–400 nm) eﬀect was assessed by comparing “>350 nm” and “>400 nm”; blue light eﬀect was assessed
by comparing “>400 nm” and “>500 nm”. The numbers above the horizontal bars indicate the p-value for signiﬁcant diﬀerences between pairs of
ﬁlter-treatments. The numbers in the lower left corner give the p-values for the main eﬀects of accession and ﬁlter treatment and the interaction
between accession and ﬁlter treatment, from anova.”
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In general, our results showed significant diﬀerences in
growth, physiological traits and flavonoid profiles between the
two accessions. We also report, for the first time in V. faba,
consistent diﬀerence of relative transcript abundance between
two accessions on genes involved in light signaling (HY5), biosynthesis of flavonoid glycosides (CHS, CHI, and DOGT1) and
responses to hormones (ABI2, IAA5 and TAT3). A significant
eﬀect of solar blue light, but not of UV radiation, was detected
on growth traits and transcript abundance in 30 d-old plants,
possibly as a result of acclimation to solar UV light at an early
stage of plant development. Flavonoid profiles were very
diﬀerent in the two accessions, but this was not reflected in
their growth response to UV. Both solar short UV radiation and
blue light increased the concentration of flavonoids,
suggesting that blue light responses could have contributed to
plants’ tolerance of exposure to solar UV radiation.
The huge diﬀerence in elevation and latitude leads to distinct UV exposure between the two habitats where the ancestors of the two accessions evolved over several centuries. This
can be expected to lead to diﬀerential adaptation in many
characters including the responses to solar UV and blue light
observed in our study. Further tests for diﬀerential adaptation
to contrasting UV environments will require the screening of
more accessions from both types of environment.
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Supplementary figure 1. The photon ratio between the estimated yearly maximum spectral irradiances of sunlight in the Andean
region of Ecuador and in southern Sweden at solar noon under clear sky conditions, calculated with Quick TUV Calculator (see
Methods for details).

Supplementary figure 2. Photosynthetically active radiation (PAR) daily photon exposure throughout the experiment. “Ambient” is
unfiltered sunlight, included here for comparison to the filter treatments used. Calculated as described in Methods.

1

Supplementary figure 3. Photosynthetically active radiation (PAR) mean hourly photon irradiance during the last day of the
experiment, when leaves were sampled for metabolite and gene transcript measurements. “Ambient” is unfiltered sunlight,
included here for comparison to the filter treatments used. Calculated as described in Methods.

Supplementary figure 4. Mean hourly photon irradiance for selected regions of the solar spectrum during the last day of the
experiment, when leaves were sampled for metabolite and gene transcript measurements. a. Blue light (400–500 nm); b. UV-B
(290–315 nm); c. UV-A1 (315–340 nm); d. UV-A2 (340–400 nm). “Ambient” is unfiltered sunlight, included here for comparison to
the filter treatments used. Calculated as described in Methods.
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Supplementary figure 5. Absorbance of epidermal flavonoids per unit area in plants of accessions Aurora and ILB938 of V. faba
grown in sunlight under four filters, assessed with Dualex on four dates (14 d, 19 d, 24 d and 29 d after plant emergence). At each
date, the youngest fully expanded leaf was measured for the first time, and all leaves measured on previous dates were measured
again. Stage 1 = full expansion, Stage 2 = full expansion + 5 d, Stage 3 = full expansion + 10 d, and Stage 4 = full expansion + 15 d.
Means (±SE) of replicate blocks, 163 measured plants in total. Labels at the top of the panel columns indicate different leaf growth
stage. The youngest expanded leaves measured for the first time on the last date were harvested on the next day for phenolic
analysis by HPLC.

Supplementary figure 6. Comparison of total kaempferol mass concentration and molar concentration in plants of accessions
Aurora and ILB938 of V. faba grown in sunlight under four filters. All values are means ±SE of four replicate blocks, 163 sampled
plants in total.
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Supplementary table 1. Estimated yearly maximum UV-B, UV-A and PAR irradiance, UVA:PAR, UVB:PAR ratio and
biologically effective UV irradiances calculated with five BSWFs for the Andean region of Ecuador and for
southern Sweden where accessions ILB938 and Aurora of V.faba originated.
Location

UVB (μmol m-2s-1)

UVA (μmol m-2s-1)

PAR (μmol m-2s-1)

UVB:PAR

Ecuadorian Andes

7.6

208

2270

0.33%

Southern Sweden

3.5

150

1800

0.20%

Location

UVA:PAR

GEN(G) (W m-2s-1)

FLAV (W m-2s-1)

DNA(P) (W m-2s1)

Ecuadorian Andes

9.2%

0.75

1.3

2.0

Southern Sweden

8.4%

0.25

0.6

1.1

Estimated UVB, UVA and PAR radiation, UVA:PAR, UVB:PAR ratio and biologically effective UV doses for Ecuador
and Southern Sweden using BSWFs (biological spectral weighting functions). GEN(G) is the generalized plant
action spectrum of Caldwell 1971 with Green's formulation. FLAV is the action spectrum for the accumulation of
the flavonoid mesembryanthin in Mesembryanthemum crystallinum. DNA(P) is the action spectrum for DNA
damage in alfalfa (Medicago sativa) seedlings. All spectra were normalized at 300 nm.

Supplementary table 2. Genes chosen for q-PCR analysis, primers designed to quantify these genes, and a brief
description of gene function.
Primers

Sequence (5ʹ → 3ʹ)

Gene name

Description of gene function

HY5 for
HY5 rev

GAGGGAGAGGAAAAAGGCATA
GCTCGCAGTTGTGTTCTTCA

elongated hypocotyl5

CHS for
CHS rev

CAGAGGCTGAGTCTGCAGTT
GCCAGACTCTGTTTTGCTGC

chalcone synthase

CHI for
CHI rev

CCGTTCCACCAGCAAAACAG
GCCAGACTCTGTTTTGCTGC

chalcone isomerase

DOGT1 for
DOGT1 rev

GGTTGGGCTCCTCAGTTGTT
GGCCATGTAACCATTGGCAC

don-glucosyltransferase
1

Encodes basic leucine zipper (bZIP)
transcription factor, involved in lightregulated transcriptional activation.
Encodes chalcone synthase, a key
enzyme in biosynthesis pathway of
flavonoids
Encodes chalcone isomerase, which
catalyzes the conversion of chalcone
to flavanones
Encodes a DON-Glucosyltransferase,
having quercetin glucosyltransferase
activity

ABI2 for
ABI2 rev

AGAGGACTGACAGTGAAATCGAA
GTTTGAGTCCTGCGGCAAAG

aba insensitive 2

Encodes a protein phosphatase 2C
that negatively regulates the abscisic
acid-activated signalling pathway

IAA5 for
IAA5 rev

AGGATGGTGATTGGATGCTC
TTTCCATAGCTCGAGGTGCT

auxin-inducible 2-27

TAT3 for
TAT3 rev

CAGCAAAAATGCTTGGAACA
CTCCCATAGGCACAAAAGGA

tyrosine
aminotransferase 3

Reference
genes
CYP2 for
CYP2 rev
ELF1A for
ELF1A rev

Encodes a transcription factor
involved in the auxin-activated
signaling pathway
Encodes a tyrosine aminotransferase
that responds to jasmonic acid and
wounding

TGCCGATGTCACTCCCAGAA
CAGCGAACTTGGAACCGTAGA
GTGAAGCCCGGTATGCTTGT
CTTGAGATCCTTGACTGCAACATT

cyclophilin 20-3
eukaryotic elongation
factor 1-alpha

4

Supplementary table 3. Flavonoid and phenolic acid compounds identified by HPLC-MSn in the
leaves of accessions Aurora and ILB938 of V. faba, retention times (RT), molecular masses (M+1).
Compound name

RT (min)

M+1 (g mol-1)

Kaempferol-3-O-rhamnoside

26.46

432.386

Kaempferol-3-O-arabinoside-7-O-rhamnoside

16.14

564.616

Kaempferol-3-O-rhamnoside-7-O-rhamnoside

19.63

578.543

Kaempferol-3-O-galactoside-7-O-rhamnoside

13.71

594.542

Kaempferol-3-O-rhamnoglucoside

19.05

594.542

Kaempferol-3-O-acetyl-galactoside-7-O-rhamnoside

20.29

636.592

Kampferol-3-O-rhamnoarabinoside-7-O-rhamnoside

14.38

710.773

Kaempferol-3-O-rhamnogalactoside-7-O-rhamnoside

10.2

740.699

Kaempferol-3-O-rhamnoglucoside-7-O-rhamnoside
Kaempferol-3-O-acetyl-rhamnogalactoside-7-Orhamnoside
Kaempferol-3-O-rhamnoglucoside-7-O-rhamnoside-4’ rhamnoside

10.7

740.699

16.46

782.761

9.65

886.855

Quercetin-3-O-rhamnoside-7-O-rhamnoside

15.55

594.549

Quercetin-3-O-rhamnoside-7-O-galactoside

12.03

610.549

Quercetin-3-O-rhamnoglucoside

19.05

610.549

Quercetin-3-O-acetyl-galactoside-7-O-rhamnoside

17.6

652.598

Quercetin-3-O-rhamnoarabinoside-7-O-rhamnoside

13.07

726.779

Quercetin-3-O-rhamnogalactoside-7-O-rhamnoside

8.85

756.705

Quercetin-3-O-rhamnoglucoside-7-O-rhamnoside

9.21

756.705

11.21

756.705

Caffeoyl-glucoside

5.53

342.300

Feruloyl-glucoside

7.51

386.353

Sinapoyl-glucoside

7.11

356.327

Unknown1

6.49

595

Unknown2

6.77

595

Quercetin-3-O-rhamnorhamnogalactoside
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Background and aims: UVB radiation can rapidly induce gene regulation leading to cumulative changes for plant
physiology and morphology. We hypothesized that a transgenerational eﬀect of chronic exposure to solar short
UV modulates the oﬀspring’s responses to UVB and blue light, and that the transgenerational eﬀect is genotype
dependent.
Methods: We established a factorial experiment combining two Vicia faba L. accessions, two parental UV
treatments (full sunlight and exclusion of short UV, 290−350 nm), and four oﬀspring light treatments from the
factorial combination of UVB and blue light. The accessions were Aurora from southern Sweden, and ILB938
from Andean region of Colombia and Ecuador.
Key results: The transgenerational eﬀect inﬂuenced morphological responses to blue light diﬀerently in the two
accessions. In Aurora, when UVB was absent, blue light increased shoot dry mass only in plants whose parents
were protected from short UV. In ILB938, blue light increased leaf area and shoot dry mass more in plants whose
parents were exposed to short UV than those that were not. Moreover, when the oﬀspring was exposed to UVB,
the transgenerational eﬀect decreased in ILB938 and disappeared in Aurora. For ﬂavonoids, the transgenerational eﬀect was detected only in Aurora: parental exposure to short UV was associated with a greater induction
of total quercetin in response to UVB. Transcript abundance was higher in Aurora than in ILB938 for both
CHALCONE SYNTHASE (99-fold) and DON-GLUCOSYLTRANSFERASE 1 (19-fold).
Conclusions: The results supported both hypotheses. Solar short UV had transgenerational eﬀects on progeny
responses to blue and UVB radiation, and they diﬀered between the accessions. These transgenerational eﬀects
could be adaptive by acclimation of slow and cumulative morphological change, and by early build-up of UV
protection through ﬂavonoid accumulation on UVB exposure. The diﬀerences between the two accessions
aligned with their adaptation to contrasting UV environments.

1. Introduction
For plants, light is not only an energy source for photosynthesis but
also a source of information that modulates growth and development
(Aphalo and Ballare, 1995; Chen et al., 2004). Diﬀerent wavebands of
sunlight are perceived through diﬀerent families of photoreceptors.
Phytochromes mediate perception of red and far-red light (Smith,
2000), while cryptochromes (CRY), phototropins and members of the
ZTL/FKF1/LKP2 family mediate perception of UVA and blue light (Lin,

⁎

2000; Pudasaini and Zoltowski, 2013). UVR8 (UV RESISTANCE
LOCUS8) absorbs UVB and UVA and mediates UV acclimation in plants
(Brown and Jenkins, 2008; Rizzini et al., 2011; Morales et al., 2013; Rai
et al., 2019; Brelsford et al., 2019; Rai et al., 2020).
Plant UVB responses have been assessed using so called “low” ﬂuence rates (usually near but still above ambient levels in sunlight) or
“high” ﬂuence rates (well above ambient levels in sunlight) with
treatments spanning from seconds to days (Brown and Jenkins, 2008;
Christie et al., 2012; Hideg et al., 2013; Jansen et al., 2019). Most of
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Fig. 1. Scheme of experimental design for the present experiment (experiment in growth chambers). The two parental treatments derived from generation 1: they
were grown under two ﬁlter treatments in the ﬁeld. The current generation (generation 2) were exposed to four light treatments in growth chambers.

these studies have used an exaggerated UVB to photosynthetically active radiation (PAR) photon ratio. Chronic and acute exposure to UVB
radiation have been shown to induce diﬀerent responses through different underlying mechanisms (Ulm et al., 2004).
Acute and high doses of UVB can directly damage DNA and indirectly aﬀect programmed cell death as a result of massive production
of reactive oxygen species (ROS) that overwhelms the plant’s antioxidant capacity (Hideg et al., 2013; Li et al., 2013). In contrast,
chronic exposure to UVB radiation at ecologically relevant doses can
trigger acclimation by inducing increased antioxidant capacity and
optical shielding, for example through regulation of biosynthesis of
phenylpropanoids or ﬂavonoids (Hideg et al., 2013), inhibition of hypocotyl and stem elongation, or development of thicker leaves (Jansen,
2002; Favory et al., 2009; Wargent et al., 2009; Jenkins, 2014). Along
with UVB, both blue and UVA radiation stimulate the accumulation of
phenolic compounds (Fuglevand et al., 1996; Agati and Tattini, 2010)
and lead to more compact plant growth (de Wit et al., 2016). Blue and
UV radiation trigger morphological changes that are partially mediated
through changes in phytohormone metabolism and catabolism (Jansen,
2002; de Wit et al., 2016). In addition, blue light is the most eﬀective
part of the spectrum in inducing stomatal opening (Zeiger, 1984;
Dumont et al., 2013), while results on the eﬀect of UVB on this response
are inconsistent (Musil and Wand, 1993; Ge et al., 2014).
Flavonoid glycosides are phenolic compounds that predominantly
accumulate in the vacuoles of epidermal and sub-epidermal cells and
serve as a sunscreen that protects inner mesophyll cells from harmful
levels of UVB radiation (Harborne and Williams, 2000). Chalcone
synthase (CHS) is the ﬁrst enzyme in the biosynthetic pathway of ﬂavonoids, thus controlling the commitment of phenolic precursors to the
synthesis of ﬂavonoids instead of phenolic acids. Blue and UVA radiation increase the transcript abundance of CHS through CRY1 (Wade
et al., 2002), while UVB increases it through UVR8 (Favory et al.,
2009).
Evolutionarily, plant responses to light involve genetic diﬀerentiation from natural selection and phenotypic plasticity, which is the
ability for one genotype to produce diﬀerent phenotypes under various
environments (Sultan, 2000). Transgenerational plasticity occurs when
the environment experienced by the parents shapes the reaction norm
of their oﬀspring (Sultan, 1996; Thiede, 2006; Salinas et al., 2013;
Fenesi et al., 2014). It relates to non-genetic inheritance, deﬁned as
“any eﬀect on the oﬀspring phenotype brought about by the transmission of factors other than DNA sequences from parents or more remote ancestors” (Bonduriansky and Day, 2009). Transgenerational effects vary among genotypes in a species from diﬀerent environments
(Groot et al., 2017; Lampei et al., 2017), which implies that genetic
variation from natural selection could play a role in transgenerational

plasticity (Sultan, 2017).
Parental light environment (light vs. shade) has been reported to
aﬀect the life cycle of the oﬀspring in Campanulastrum americanum (L.)
Small (Galloway and Etterson, 2007). Given the rapid nature of UVB
sensing and regulation of UV responsive genes, Müller-Xing et al.
(2014) have questioned the existence of transgenerational UV eﬀects in
plants, but empirical evidence is lacking. An even less investigated
question is whether chronic exposure to solar UV radiation at ambient
doses would have a transgenerational eﬀect on the response to light of
the oﬀspring.
Plant response to UV has been investigated in crop species because
of its potential eﬀect on yield (Jia et al., 2009; Shinkle et al., 2010;
Kravets et al., 2012; Martínez-Lüscher et al., 2013), but these studies
have given little attention to transgenerational eﬀects of UV. Faba bean
(Vicia faba L.) is a legume crop domesticated at the western end of the
Fertile Crescent that spread from there across Eurasia, northern Africa
and eventually the Americas (Lawes et al., 1983; Caracuta et al., 2015).
At high elevation (around 3000 m) in the Andean region of Colombia
and Ecuador, plants are exposed to strong UV radiation, whereas at the
high latitude of southern Sweden, they receive relatively little UV radiation. Our previous study with two accessions of Vicia faba from these
two regions showed diﬀerential responses to solar UV and blue light,
including diﬀerent ﬂavonoid proﬁle and gene expression patterns (Yan
et al., 2019).
This study tested two hypotheses: chronic exposure of the parental
plant to solar short-UV aﬀects the progeny response to blue and UVB
radiation, and the response would diﬀer in the two accessions of Vicia
faba according to the UV environment in which they are adapted.

2. Materials and methods
2.1. Overview
To test our hypotheses, we conducted a factorial experiment combining two faba bean accessions, two parental treatments, and four
oﬀspring light treatments (Fig. 1). The accessions were Aurora, adapted
to high-latitude and low-altitude environments in Sweden, and ILB938,
adapted to the low-latitude and high-altitude Andean region of Colombia and Ecuador. Two UV treatments (full sunlight and exclusion of
short-UV, 290−350 nm) were applied to parental plants. Their progenies (+UVparental and –UVparental) were grown in a controlled environment under four light treatments from the factorial combination of
UVB and blue light.
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Table 1
Light conditions for parent plants under solar radiation in the ﬁeld and their oﬀspring in growth chambers. A. Photosynthetically active radiation (PAR, 400-700 nm),
blue (400 to 500 nm), UVA2 (340 to 400 nm), UVA1 (315 to 340 nm), UVB (280 to 315 nm). All values are shown as “min (mean) max”. B. The light condition at
peak PAR for 6 h and the UV-B lamps were turned on. The daily total PAR was 23.688 mol m−2 for all treatments. Values are mean ± standard error. The average
estimated biologically eﬀective UV doses for both experiments are shown in Supplemental table S4.
A. Light treatments for parental plants in the ﬁeld (experimental period: early May to early June of 2016).
Light treatment
+UVparental
–UVparental

PAR (mol m−2 day-1)
13.7 (41.88) 52.8
14.4 (42.70) 53.8

Blue (mol m−2 day-1)
2.85 (8.41) 10.56
2.91 (8.57) 10.76

UVA (mol m−2 day-1)
1.25 (3.32) 4.11
0.74 (2.01) 2.50

UVB (mmol m−2 day-1)
16.6 (45.9) 59.2
.008) 0.01

B. Light treatments for the oﬀspring in growth chambers.
Light treatment
1) UVB + Blue+
2) UVB + Blue−
3) UVB − Blue+
4) UVB − Blue−

PAR (μmol m−2 s-1)
631 ± 6.4
634 ± 6.6
639 ± 8.6
637 ± 9.0

Blue (μmol m−2 s-1)
95.5 ± 1.0
2.81 ± 0.03
96.7 ± 1.3
2.82 ± 0.04

2.2. Plant growth conditions and light treatments for parents
In a previous outdoor experiment (Yan et al., 2019), the two accessions were grown under either a “ > 290 nm” ﬁlter (UV transparent)
or a “ > 350 nm” ﬁlter (excluding short-UV, 290–350 nm) (Table 1A)
outdoors from 4 May to 13 June 2016, and transferred to the greenhouse before ﬂowering to complete seed production while avoiding
cross-pollination. Parental treatments could aﬀect embryo development
(Rohde and Junttila, 2007; Kvaalen and Johnsen, 2008), thus, moving
plants before ﬂowering also excluded the possible direct treatment effect on the embryo. The average condition in the greenhouse was 21 °C
air temperature, 70 % relative humidity, natural lighting (16–18 h from
sunrise to sunset), and the seeds were harvested on 20 August 2016. All
plants were assumed to be self-pollinated as the greenhouse excluded
pollinators. The progenies of plants grown under the “ > 290 nm” ﬁlter
were termed + UVparental, and those of plants grown under the “ > 350
nm” ﬁlter were termed –UVparental (Table 1A).
2.3. Plant growth conditions and light treatments for oﬀspring
The seeds were imbibed overnight in tap water, inoculated with
rhizobium (R. leguminosarum biovar vicieae, Elomestari OY, Tornio,
Finland), and sown into 1-L pots containing pre-fertilized nursery peat
(Kekkilä P6, Finland) and vermiculite (Vermipu, Finland) (2:1 by volume). Plants were watered regularly during the experiment.
The pots were arranged in a split-plot design, where the main plot
was assigned to four light treatments (Table 1B) and the sub-plots were
randomly allocated to the parental UV treatments and cultivars. The
seeds were sown into pots under the light treatments. In the reach-in
growth chambers (FitoClima D1200 PLLH, Aralab, Rio de Mouro, Portugal) the height of the rack was adjusted so that the top of the plants
was 15 cm below the light. The positions of pots under each light
treatment were rearranged twice a week to ensure a homogenous light
environment for plants under the same treatment.
The growing conditions were 21 °C and 70 % relative humidity
during the 14 h light phase and 16 °C and 60 % relative humidity during
the 10 h dark phase. The CO2 concentration was 400 μmol mol−1. The
PAR was set to simulate the natural light rhythm, gradually increasing
from 70 μmol m-2s−1 to 630 μmol m-2s-1 during 4 h from 7:00 AM,
maintained at 630 μmol m-2s−1 for 6 h, and then gradually decreasing
to 70 μmol m-2s−1 over 4 h. The PAR was provided by LED lights (B50
spectrum AP67, Valoya oy, Helsinki, Finland). Before plant emergence,
four light treatments were established with the factorial use of a plastic
sheet (Yellow acrylic, PLEXIGLAS 1C33 GT, Evonik, Germany) excluding blue light and special UVB-emitting 40 W ﬂuorescent tubes
(QUV UVB-313 EL ﬂuorescent lamp, Q-lab, Boston, UK) ﬁltered as described below to give four light treatments at peak PAR: 1) UVB + Blue
+; 2) UVB + Blue−; 3) UVB − Blue+; 4) UVB − Blue− (Table 1B,

UVA (μmol m−2 s-1)
5.89 ± 0.17
5.85 ± 0.17
3.10 ± 0.08
3.21 ± 0.15

UVB (μmol m−2 s-1)
3.19 ± 0.05
3.18 ± 0.06
0.007 ± 0.0032
0.004 ± 0.0014

Supplemental Table S4). The output of LEDs was adjusted so that the
PAR photon irradiance was the same for the four light treatments. For
all four treatments, the UVB lamps were turned on for 6 h when PAR
was at its maximum, while no UVB radiation was given for the rest of
photoperiod. Since UVB lamps also emit moderate amounts of UVA and
small amounts of UVC, they were wrapped with cellulose diacetate ﬁlm
(0.095 mm thick, Kotelo-Rauma oy, Rauma, Finland) to exclude UVC
radiation in treatments 1) and 2). Similarly, UVB lamps were wrapped
with polyester ﬁlm (0.125 mm thick, Autostat CT5, Thermoplast, Helsinki, Finland) to exclude both UVC and UVB in treatments 3) and 4).
The light conditions in all treatments were measured with an array
spectrometer (Maya2000 Pro, Ocean Optics, Largo, USA) using a
straylight-correction procedure (Ylianttila et al., 2005). The experiment
was replicated for four rounds, in which the positions of light treatments in the two chambers were rearranged, thus balancing the eﬀects
of lights and chambers. Each replicate round of the experiment lasted
28 days.
The estimated yearly maximum UVB irradiance is more than 50 %
higher in the Ecuadorian Andean region than in southern Sweden, and
solar UV radiation is much more eﬀective in Ecuador than in southern
Sweden (eﬀective irradiances of 0.75 W m−2 vs. 0.25 W m−2, using
GEN(G)) (Yan et al., 2019). In the present experiment, the GEN(G) irradiance was 0.55 W m−2. Thus, the UVB light condition was intermediate between the conditions at the places of origin of the two accessions.
2.4. Plant morphological and physiological measurements
Seed supplies and germination were unequal so the number of
plants in each subplot varied. For each parental UV treatment of each
accession, 1–5 plants under each light treatment (in 84 % of cases, there
were 2–3 plants) were used for morphological and physiological measurements (6–15 plants for four replicates; see Supplementary Data
Table S1 for details of sample size). Stem length and dry mass, leaf
number, leaf dimensions (length, width, area) and leaf dry mass were
measured 28 d after sowing. Dry mass was measured in samples dried at
75 °C for 4 d. Four to six leaves per plant were harvested and scanned
for leaf area measurement with imageJ (Rasband, 2008). Speciﬁc leaf
area (SLA) was calculated by dividing the area of these leaves by their
dry mass, and speciﬁc stem length (SSL) was calculated dividing stem
length by stem dry mass. An equation was ﬁtted to relate leaf area with
leaﬂet width and length (see “Statistical analysis”, below). For the unscanned leaves (leaﬂet width and length measured), leaf area was calculated by using the ﬁtted leaf area equation, and the corresponding
leaf dry mass was calculated by dividing leaf area by SLA. Total leaf
area per plant was estimated by multiplying average single leaf area
with average leaf number per replicate.
Dry matter ratios can bias estimates of dry matter allocation where
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treatments aﬀect plant size (Poorter and Sack, 2012), so the stem-toshoot dry mass ratio (Mstem/shoot) and leaf-to-shoot dry mass ratio
(Mleaf/shoot) were calculated.
The abaxial stomatal conductance was measured inside the growth
chambers with an automatic transit-time porometer (AP4, Delta-T
Devices, Cambridge, UK) 28 d after sowing, on two youngest fully expanded leaves per plant, and the average of the two was used for data
analysis. The measurements started 2 h after PAR reached its maximum, and the doors were opened only brieﬂy so disturbance of the
conditions inside the chambers was minimized.
The indices for leaf epidermis ﬂavonoid content (estimated by epidermal UVA absorbance 375 nm) and leaf chlorophyll index (estimated
based on transmittance in the far-red and near-infrared) were assessed
non-destructively with the Dualex Scientiﬁc+ device (Force-A ™, Paris,
France) (Cerovic et al., 2012) at the middle of the photoperiod 27 d
after sowing. Leaves at three positions were used for measurements: the
youngest fully expanded leaf, a middle leaf located at 50 % height of the
plant, and the bottom leaf.

The youngest two fully expanded leaves were harvested from each
plant (6–15 plants per light treatment per accession for four replicates),
taken into liquid nitrogen and stored at −80 °C until use. One leaf
sample was used for phenolic compound and hormone analysis and the
other for transcript abundance analysis. The samples were lyophilized
in a freeze dryer (Savant Modulyo® Freeze Dryer, Thermo Electron
Corporation, USA) and ground to powder in a porcelain mortar.
Flavonoids were analysed as previously described (Yan et al., 2019).

which is involved in the shade avoidance syndrome.
RNA extraction and cDNA synthesis were done as previously described (Yan et al., 2019). The sequences of thirteen initially selected
genes from Arabidopsis thaliana (L.) Heynh. obtained from The Arabidopsis Information Resource (TAIR) were used to BLAST the homologous genes in the Medicago truncatula Gaertn. sequence database
(LegumeIP, The Samuel Roberts Noble Foundation, Ardmore, OK, USA).
The Arabidopsis and M. truncatula sequences were used to ﬁnd the
homologous genes in Vicia faba by BLASTing against a developing
Trinity assembly of transcripts derived from RNAseq data of a mapping
population (Frederick Stoddard, Jaakko Tanskanen, Alan Schulman,
unpublished data). Primers for the 8 Vicia faba sequences were designed
using Primer 3 (Untergasser et al., 2012), and the melting curve was
validated for each pair of primers before using them in q-PCR. Supplementary Data Table S2 shows the primer sequence and gene information. The q-PCR experiment was conducted in a CFX384 Touch™
Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., USA)
using FIREPol® EvaGreen® q-PCR Mix Plus (Solis Biodyne, Tartu, Estonia). All samples from each replicate block were run on the same 384well plate with 10 μl PCR reactions in triplicates. The cycle threshold
values were determined using Bio-Rad CFX Manager and were imported
into qbase PLUS 2.0 (Biogazelle, Belgium), where two reference genes
(ELF1A and CYP2) (Gutierrez et al., 2011) (Supplementary Data Table
S2) were used to normalize the q-PCR data. The reference genes had an
average geNorm expression value M = 0.97 and coefﬁcient of variation
CV = 0.4. After normalization, expression values were scaled to the
average expression values of the speciﬁc run (Hellemans et al., 2007),
log10-transformed and then exported from qbasePLUS for statistical
analyses in R-3.5.0 (R Core Team, 2018).

2.6. ABA and JA quantiﬁcation by HPLC-HRMS

2.8. Statistical analysis

The samples were homogenized using a mortar and pestle with the
addition of liquid nitrogen, and hormones were extracted using a solution of methanol (VWR, Radnor, PE, USA), chloroform (Fisher
Chemical, Waltham, MA, USA), and H2O (1:2:2). A Purelab Classic
system (ELGA LabWater, High Wycombe, Bucks, UK) was used to
generate high purity water. An aliquot of the upper (polar) phase was
used to analyze jasmonic acid and abscisic acid in a high-performance
liquid chromatography (HPLC) system UltiMate 3000 (Thermo Fisher
Scientiﬁc, Waltham, MA, USA) coupled with a high-resolution mass
spectrometer (HRMS) LTQ Orbitrap XL (Thermo Fisher Scientiﬁc, USA)
and equipped with a HESI II (Heated electrospray ionization) source. A
Hypersil Gold chromatographic column (150 mm x 2.1 mm, 3 μm;
Thermo Fisher Scientiﬁc, USA) was used to separate metabolites, with a
ﬂow rate of mobile phases of 0.3 ml min–1 and a column temperature of
30 °C, as described by Večeřová et al. (2016).
To identify the investigated hormones, a mass library, based on the
in-house analyses of standards in MS and MSn modes, was used.
Moreover, jasmonic acid (JA) and abscisic acid (ABA) were conﬁrmed
by retention time, m/z, Δppm, isotopic ratios, and dimers formed
during the ionization. Jasmonic acid (m/z 211.13287, Δppm ≤ 2) and
abscisic acid (m/z 265.14334, Δppm ≤ 2) were quantiﬁed in the more
sensitive positive polarity mode. Calibration curves were used for
quantiﬁcation.

A linear mixed model with replicates (rounds) as random eﬀects
(LME) was ﬁtted for all data analysis using the NLME package (Linear
Mixed-Eﬀects Models: Basic Concepts and Examples, 2000) in R-3.5.0
(R Core Team, 2018). Factorial analysis of variance (ANOVA) was used
to determine the signiﬁcance of main eﬀects (accessions, parental
treatment, oﬀspring light treatment) and their interactions. Where the
ANOVA indicated interaction at p < 0.1 between two or more main
eﬀects, response diﬀerences were clariﬁed by splitting data between,
e.g., accessions and ﬁtting models separately. For data with considerably diﬀerent standard errors, ﬁve LME models were ﬁtted: 1) the
standard; 2) weighted for heterogeneity of variance dependent on plant
size, “(weights = varPower(form = ∼ﬁtted(.))”; 3) weighted for heterogeneity of variance dependent on both plant size and light treatments, “(weights = varPower(form = ∼ﬁtted(.) | uv*blue))”; 4)
weighted for diﬀerent number of plants and plant size, “(weights =
varPower(form = ∼ﬁtted(.) +sqrt(number of plants))”; 5) weighted
for diﬀerent number of plants, plant size and light treatments, “(weights
= varPower(form = ∼ﬁtted(.) | uv*blue +sqrt(number of plants))”.
When one of the weightings improved the ﬁt signiﬁcantly according to
Akaike’s information criterion (AIC), that weighted model was chosen,
otherwise the standard LME model with no weights was used. Models 4)
and 5) never improved the ﬁt.
The proﬁles of ﬂavonoid glycosides in the two accessions were assessed by principal component analysis (PCA) using R’s prcomp()
function. To ensure normal distribution, data used for PCA were log2
transformed molar concentrations (μmol g−1). Figures were drawn
using packages ggfortify and ggplot2 in R-3.5.0 (Tang et al., 2016;
Wickham, 2016).
Linear models were ﬁtted to describe leaf area as a function of the
product of leaf width by leaf length (y = leaf area; x = Widthleaf *
Lengthleaf; A = factor describing accessions; T = factor describing light
treatments): “lm(y∼A + x – 1)”, “lm(y∼A : x – 1)”, “lm(y∼ T + x –
1)” and “lm(y∼ T : x – 1)”. The best model “lm(y∼A : x – 1)” was
selected by using ANOVA and the equations were for Aurora, y = 0.720

2.5. Phenolic analysis by HPLC-DAD-ESI-MSn

2.7. Gene expression analysis by quantitative real-time PCR (q-PCR)
We evaluated the transcript abundance of 8 key genes: ELONGATED
HYPOCOTYL 5 (HY5), involved in early stage of blue and UVB radiation
signaling; CHALCONE SYNTHASE (CHS), CHALCONE ISOMERASE
(CHI) and DON-GLUCOSYLTRANSFERASE 1 (DOGT1), involved in the
biosynthesis of ﬂavonoid glycosides; ABA INSENSITIVE 2 (ABI2),
AUXIN-INDUCIBLE 2–27 (IAA5) and TYROSINE AMINOTRANSFERASE
3 (TAT3) which are responsive respectively to abscisic acid, auxin and
jasmonic acid; and HOMEOBOX-LEUCINE ZIPPER PROTEIN 4 (ATHB4),
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Fig. 2. Morphological traits and stomatal conductance of plants in a factorial experiment with two parental treatments (+UVparental, –UVparental), two Vicia faba
accessions (Aurora and ILB938) and four oﬀspring light treatments (UVB–Blue–, UVB–Blue+, UVB + Blue–, UVB + Blue+). (A) Stem length; (B) leaf area per plant;
(C) shoot dry mass per plant; (D) stem dry mass/shoot dry mass; (E) leaf dry mass/shoot dry; (F) abaxial leaf stomatal conductance; (G) speciﬁc stem length (SSL); (H)
speciﬁc leaf area (SLA). All traits were measured at 28 days after sowing, except stomatal conductance that was measured at 27 d. Values are means ± SE of four
replicates. ANOVA results are shown in Supplementary Data Tables S3 and 2 .

* x and for ILB938, y = 0.725 * x.

3. Results
3.1. Plant growth in response to parental and oﬀspring light treatments
The eﬀects of parental and oﬀspring light treatments on eight traits
of the two accessions are shown in Fig. 2, associated ANOVA in Supplementary Data Table S3 and separate ANOVA for the two accessions
in Table 2. UVB radiation decreased stem length in both accessions,
while the eﬀect of blue light diﬀered between accessions (Fig. 2A). In
Aurora, blue light decreased stem length while, in ILB938, blue light
increased stem length in + UVparental (p = 0.0004) but decreased it in
–UVparental (p = 0.0004).
Aurora had greater leaf area than ILB938 (Fig. 2B). UVB decreased
leaf area while blue light increased it. In ILB938, the absence of UVB
heightened the increasing eﬀect of blue light in + UVparental but not in
–UVparental. In + UVparental, blue quadrupled leaf area when UVB was
absent, while blue doubled it when UVB was present.

Aurora had greater shoot dry mass than ILB938 (Fig. 2C). In Aurora,
UVB decreased shoot dry mass while the blue light eﬀect depended on
the presence of UVB and parental treatment, having no eﬀect when
UVB was absent in –UVparental but otherwise increasing shoot dry mass
in the other three treatments. In ILB938, blue light increased shoot dry
mass in + UVparental (p = 0.0006), and the size of eﬀect depended on
the presence of UVB, with blue tripling shoot dry mass when UVB was
absent and doubling it when UVB was present.
The stem-to-shoot dry mass ratio (Mstem/shoot) was an unbiased estimate of dry matter allocation, as it was independent of shoot dry
matter (Supplementary Data Fig. S1). In Aurora, UVB reduced Mstem/
shoot, while blue decreased the ratio more in + UVparental than in
–UVparental. In ILB938, blue light decreased Mstem/shoot by 39 % when
UVB was absent but by only 13 % when UVB was present. The response
of leaf-to-shoot dry matter ratio (Mleaf/shoot) is complementary to that of
Mstem/shoot (Fig. 2E).
Aurora had thicker stems than ILB938, as indicated by its smaller
speciﬁc stem length (SSL) (Fig. 2G). When UVB was absent, the blue
light eﬀect diﬀered with parental treatment (p = 0.0004), especially in
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Table 2
P values from ANOVA for morphological and physiological traits separately in Aurora and in ILB938. T is abbreviation for transgenerational eﬀect of parental UV
treatment. When the three-way interaction was signiﬁcant, data was further analysed separately by UVB’s presence which is indicated inside the parenthesis. Speciﬁc
stem length was not included, as all interactions including accession were not signiﬁcant (see Supplementary Data Table S3). ANOVA for Mleaf/shoot is the same as
Mstem/shoot. Bold indicates p ≤ 0.05. The row labelled ‘Model’ indicates the ANOVA weighting used, 1 = unweighted, 2 = weighted for unequal variance due to plant
size, 3 = weighted for unequal variance due to plant size and light treatments.
In Aurora

Stem length

Leaf area

Shoot dry mass

Mstem/shoot

Speciﬁc leaf area

Stomatal conductance

Model
Blue
UVB
T
Blue × UVB
Blue × T
UVB × T
Blue × UVB × T
Blue × T (UVB–)
Blue × T (UVB+)
In ILB938
Model
Blue
UVB
T
Blue × UVB
Blue × T
UVB × T
Blue × UVB × T

2)
< 0.0001
< 0.0001
0.17
0.60
0.18
0.78
0.073
–
–
Stem length
3)
0.0002
< 0.0001
0.71
0.86
0.016
0.89
0.58

1)
< 0.0001
0.0001
0.18
0.20
0.088
0.39
0.060
–
–
Leaf area
2)
0.0001
0.021
0.76
0.0004
0.0015
0.44
0.25

1)
0.0007
0.0007
0.30
0.46
0.057
0.32
0.027
0.0054
0.82
Shoot dry mass
2)
0.0006
0.0042
0.99
0.011
0.017
0.72
0.69

1)
< 0.0001
0.028
0.18
0.69
0.041
0.57
0.31
–
–
Mstem/shoot
3)
< 0.0001
0.11
0.055
0.038
0.14
0.74
0.34

1)
0.024
0.0011
0.62
0.69
0.68
0.97
0.66
–
–
Speciﬁc leaf area
1)
0.0017
0.42
0.99
0.86
0.87
0.86
0.35

2)
< 0.0001
0.0017
0.79
0.17
0.92
0.46
0.73
–
–
Stomatal conductance
2)
< 0.0001
< 0.0001
0.0002
0.020
0.41
0.67
0.62

Aurora, where blue light increased stem thickness (decreased SSL by
7%) of –UVparental but did not aﬀect that of + UVparental. When UVB was
present, blue light increased stem thickness (decreased SSL) in both
accessions (p < 0.0001) regardless of parental UV-treatment.
Parental UV-treatments did not aﬀect speciﬁc leaf area (SLA)
(Fig. 2H). Blue light increased leaf thickness (decreased SLA) in both
accessions (p = 0.0001) while the eﬀect of UVB diﬀered between accessions (p = 0.020), increasing leaf thickness (decreased SLA) of
Aurora (p = 0.0011) but not aﬀecting that of ILB938.
3.2. Stomatal conductance and leaf chlorophyll content
The UVB eﬀect on stomatal conductance (gs) diﬀered between accessions (Fig. 2F). In Aurora, UVB decreased and blue light increased
stomatal conductance, while in ILB938, the decreasing eﬀect of UVB on
stomatal conductance disappeared when blue light was present.
In Aurora the chlorophyll content per unit leaf area was higher in
–UVparental than in + UVparental (p < 0.0001) but there was no diﬀerence in ILB938 due to treatment (Supplementary Data Fig. S3).
3.3. Phenolics
In leaves at all positions of both accessions, the adaxial epidermis
had 50 % higher ﬂavonoid concentration (estimated by epidermal UVA
absorbance using Dualex) than the abaxial epidermis (p < 0.0001)
(Supplementary Data Fig. S2). In the youngest fully expanded leaf, both
UVB (p < 0.0001) and blue (p < 0.0001) induced the accumulation of
ﬂavonoid in the adaxial epidermis in both accessions (Supplementary
Data Fig. S2 A), and the interaction between UVB and blue was signiﬁcant in ILB938 (p = 0.0083) but not in Aurora (p > 0.85).
Twenty-four phenolic compounds (twelve kaempferol glycosides,
nine quercetin glycosides and three phenolic acids) were identiﬁed and
quantiﬁed by HPLC analysis of leaves sampled at the end of the experiment (Table 3).
Both mass and molar concentration of total kaempferol were higher
in Aurora than in ILB938 (p < 0.0001), particularly for mass concentration (Fig. 3A & B). Twelve kaempferol glycosides were identiﬁed
in Aurora and ﬁve in ILB938. Non-acetylated diglycosides, K[di], were
more abundant in ILB938 (Fig. 4B) while acetylated monoglycosides,
triglycosides and the tetraglycoside, K[ace.tri.tetra], were at higher

concentrations in Aurora (Fig. 4A). Both UVB (p = 0.0002) and blue
light (p < 0.0001) increased the concentrations of total kaempferols in
the two accessions.
PCA for kaempferol glycosides highlighted the diﬀerent proﬁles of
kaempferol glycosides in the two accessions (Fig. 5). Parental UV
treatment aﬀected kaempferol proﬁle in Aurora but not in ILB938, as
shown in PC2 (Fig. 5A) and PC3 (Supplementary Data Fig. S4). In PC2,
the oﬀspring light treatments were separated in ILB938, where K2-3
(Kaempferol-3-O-rhamnoglucoside), with the absolute weighting of
0.803, responded to blue and UVB (Figs. 4B, 5 B). Table 4 shows the
eﬀect of parental and oﬀspring light treatments and their interactions
for each kaempferol group in both Aurora and ILB938; in Aurora, the
total concentration of K[di] did not increase in response to UVB.
Blue light enhanced the inductive eﬀect of UVB on the molar concentration of total quercetin in both accessions (Aurora: p = 0.0003;
ILB938: p < 0.0001) (Fig. 3, Table 4). However, the eﬀect of parental
UV-treatment occurred only in Aurora: in response to UVB, the concentration of total quercetin increased less in –UVparental than in +
UVparental (p = 0.0005), and the presence of blue light aﬀected the size
of the change. When blue was present, the fold changes in concentration by UVB were 3.5 in –UVparental compared to 6.2 in + UVparental,
while they were 3.6 vs. 4.8 when blue was absent (Fig. 3B).
Nine quercetin glycosides were identiﬁed in Aurora and only three
in ILB938 (Fig. 6). Among the three in ILB938, Q3-4 triglycoside was
minor, accounting for only 3.4 % of the total (Fig. 6B). The PCA for
quercetin glycosides separated the two accessions in PC1 (Fig. 7,
Table 3). A transgenerational eﬀect was detected for Aurora, as shown
in PC2 (Fig. 7A) and PC3 (Supplementary Data Fig. S5). The light
treatments of Aurora were separated in PC1, while those of ILB938
were separated in PC2, with Q2-1 and Q2-2 (absolute weighting value
of 0.644 and 0.655 respectively in PC2) showing the signiﬁcant responses to light treatments (Fig. 7B, Table 3). Quercetin glycosides were
grouped into Q[di] (diglycosides), mainly in ILB938, and Q[ace.tri]
(acetylated monoglycosides and triglycosides), mainly in Aurora. The
transgenerational eﬀect of UV radiation on Aurora was detected for
group Q[ace.tri] but not for group Q[di] (Table 4).
The total concentration of phenolic acids was higher in ILB938 than
in Aurora (p = 0.0004), with no eﬀect of parental or oﬀspring light
treatment (Fig. 8A). The phenolic acid composition was diﬀerent in the
two accessions: caﬀeoylmalic acid was detected in Aurora while
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Table 3
Flavonoid and phenolic acid compounds measured with HPLC-MSn in the leaves of accessions Aurora and ILB938 of Vicia faba, their abbreviations, retention time
(RT), molecular mass (M + 1), and weightings in principal component analysis (PC1, PC2 and PC3, with explained percentage of variance between parenthesis) for
kaempferols and quercetins separately; bold indicates absolute value ≧0.5. Flavonoid compounds are listed sequentially by molecular mass.
Kaempferol glycosides

Abbreviation

RT (min)

M + 1 (g mol−1)

PC1 (86.5)

PC2 (6.2)

PC3 (3.5)

Kaempferol-3-O-arabinoside-7-O-rhamnoside
Kaempferol-3-O-rhamnoside-7-O-rhamnoside
Kaempferol-3-O-rhamnoglucoside
Kaempferol-3-O-rhamnogalactoside
Kaempferol-3-O-acetyl-galactoside-7-O-rhamnoside
Kaempferol-3-O-acetyl-rhamnogalactoside
Kaempferol-3-O-rhamnoarabinoside-7-O-rhamnoside
Kaempferol-3-O-rhamnogalactoside-7-O-rhamnoside
Kaempferol-3-O-rhamnoglucoside-7-O-rhamnoside
kaempferol-3-O-rhamnoglucoside-7-O-glucoside
Kaempferol-3-O-acetyl-rhamnogalactoside-7-O-rhamnoside
Kaempferol-3-O-rhamnoglucoside-7-O-rhamnoside-4’-rhamnoside
Quercetin glycosides
Quercetin-3-O-rhamnoside-7-O-arabinoside
Quercetin-3-O-rhamnoglucoside
Quercetin-3-O-rhamnoarabinoside-7-O-rhamnoside
Quercetin-3-O-rhamnogalactoside-7-O-rhamnoside
Quercetin-3-O-rhamnoglucoside-7-O-rhamnoside
Quercetin-3-O-rhamnorhamnoglucoside
Quercetin-3-O-rhamnoglucoside-7-O-glucoside
Quercetin-3-O-acetyl-rhamnogalactoside-7-O-rhamnoside
Quercetin-3-O-acetyl-rhamnoglucoside-7-O-rhamnoside
Phenolic acid compounds
Caﬀeoylmalic-acid
Coumaroylglucoside
Feruloylglucoside

K2-1
K2-2
K2-3
K2-4
K2-5(acetyl)
K2-6(acetyl)
K3-1
K3-2
K3-3
K3-4
K3-5(acetyl)
K4-1
Abbreviation
Q2-1
Q2-2
Q3-1
Q3-2
Q3-3
Q3-4
Q3-5
Q3-6(acetyl)
Q3-7(acetyl)

21.17
17.07
16.03
15.29
18.52
19.30
11.87
8.02
8.43/8.65
7.18
13.81
7.90
RT (min)
11.57
10.56
10.07
7.25
7.45/7.61
11.03
5.66
10.86
12.17
RT (min)
9.44
5.90
6.58

564.62
578.54
594.54
594.54
636.59
636.59
710.77
740.70
740.70
756.70
782.76
886.85
M + 1 (g mol−1)
580.62
610.55
726.78
756.70
756.70
756.70
772.70
798.75
798.75
M + 1 (g mol−1)
296.23
326.30
356.33

0.305
0.251
0.196
0.306
−0.308
−0.308
−0.293
−0.249
−0.303
−0.308
−0.304
−0.308
PC1 (75.0)
0.230
0.224
−0.360
−0.376
−0.379
−0.286
−0.369
−0.370
−0.356

−0.100
−0.288
−0.803
−0.110
−0.074
−0.074
0.006
−0.416
−0.160
−0.074
−0.175
−0.072
PC2 (16.9)
−0.644
−0.655
−0.148
−0.079
−0.100
−0.262
0.036
−0.153
−0.157

0.067
0.541
0.035
−0.528
−0.072
−0.068
−0.251
0.559
0.102
−0.065
0.145
−0.046
PC3 (4.5)
0.128
0.097
0.123
0.135
0.087
−0.912
0.119
0.120
0.270

coumaroylglucoside and feruloylglucoside were found in ILB938
(Fig. 8B).

3.4. Abscisic acid and jasmonic acid
The interaction between blue light and accession aﬀected the molar
concentration of ABA (p = 0.005) (Fig. 9A), but no eﬀects of parental
or oﬀspring light treatments were detected in either accession.
Fig. 3. Whole-leaf concentration of total kaempferols and
quercetins per unit leaf dry mass of the youngest fully expanded leaves of plants in a factorial experiment with two
parental treatments (+UVparental, –UVparental), two Vicia faba
accessions (Aurora and ILB938) and four oﬀspring light
treatments (UVB–Blue–, UVB + Blue–, UVB–Blue+, UVB +
Blue+). (A) mass (mg g−1) concentration of total kaempferols
and quercetins; (B) molar (μmol g−1) concentration of total
kaempferols and quercetins. Values are means ± SE of four
replicates.
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Fig. 4. Kaempferol proﬁles of plants in a factorial experiment with two parental treatments ((+UVparental, –UVparental), two Vicia faba accessions (Aurora and ILB938)
and four oﬀspring light treatments (UVB–Blue–, UVB + Blue–, UVB–Blue+, UVB + Blue+). (A) molar concentration (μmol g−1) of individual kaempferol glycosides
per unit leaf dry mass in Aurora; (B) molar concentration (μmol g−1) of individual kaempferol glycosides per unit leaf dry mass in ILB938. Values are means ± SE of
four replicates.

Similarly, no eﬀect of parental or oﬀspring light treatments was observed on JA concentration in either accession (Fig. 9B).
3.5. Transcript abundance
Transcript abundance varied between accessions for CHS (99-fold
higher in Aurora) (p < 0.0001) and DOGT1 (19-fold higher in Aurora)
(p < 0.0001) (Fig. 10). Blue light increased the relative expression of
three genes in Aurora: HY5 by 4.4-fold (p = 0.0002), CHI by 3.1-fold (p
= 0.0041) and ABI2 by 6.1-fold (p < 0.0001) (Fig. 10). In ILB938,
when UVB was present, the relative expression of ATHB4 was 5.6-fold
higher in + UVparental than in –UVparental (p = 0.031) (Fig. 10).
4. Discussion
Agreeing with our hypothesis, multiple transgenerational eﬀects of
solar short-UV were detected in the morphology, ﬂavonoid composition
and gene expression of the two accessions, but not in stomatal conductance or phenolic acid concentrations.
Blue light stimulates stomatal opening (Zeiger, 1984; Dumont et al.,
2013), while UVB can either decrease (Nogues et al., 1998; Ambasht
and Agrawal, 1998; Ge et al., 2014) or increase (Tevini et al., 1983;
Musil and Wand, 1993) it. The lack of transgenerational eﬀect on stomatal conductance presumably results from the necessity for the plant
to rapidly adjust stomatal aperture in response to its surroundings
(Zeiger et al., 1987). However, stomatal size and density can be altered
when exposed to environmental factors in long term, such as by UV-B,
drought and temperature (Gitz et al., 2005; Sadras et al., 2012). Aurora
has higher stomatal conductance than ILB938 (Khan et al., 2007; Yan
et al., 2019), but the accession-speciﬁc response of stomatal conductance to UVB had not been investigated in Vicia faba. In the present
study, UVB decreased stomatal conductance in Aurora regardless of
blue light exposure, while UVB had no eﬀect on stomatal conductance
of ILB938 grown under blue light. This suggests that under sunlight

where it is accompanied by blue light, UVB could be expected to aﬀect
steady-state stomatal conductance more in Aurora than in ILB938.
However, this diﬀerence between accessions was smaller and not signiﬁcant in a previous outdoor experiment (Yan et al., 2019). This might
be associated with the large diﬀerence in UVB:UVA photon ratio between the two experiments: 0.014 in ﬁeld experiment and 0.54 in the
present one.
Despite the absence of a transgenerational eﬀect, the concentration
of total phenolic acids was higher in ILB938 than in Aurora. Since total
ﬂavonoid concentration and transcript abundance of CHS were both
higher in Aurora than in ILB938, we speculate that phenolic acids might
play a more important role in providing UV protection in ILB938, the
high-altitude accession than in Aurora, the high-latitude one. Similarly,
in tt4 mutants of Arabidopsis with impaired ﬂavonoid biosynthesis, the
absence of leaf damage and the concurrent increase in phenolic acid
concentration under UVB exposure indicated phenolic acid protection
from UVB (Li et al., 1993; Rai et al., 2019).
UVB induces ﬂavonoid accumulation in leaves (Hideg et al., 2013),
and blue light has been described as equally or more important under
sunlight (Siipola et al., 2015; Yan et al., 2019). In our experiment, both
blue and UVB induced the accumulation of epidermal and whole-leaf
ﬂavonoids, agreeing with previous studies in this species and others in
growth chamber and outdoor conditions (Gonzalez et al., 1998; Morales
et al., 2010, 2013; Siipola et al., 2015; Yan et al., 2019). In addition, our
results show, for the ﬁrst time, a strong positive interaction between
blue and UVB, where the presence of blue potentiated the enhancement
eﬀect of UVB on total quercetin concentration. Compared with the
previous outdoor experiment with the same two accessions of Vicia faba
(Yan et al., 2019), plants in the present experiment had similar ﬂavonoid proﬁles: nine of the 12 identiﬁed kaempferol glycosides were the
same, as were four of the nine identiﬁed quercetin glycosides. In both
experiments, the same two kaempferol glycosides (kaempferol-3-Orhamnoarabinoside-7-O-rhamnoside and kaempferol-3-O-arabinoside7-O-rhamnoside) were the most abundant in Aurora and ILB938,
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Fig. 5. Principal component analysis (PCA) of the kaempferol glycosides proﬁle of plants in a factorial experiment with two parental treatments (+UVparental,
–UVparental), two Vicia faba accessions (Aurora and ILB938) and four oﬀspring light treatments (UVB–Blue–, UVB + Blue–, UVB–Blue+, UVB + Blue+). The ellipses
show 0.95 conﬁdence regions assuming bivariate t distribution. The ﬁrst two principal components (PC1 and PC2) explain together 92.7 % of the total variation. (A)
PCA (PC1 vs. PC2) of the kaempferol glycosides proﬁle plotted with accession × parental UV treatment; (B) PCA (PC1 vs. PC2) of the kaempferol glycosides proﬁle
plotted with accession × oﬀspring light treatment. All kaempferol compounds are shown with labels, their full names and rotation values for PC1 and PC2 are in
Table 4.

Table 4
P values from the ANOVA analysis for the eﬀects of transgenerational eﬀect (T), oﬀspring blue, and UVB treatments and their interactions on total kaempferol, K[di],
K[ace.tri.tetra], total quercetin, Q[di] and Q[ace.tri]. Bold indicates p ≤0.05.
Compound group

Accession

T

Blue

UVB

T × Blue

T × UVB

Blue × UVB

T × Blue × UVB

Total Kaempferol

Aurora
ILB938
Aurora
ILB938
Aurora
ILB938
Aurora
ILB938
Aurora
ILB938
Aurora
ILB938

0.81
0.64
0.34
0.71
0.088
0.45
0.38
0.69
0.20
0.42
0.21
0.55

< 0.0001
< 0.0001
0.0017
< 0.0001
< 0.0001
0.0001
< 0.0001
< 0.0001
0.12
< 0.0001
< 0.0001
0.38

0.017
0.0005
0.77
0.0006
0.0008
0.0007
< 0.0001
< 0.0001
0.0001
< 0.0001
< 0.0001
0.04

0.11
0.66
0.71
0.60
0.14
0.20
0.41
0.57
0.13
0.68
0.19
0.10

0.32
0.70
0.19
0.65
0.33
0.55
0.0005
0.89
0.087
0.83
0.0034
0.47

0.16
0.43
0.32
0.40
0.094
0.021
0.0003
< 0.0001
0.044
< 0.0001
0.0009
< 0.0001

0.64
0.52
0.59
0.52
0.97
0.56
0.31
0.26
0.068
0.29
0.67
0.72

K[di]
K[ace.tri.tetra]
Total Quercetin
Q[di]
Q[ace.tri]

Kaempferols were grouped into K[di] and K[ace.tri.tetra] according to PCA analysis. K[di] is K2-1, K2-2, K2-3 and K2-4. K[ace.tri.tetra] is K2-5(acetyl), K2-6(acetyl),
K3-1, K3-2, K3-3, K3-4, K3-5(acetyl) and K4-1. Quercetins were grouped into Q[di] and Q[ace.tri] according to PCA analysis. Q[di] is Q2-1 and Q2-2. Q[ace.tri] is
Q3-1, Q3-2, Q3-3, Q3-4, Q3-5, Q3-6(acetyl) and Q3-7(acetyl). The full names of all compounds are in Table 4.
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Fig. 6. Quercetin proﬁles of plants in a factorial experiment with two parental treatments (+UVparental, –UVparental), two Vicia faba accessions (Aurora and ILB938)
and four oﬀspring light treatments (UVB–Blue–, UVB + Blue–, UVB–Blue+, UVB + Blue+). (A) molar concentration (μmol g−1) of individual quercetin glycosides
per unit leaf dry mass in Aurora; (B) molar concentration (μmol g−1) of individual quercetin glycosides per unit leaf dry mass in ILB938. All values are means ± SE of
four replicates.

respectively, and the same quercetin glycoside (quercetin-3-O-rhamnoglucoside) was most abundant in ILB938. In addition, as in the outdoor experiment (Yan et al., 2019), the kaempferol glycosides at higher
concentration in Aurora had more sugar residues than those in ILB938.
The responses of gene expression also shared similar patterns with
those from the outdoor experiment (Yan et al., 2019). In Aurora, longterm exposure to blue light enhanced transcript abundance of some of
the studied genes but UVB did not aﬀect any of them, and the lack of
transcriptional change in ILB938 suggested that it has lower sensitivity
to long-term blue light. Moreover, as in the outdoor experiment (Yan
et al., 2019), CHS and DOGT1 showed the greatest diﬀerence of transcript abundance between the two accessions, which in the case of
DOGT1 might help to explain the diﬀerent glycosylation pattern of
ﬂavonoid glycosides in the two accessions. These similarities of ﬂavonoid and gene expression patterns between the outdoor and controlledenvironment studies with high PAR intensities suggest that the accessions had constitutive genetic diﬀerences in responses to light treatments. Furthermore, the transcriptional change induced by blue and the
huge enhancement by UVB of the eﬀect of blue light on quercetin
concentration suggest that, under long-term light treatment, blue light
could induce protection from subsequent acute UV exposure.
We found multiple accession-dependent transgenerational eﬀects of
solar short-UV on plant morphology, ﬂavonoids and gene expression.
Morphological responses to blue light were altered by the transgenerational eﬀect of solar short-UV radiation. For Aurora, in response to
deprivation of blue when UVB was absent, the parental UV treatment
elicited a shade-avoidance syndrome including maintenance of growth
and increased dry matter allocation to stems at the expense of leaves in
the progeny. For ILB938 in response to blue light, the transgenerational
eﬀect of UV increased plant growth without changing dry matter allocation. In contrast, dry mass in Dimorphotheca sinuata DC decreased
when the two previous generations were exposed to enhanced UVB
radiation in the greenhouse (Musil, 1996). When UVB was present, the
transgenerational eﬀects on morphological responses to blue light were
smaller in ILB938 (stem length, shoot dry mass, total leaf area) and not
detected in Aurora (shoot dry mass, SSL, Mstem/shoot, Mleaf/shoot). This
indicates that transgenerational eﬀects in part substituted for acclimation triggered by UV exposure in the current generation. Speciﬁc leaf

area was decreased by UVB in Aurora but not in ILB938, while it was
not aﬀected by parental treatments in either accession. It can be concluded that transgenerational eﬀects of solar short-UV on growth in
response to blue light were mediated by diﬀerent strategies in the two
accessions that originated from contrasting UV environments. Previous
studies have described a tradeoﬀ between acclimation to UV and shade
in Impatiens capensis Meerb. due to competition for resources between
stem elongation and phenolic synthesis (Dixon et al., 2001; Weinig
et al., 2004).
In Aurora, the chlorophyll content per unit leaf area was lower in +
UVparental than in –UVparental, agreeing with earlier observations in D.
sinuata (Musil, 1996). This transgenerational eﬀect was absent in
ILB938, the accession from a high UV environment.
The transgenerational eﬀect of solar short-UV radiation was also
detected for total quercetin concentration, kaempferol and quercetin
derivative composition in Aurora: the parental exposure to solar shortUV resulted in a near-doubling of total quercetin derivative concentration in response to UVB (blue present) in the oﬀspring. The lack
of eﬀect of parental UV treatments on ﬂavonoids in ILB938 suggests
that this accession either requires higher UV irradiation to trigger this
response or is more robust to the lack of sustained UV memory from the
previous generation. Furthermore, in ILB938, the transgenerational
eﬀect of solar short-UV was found for the transcriptional abundance of
ATHB4, which is a member of HD-Zip class-II transcription factors involved in shade avoidance syndrome and induced by low red/far-red
ratio redundantly with other genes in this family (Sorin et al., 2009).
Since UV is involved in the interaction with the shade avoidance syndrome (Moriconi et al., 2018), the higher expression of ATHB4 in +
UVparental under UVB suggests a possible transgenerational and complex
interaction of UV and shade avoidance.
Transgenerational plasticity altering the phenotype of the oﬀspring
has been observed for many environmental cues. The progeny of
drought-stressed parent plants of Brassica napus L. were more vigorous
than those of unstressed parents (Hatzig et al., 2018). Soil conditions
experienced by the parent inﬂuenced size and seed germination of
oﬀspring in Senecio vulgaris L. (Aarssen and Burton, 1990). Parental
light environments (understory vs. light gap) aﬀected the life history
(annual vs. biennial) in Campanulastrum americanum (Galloway and
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Fig. 7. Principal component analysis (PCA) of the quercetin glycosides proﬁle of plants in a factorial experiment with two parental treatments (+UVparental,
–UVparental), two Vicia faba accessions (Aurora and ILB938) and four oﬀspring light treatments (UVB–Blue–, UVB + Blue–, UVB–Blue+, UVB + Blue+). The ellipses
show 0.95 conﬁdence regions assuming bivariate t distribution. The ﬁrst two principal components (PC1 and PC2) explain together 91.8 % of the total variation. (A)
PCA (PC1 vs. PC2) of the quercetin glycosides proﬁle plotted with accession × parental UV treatment; (B) PCA (PC1 vs. PC2) of the quercetin glycosides proﬁle
plotted with accession × oﬀspring light treatment. Quercetin compounds are shown with labels, their full names and rotation values for PC1 and PC2 are in Table 4.

Etterson, 2007). Transgenerational eﬀects associated with herbivory
induced defensive resistance of progeny in Raphanus raphanistrum L.
(Agrawal, 2002). Transgenerational plasticity was triggered for Centella
asiatica (L.) Urban subjected to high/low light environments (Li et al.,
2018). These studies have shown that transgenerational plasticity could
be adaptive, especially when progenies are exposed to environments
similar to their parental environment. Nevertheless, in D. sinuata, the
transgenerational eﬀect of elevated UVB radiation on dry mass and
chlorophyll concentration was attributed to damage (Musil, 1996). In
the same species, increased leaf ﬂuctuating asymmetry was interpreted
as an indicator of DNA damage after four generations of successive
exposure to enhanced UVB (Midgley et al., 1998). These studies compared accumulated genetic damage across multiple generations under
ambient sunlight (UVBBE 2.5-8.9 kJ m−2 d-1) and sunlight enhanced
using UVB lamps (UVBBE 4.7-11.4 kJ m−2 d-1) as parental treatments.
In contrast, we compared ambient sunlight to sunlight depleted of
short-UV radiation using ﬁlters to assess whether the exposure to solar
UV has a transgenerational impact on plants, without presuming a
negative eﬀect. In spite of the diﬀerence in focus, results from our study
and the study in D. sinuata agree in that diﬀerences in UV exposure in
previous generations substantially aﬀect the expression of

morphological and physiological traits in the progeny. However, our
interpretation is that the transgenerational eﬀect of solar UV can lead to
acclimation beneﬁcial to the plants.
Transgenerational plasticity varied between genotypes from diﬀerently droughted environments in Arabidopsis thaliana, Biscutella didyma
L. and Bromus fasciculatus C. Presl. (Groot et al., 2017; Lampei et al.,
2017), and there was evidence of a clinal variation in the relative
strength of transgenerational eﬀects along an environmental gradient
(Lampei et al., 2017). Similarly, in our study, transgenerational plasticity to solar short-UV varied in the two accessions adapted to contrasting UV environments.
Transgenerational plasticity can be mediated through seed composition (Roach and Wulﬀ, 1987; Mousseau and Fox, 1998; Bonduriansky
and Day, 2009; Munday, 2014) or alteration of DNA methylation (Li
et al., 1993; Jablonka and Raz, 2009; Holeski et al., 2012). In our study,
seed size did not diﬀer between parental UV treatments, so the transgenerational plasticity is likely to have been mediated through either
seed nutrient storage in cotyledons or epigenetic mechanisms
(Mousseau and Fox, 1998; Jablonka and Raz, 2009; Holeski et al.,
2012). Further studies are needed to identify the mechanisms of
transgenerational eﬀects of exposure to UV radiation and blue light and
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Fig. 8. Phenolic acids of the youngest fully expanded leaves of plants in a factorial experiment with two parental treatments (+UVparental, –UVparental), two Vicia faba
accessions (Aurora and ILB938) and four oﬀspring light treatments (UVB–Blue–, UVB + Blue–, UVB–Blue+, UVB + Blue+). (A) Whole-leaf molar concentration
(μmol g−1) of total phenolic acids per unit leaf dry mass; (B) Whole-leaf molar concentration (μmol g−1) of individual phenolic acid compounds per unit leaf dry
mass. Values are means ± SE of four replicates.
Fig. 9. Whole-leaf molar concentration (μmol g−1) of phytohormone of plants in a factorial experiment with two parental
treatments (+UVparental, –UVparental), two Vicia faba accessions
(Aurora and ILB938) and four oﬀspring light treatments
(UVB–Blue–, UVB + Blue–, UVB–Blue+, UVB + Blue+). (A)
molar concentration of abscisic acid (ABA) per unit leaf dry
mass; (B) molar concentration of jasmonic acid (JA) per unit
leaf dry mass. Values are means ± SE of four replicates.

the possible diﬀerences between the two accessions of Vicia faba.

5. Conclusion
Chronic exposure to solar short-UV had transgenerational eﬀects on
progeny morphology and ﬂavonoids in response to blue and UVB.
Although transcriptional responses to UV are rapid, the resulting
changes in morphology are slow and cumulative, making it possible for
transgenerational eﬀects of solar short-UV to contribute to plant ﬁtness

through morphological traits (c.f. Müller-Xing et al., 2014). The accumulation of ﬂavonoids can take place within hours, but their protection
is needed immediately upon the start of UV exposure, so the transgenerational eﬀect from solar short-UV can still play a role in UV protection. The two accessions in this study diﬀered in their transgenerational response to solar short-UV, in line with their adaptation to
contrasting UV environments.
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Fig. 10. Normalized relative transcript abundance scaled to average expression of all genes in each run: HY5, CHS, CHI, DOGT1, ABI2, IAA5, TAT3 and ATHB4 of
plants in a factorial experiment with two parental treatments (+UVparental, –UVparental), two Vicia faba accessions (Aurora and ILB938) and four oﬀspring light
treatments (UVB–Blue–, UVB + Blue–, UVB–Blue+, UVB + Blue+). Values are plotted on a logarithmic scale with means ± SE of four replicates computed using
log10 transformed data.
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(PCA) of the quercetin glycosides profile (PC1 v.s. PC3). Table S1: Number of plants for four
replicates per treatment per accession. Table S2: Genes chosen for q-PCR analysis and the
corresponding primers. Table S3: P values from ANOVA for morphological and physiological
traits.
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Figure S1. Stem-to-shoot dry mass ratio was unrelated (p > 0.09) to shoot dry mass in a
factorial experiment with two parental treatments (+UVparental, –UVparental), two Vicia faba
accessions (Aurora and ILB938), and four offspring light treatments (UVB–Blue–,
UVB+Blue–, UVB–Blue+, UVB+Blue+).
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Figure S2. Absorbance of epidermal flavonoids per unit area of plants assessed using Dualex
on 27 d after sowing in a factorial experiment with two parental treatments (+UVparental, –
UVparental), two Vicia faba accessions (Aurora and ILB938), and four offspring light treatments
(UVB–Blue–, UVB+Blue–, UVB–Blue+, UVB+Blue+). (A) Adaxial epidermis absorbance of
epidermal flavonoids; (B) Abaxial epidermis absorbance of epidermal flavonoids. Leaves at
three positions were measured: “Low leaf” is leaf at the bottom of the plant; “Middle leaf” is
leaf located at 50% height of the plant; “High leaf” is the youngest fully expanded leaf. Values
are means ±SE of four replicates. The youngest expanded leaves measured for the first time on
the last date were harvested on the next day for phenolic analysis by HPLC.
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Figure S3. Epidermal chlorophyll content per unit area of plants assessed using Dualex on 27 d
after sowing in a factorial experiment with two parental treatments (+UVparental, –UVparental), two
Vicia faba accessions (Aurora and ILB938), and four offspring light treatments (UVB–Blue–,
UVB+Blue–, UVB–Blue+, UVB+Blue+). Leaves at three positions were measured: “Low leaf”
is leaf at the bottom of the plant; “Middle leaf” is leaf located at 50% height of the plant; “High
leaf” is the youngest fully expanded leaf. Values are means ±SE of four replicates.

17

Figure S4. Principal component analysis (PCA) of the kaempferol glycosides profile of plants
in a factorial experiment with two parental treatments (+UVparental, –UVparental), two Vicia faba
accessions (Aurora and ILB938), and four offspring light treatments (UVB–Blue–,
UVB+Blue–, UVB–Blue+, UVB+Blue+). The ellipses show 0.95 confidence regions assuming
bivariate t distribution. The first and third principal components (PC1 and PC3) explain together
90.0% of the total variation. (A) PCA (PC1 vs. PC3) of the kaempferol glycosides profile
plotted with accession × parental UV treatment; (B) PCA (PC1 vs. PC3) of the kaempferol
glycosides profile plotted with accession × offspring light treatment. All kaempferol
compounds are shown with labels, their full names and rotation values for PC1 and PC3 are
shown in Table 4.
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Figure S5. Principal component analysis (PCA) of the quercetin glycosides profile of plants in
a factorial experiment with two parental treatments (+UVparental, –UVparental), two Vicia faba
accessions (Aurora and ILB938), and four offspring light treatments (UVB–Blue–,
UVB+Blue–, UVB–Blue+, UVB+Blue+). The ellipses show 0.95 confidence regions assuming
bivariate t distribution. The first and third principal components (PC1 and PC3) explain together
79.5% of the total variation. A. PCA (PC1 vs. PC3) of the quercetin glycosides profile plotted
with accessions × parental UV treatments; B. PCA (PC1 vs. PC3) of the quercetin glycosides
profile plotted with accessions × offspring light treatments. All quercetin compounds are shown
with labels, their full names and rotation values for PC1 and PC3 are shown in Table 4.
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Supplementary Table S1. Number of plants for four replicates per treatment per accession.
Replicate
Replicate 1

Replicate 2

Replicate 3

Replicate 4

Accession
Aurora (+UVparental)
Aurora (–UVparental)
ILB938 (+UVparental)
ILB938 (–UVparental)
Aurora (+UVparental)
Aurora (–UVparental)
ILB938 (+UVparental)
ILB938 (–UVparental)
Aurora (+UVparental)
Aurora (–UVparental)
ILB938 (+UVparental)
ILB938 (–UVparental)
Aurora (+UVparental)
Aurora (–UVparental)
ILB938 (+UVparental)
ILB938 (–UVparental)

UVB+Blue+
3
2
3
2
3
3
3
2
4
2
3
2
5
3
2
1

UVB+Blue−
2
2
3
2
4
2
3
1
3
3
2
2
4
3
3
1

UVB−Blue+
3
1
3
2
3
3
3
2
3
3
2
1
3
3
3
3

UVB−Blue−
3
2
3
2
2
1
3
3
2
3
3
3
3
3
3
3

Supplementary Table S2. Genes chosen for q-PCR analysis, primers designed to quantify these genes, and the
function of the gene products.
Primers

Sequence (5′ → 3′)

Gene name

Gene product function

HY5 for

GAGGGAGAGGAAAAAG

ELONGATED

basic leucine zipper (bZIP)

HY5 rev

GCATA

HYPOCOTYL5

transcription factor, involved

GCTCGCAGTTGTGTTCT

in light-regulated

TCA

transcriptional activation.

CHS for

CAGAGGCTGAGTCTGCA

CHALCONE SYNTHASE

chalcone synthase, a key

CHS rev

GTT

enzyme in biosynthesis

GCCAGACTCTGTTTTGC

pathway of flavonoids

TGC
CHI for

CCGTTCCACCAGCAAAA

CHALCONE

chalcone isomerase, catalyzes

CHI rev

CAG

ISOMERASE

the conversion of chalcone to

GCCAGACTCTGTTTTGC

flavanones

TGC

20

DOGT1 for

GGTTGGGCTCCTCAGTT

DON-

a DON-Glucosyltransferase,

DOGT1 rev

GTT

GLUCOSYLTRANSFER

having quercetin

GGCCATGTAACCATTGG

ASE 1

glucosyltransferase activity

ABA INSENSITIVE 2

protein phosphatase 2C, which

CAC
ABI2 for

AGAGGACTGACAGTGA

ABI2 rev

AATCGAA

negatively regulates abscisic

GTTTGAGTCCTGCGGCA

acid-activated signaling

AAG

pathway

IAA5 for

AGGATGGTGATTGGATG

AUXIN-INDUCIBLE 2-

transcription factor that is

IAA5 rev

CTC

27

involved in auxin-activated

TTTCCATAGCTCGAGGT

signaling pathway

GCT
TAT3 for

CAGCAAAAATGCTTGGA

TYROSINE

tyrosine aminotransferase that

TAT3 rev

ACA

AMINOTRANSFERASE

responds to jasmonic acid and

CTCCCATAGGCACAAAA

3

wounding

GGA
ATHB4 for

TTGAGAGGGCTTCGTGT

HOMEOBOX-LEUCINE

homeodomain protein whose

ATHB4 rev

TCT

ZIPPER PROTEIN 4

expression depends on phyB

TCTTCCAGCAACAACGA

for red and far-red light

CTG

response, which is involved in
the shade avoidance syndrome.

Reference
Sequence (5′ → 3′)

Gene name

ELF1A for

GTGAAGCCCGGTATGCT

eukaryotic elongation

ELF1A rev

TGT

factor 1-alpha

genes

CTTGAGATCCTTGACTG
CAACATT

21

CYP2 for

TGCCGATGTCACTCCCA

CYP2 rev

GAA

cyclophilin 20-3

CAGCGAACTTGGAACCG
TAGA

Supplementary Table S3. P values from ANOVA for morphological and physiological traits. T indicates for transgenerational effect
of parental UV treatment; A indicates accession. ANOVA for Mleaf/shoot is same as Mstem/shoot. Bold indicates p ≤0.05. The row labelled
‘Model’ indicates the ANOVA weighting used, 1 = unweighted, 2 = weighted for unequal variance due to plant size, 3 = weighted
for unequal variance due to plant size and light treatments.
Stem length Leaf area
Shoot dry
Mstem/shoot
Specific
Specific leaf Stomatal
mass
stem length
area
conductance
Model
3)
2)
1)
2)
1)
2)
2)
Blue
UVB
A
T
Blue × UVB
Blue × A
UVB × A
Blue × T
UVB × T
A×T
Blue × UVB × A
Blue × UVB × T
Blue × A × T
UVB × A × T
Blue × UVB × A × T

0.078
<0.0001
0.012
0.48
0.73
0.0032
0.90
0.51
0.80
0.15
0.59
0.45
0.017
0.88
0.11

<0.0001
0.0002
<0.0001
0.25
0.0007
0.0031
0.0034
0.0068
0.59
0.066
0.0069
0.94
0.019
0.095
0.036

<0.0001
<0.0001
<0.0001
0.61
0.040
0.24
0.19
0.14
0.93
0.16
0.071
0.41
0.030
0.12
0.049
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<0.0001
0.020
0.15
0.17
0.69
0.66
0.55
0.031
0.55
0.12
0.0031
0.29
0.73
0.87
0.68

<0.0001
<0.0001
<0.0001
0.96
0.0034
0.051
0.92
0.0053
0.85
0.12
0.27
0.018
0.064
0.29
0.56

0.0002
0.0008
0.0001
0.77
0.74
0.66
0.026
0.69
0.90
0.67
0.82
0.37
0.81
0.85
0.82

<0.0001
<0.0001
<0.0001
0.0002
0.28
0.96
0.020
0.43
0.98
0.25
0.015
0.96
0.58
0.36
0.59

23

0.008

–UVparental

2.01

3.32

day−1)

UVA (mol m−2

0.0003

2.30

day−1)

GEN(G) (kJ m−2

UVB−Blue−

UVB−Blue+

UVB+Blue−

UVB+Blue+

Light treatment

0.025

67.85

m−2 day−1)

UVB (mmol

0.068

0.14

day−1)

UVA (mol m−2

< 0.000001

11.8

day−1)

GEN(G) (kJ m−2

B. Light treatments for the offspring in growth chambers.

45.9

m−2 day−1)

UVB (mmol

+UVparental

Light treatment

0.06

12.28

day−1)

GEN(T) (kJ m−2

0.0008

3.88

day−1)

GEN(T) (kJ m−2

0.04

6.83

day−1)

CIE (kJ m−2

0.17

2.28

day−1)

CIE (kJ m−2

A. Light treatments for parental plants in the field (experimental period: early May to early June of 2016).

human skin and DNA(P) is the action spectrum for DNA damage in alfalfa (Medicago sativa) seedlings.

0.25

14.24

day−1)

FLAV (kJ m−2

0.005

8.29

day−1)

FLAV (kJ m−2

0.64

16.82

day−1)

DNA(P) (kJ m−2

0.56

17.64

day−1)

DNA(P) (kJ m−2

spectrum for the accumulation of the flavonoid mesembryanthin in Mesembryanthemum crystallinum, CIE is the action spectrum for UV-induced erythema in

UVA for both experiments. GEN(G) and GEN(T) are the generalized plant action spectrum calculated with two different formulations. FLAV is the action

Supplementary Table S4. Average estimated biologically effective UV doses calculated with five BSWFs (biological spectral weighting functions), UVB and
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Solar blue and UV radiation pre-acclimate Medicago truncatula plants to
drought: molecular and physiological responses
Yan Yan, Neha Rai, Susanne Neugart, Omid Safronov, Susanne Baldermann, David Schröter, Victor
O. Sadras, Anders V. Lindfors, Pedro Aphalo, Frederick L. Stoddard
Abstract
Lack of rain often associates with clear skies, high UV radiation and blue light. We hypothesized that
long-term exposure to high levels of solar blue and UV radiation would favour pre-acclimation to
drought stress. To test this hypothesis, we set up a factorial outdoor experiment combining four
filter treatments, progressive drought treatments and three accessions of Medicago truncatula
Gaertn (Jemalong, Australian; HM006, French; HM020, Tunisian). Filter treatments were established
at sowing and comprised “> 290 nm” (transparent to all solar UV and PAR radiation); ”> 350 nm”
(excluding short-UV radiation (290–350 nm)); “> 400 nm” (excluding all UV radiation (290–400 nm));
and “> 500 nm” (excluding blue and UV radiation). Plants were well watered for one month, then
water was withdrawn from half of the plants, so they were exposed to gradual drought. Shoots were
harvested three times: before the onset of drought treatment, at 2 days without watering and 7
days without watering. HM020 produced the tallest plants and in the absence of blue light had more
upright branches than the other two accessions. Upon 7 days without watering treatment, HM006
had the lowest stomatal conductance and shoot water potential along with the highest leaf ABA
concentration. In all three accessions, blue and long-UV radiation increased the concentration of
total flavonoid (DM based) while the effect of drought differed in the three accessions. The
treatment of 2 and 7 days without watering increased the accumulation of flavonoids in HM020
where it was associated with enhanced transcript abundance of CHS. In HM020, 2 days without
watering increased the accumulation of flavonoid only “> 500 nm” filter. In contrast, drought did
not affect the concentration of total flavonoids in Jemalong. These results highlighted the different
drought-response strategies of the three accessions.
In Jemalong, neither 2 nor 7 days without watering induced transcript changes under the “> 290 nm”
filter, suggesting that long-term exposure to solar UV and blue radiation contributed to drought
acclimation. Under the “> 500 nm” filter, photosynthetically active radiation (PAR) was reduced,
slowing down the development of drought and delaying the transcriptomic response to drought in
comparison with those under the “> 350 nm” and “> 400 nm” filters. Blue light regulated 55 and 130
1

differentially expressed genes (DEGs) respectively in the second and third harvest while long-UV and
short-UV regulated less than 5 DEGs in the two harvests. Both blue light (in the third harvest) and
treatment of 2 days without watering down-regulated genes involved in light reactions in
photosynthesis. We conclude that long exposure to solar blue and UV radiation pre-acclimate plants
to drought possibly by reducing drought-induced reactive oxygen species (ROS) stress: increased
accumulation of flavonoids under blue and short-UV radiation to scavenge ROS; suppression of
genes involved in light reactions under blue light to decrease the generation of ROS. In addition, key
transcription factors (such as WRKYs and MYBs) could contribute to the signalling crosstalk
downstream of drought, blue and UV radiation.
Introduction
For plants, sunlight provides not only energy through photosynthesis but also a source of
information of their surrounding influencing growth and development (Aphalo and Ballare, 1995;
Chen et al., 2004). Different families of photoreceptors have evolved to perceive different radiation
wavebands. In the shorter waveband range, UVB and UVA radiation are perceived by UVR8 (UV
RESISTANCE LOCUS8) (Brown and Jenkins, 2008; Rizzini et al., 2011; Brelsford et al., 2019; Rai et al.,
2019, 2020), while UVA and blue radiation are sensed through phototropins, cryptochromes (CRY)
and members of the ZTL/FKF1/LKP2 family (Lin, 2000; Pudasaini and Zoltowski, 2013). At the other
end of the visible waveband, the responses to red and far-red light are mediated by phytochromes
(Smith, 2000).
Plant responses to UVB radiation have been intensively researched since damage to the ozone layer
was observed in the 1980s. Many early studies exposing plants to unrealistically high UVB doses led
to the conclusion that UVB is a stressor causing DNA damage, inducing programmed cell death and
stunted growth, but as highlighted by Caldwell and Flint (1994) such conclusions were not
necessarily relevant to plants growing in the field. A few years later, studies with realistic and natural
UVB doses became more common (Ballaré et al., 2001; Paul and Gwynn-Jones, 2003) demonstrating
that exposure to UVB radiation at ecologically realistic doses most frequently induces acclimation
by enhancing optical shielding, such as increasing the biosynthesis of flavonoids (Hideg et al., 2013),
thickening leaves and inhibiting the elongation of stem and hypocotyl (Jansen, 2002; Favory et al.,
2009; Wargent et al., 2009; Jenkins, 2014).
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In addition to UVB, blue and UVA radiation have also been reported to induce the biosynthesis and
accumulation of flavonoids (Fuglevand et al., 1996). Apart from shielding harmful levels of UV
radiation, flavonoids provide antioxidant activity against reactive oxygen species (ROS) while help
defend against pathogens and herbivores (Harborne and Williams, 2000; Agati and Tattini, 2010).
Both blue and UV radiation inhibit stem and hypocotyl elongation in polychromatic light condition,
leading to more compact plant growth (Jenkins, 2014; de Wit et al., 2016). Under long-term natural
light exposure, both blue light and UV radiation modify plant morphology and regulate gene
expression, with more persistent effects of blue light on gene expression (Yan et al., 2019; Rai et al.,
2019).
Drought, a deficit of water supply relative to demand, is considered the most significant
environmental constraint limiting crop yield globally (Fischer and Turner, 1978; Huang et al., 2002;
Stewart and Lal, 2018). Plants are often exposed to more than one stressor simultaneously in a
natural setting and combined stresses can have either synergistic or antagonistic effects. Plants also
respond to non-stressing conditions that provide cues of the likelihood of future stress. As stress is
dose-dependent, the distinction between mild stressors and pure informational cues can be difficult.
Furthermore, in some cases non-additivity of the effects of two stressors can be dose-dependent
and caused by “response saturation”—e.g., physical impossibility of a stronger response. Conditions
interpreted as combined stresses are frequent in the literature, e.g.: ozone treatment induced
responses similar to those to UVB and/or pathogens (Sandermann, 2004) and high temperature
either silenced (Walter, 1989) or enhanced (de la Rosa et al., 2001) UVB response. However,
nowadays exposure to solar UVB is only exceptionally considered to be a cause of stress on plants
(Robson et al., 2019). In nature, long periods of sunny weather, associated with high levels of UV /
PAR, often precede or coincide with drought. Time-series data from the Finnish Meteorological
Institute (FMI) have indicated a high correlation of UV exposure and low soil moisture (Pedro J.
Aphalo, Anders V. Lindfors, unpublished). During exposure to strong sunlight, the plant may
perceive the cues and acclimate to an impending drought, thereby minimizing future damage. UV
radiation can increase tolerance to water deficit by inducing photomorphogenesis, such as
alteration in leaf area and thickness, stomatal density, biosynthesis of photosynthetic pigments and
changes in stem elongation and branching patterns (Gitz and Liu-Gitz, 2003). Sequential or
simultaneous action of drought and UV exposure has been interpreted either as a reciprocal
increase in tolerance induced by two stressors (Balakumar et al., 1993; Schmidt et al., 2000; Alexieva
3

et al., 2001) or as a sequence of events where UV radiation triggers acclimation to drought without
causing stress (Gitz and Liu-Gitz, 2003; Robson et al., 2015).
Medicago truncatula Gaertn., barrel medic, is a winter-growing annual legume of Mediterranean
origin and well adapted to semi-arid conditions (Lesins and Lesins, 2012). The genetic variation
within M. truncatula results in many differences in phenotype between ecotypes (accessions)
(Barker et al., 1990). Due to its small genome and relative ease of cultivation, M. truncatula was
chosen as the model legume for genomic analysis (Bennett and Smith, 1976; Barker et al., 1990).
Given its adaption to semi-arid habitats, M. truncatula has also been used to study drought response
(Gil-Quintana et al., 2015; Antoniou et al., 2018; Dhanushkodi et al., 2018; Sańko-Sawczenko et al.,
2019). The cultivar ‘Jemalong’ has been extensively used in Australian pasture systems (Crawford et
al., 1989) so it was chosen for genome sequencing (http://www.medicago.org). The availability of
genomic data of M. truncatula makes it a good model to study the interaction of sunlight exposure
and drought.
In the present study, we hypothesized that long-term pre-exposure to solar UV and blue radiation
could acclimate plants to drought stress. The hypothesis was tested in three accessions of
M. truncatula of diverse origins that were expected to differ in their drought tolerance: Jemalong
A17 from Australia, HM006 from France and HM020 from Tunisia.
Methods
Plant material, growing conditions and experimental design
The experiment was conducted outdoors in the Viikki campus of the University of Helsinki, Finland
(60°13ʹN, 25°1ʹE) from 1 July to 17 August 2016.
We established a factorial experiment combining 3 accessions, 4 filter treatment and progressive
drought treatments. The seed of Jemalong A17 (shortened to Jemalong in this paper), HM006 and
HM020 was obtained from the Australian Pastures Genebank (Urrbrae, South Australia). The seeds
were scarified with sandpaper to break the surface and put on wet filter paper in a petri dish in the
dark at 4°C for three days until germination. The germinated seeds were inoculated evenly with
Sinorhizobium meliloti (Elomestari, Tornio, Finland), and sown into 2 L (12×12×20 cm) black plastic
pots containing pre-fertilized nursery peat (Kekkilä P6, Finland)) and sand (1:1 by volume).
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Four filter treatments were established using four types of plastic sheets (3 mm) that transmit
different wavebands of the solar spectrum: 1) >290 nm (Clear acrylic, PLEXIGLAS 2458 GT, Evonik,
Germany) as control; 2) >350 nm (Solar Clear acrylic, PLEXIGLAS 0Z023 GT, Evonik, Germany) to
attenuate short-UV radiation (<350 nm); 3) >400 nm (Clear polycarbonate, Makrolife, Arla Plast,
Sweden) to attenuate all UV radiation; 4) >500 nm (Yellow acrylic, PLEXIGLAS 1C33 GT, Evonik,
Germany) to attenuate both blue and UV radiation. The filter treatments were set up as previously
described (Yan et al., 2019). The transmittance of the filters (Fig. 1) was measured with an Agilent
8453 UV-visible spectrophotometer (Agilent Technologies, Waldbronn, Germany). The effect of
different light regimes can be assessed by pair-wise comparison between filters (Fig. 1).
The experiment was a full factorial one combining three accessions and four filter treatments with
5 replicate blocks in a split-plot design, with filter treatments as the main plot and accessions as the
sub-plot. Within each replicate, filter locations were randomized, and under each filter, 5–7 pots of
each accession were placed and randomized. The pots were put under the filters when the seeds
were sown, their positions were rotated every 3–4 days and they were watered evenly and regularly.
Representative plants 35 days after sowing are shown in Fig. S1. Leaf samples were taken at 18:00 on
9 August for metabolite and hormone analysis (first harvest). On 10 August (41 days after sowing),
we stopped watering half of the plants and continued watering the rest (separate trays were used
for control and droughted plants). On 12 August, for 2 days without watering (the second harvest),
and on 17 August, for 7 days without watering (the third harvest), we took leaf samples from both
control and drought-treated plants for metabolite, hormone and gene expression analysis. Soil
moisture content was monitored by a ProCheck soil moisture meter (Decagon Devices, Inc., WA,
USA) (Fig. S2 A & B).
Hourly ambient spectra for the whole duration of the experiment were modelled and summarized
as previously described (Yan et al., 2019). Supplemental table 1 shows effective irradiances and
spectral ratios. Fig. S3 shows the daily photon exposure to photosynthetically active radiation (PAR)
throughout the duration of the experiment under each filter treatment and Fig. S4 shows the time
course of PAR photon irradiances during the respective three days when leaf samples were
harvested. The ambient temperature, air pressure and relative air humidity for the whole
experiment and for the three harvests dates are shown in Supplementary Table 2.
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Growth, water potential and stomatal conductance
Forty days after sowing, we measured plant height (perpendicular to the ground to the tip of the
tallest branch) and shoot length (average value from the length of three representative branches
per plant). After the treatment of 7 days without watering (48 days after sowing), the abaxial
stomatal conductance was measured in situ with an automatic transit-time porometer (AP4, DeltaT Devices, Cambridge, UK) at midday (12:00 EEST) ±1 h for 1 hour, and water potential was assessed
on shoots with a pressure chamber around 18:00 EEST for 1-2 hours on the same day (model 1000,
PMS Instrument Company, OR, USA).
Flavonoid analysis by HPLC-DAD-ESI-MSn
The fresh shoot and leaf samples from three harvests were frozen in liquid nitrogen immediately
after collection and stored at −80 °C until use. The harvested samples were then lyophilized in a
freeze dryer (Savant Modulyo® Freeze Dryer, Thermo Electron Corporation, USA) and ground to
powder in a porcelain mortar. Flavonoid profile and concentrations were determined as described
earlier (Yan et al., 2019) with the following adjustment to the gradient of eluent B: 5–12% (0–15
min), 12–25% (15–48.5 min), 25–90% (48.5–49.5 min), 90% isocratic (49.5–52min), 90–5% (52–53
min), 5% isocratic (53–59 min).
ABA quantification by HPLC
Methanol (99.95%) and acetonitrile (99.99%) were obtained from Carl Roth GmbH and Co. KG
(Germany), formic acid (98-100%) from Serva Electrophoresis GmbH (Germany), MS-grade water
from Merck KGaA (Germany) and (+)-d6-abscisic acid (ABA) (A110002) from Toronto Research
Chemicals (Canada).
The ABA extraction was performed following the protocol provided by Errard et al. (2016) with slight
modifications. In brief, a 10 mg sample of the leaf powder was extracted with 200 µL of an acidic
60 % methanolic solution (60% MeOH, 40 % water and 0.01% formic acid (v/v/v)) by sonication for
15 min in an ice bath. After centrifugation for 7 min at 4500 × g and 4 °C the supernatants were
collected in a separate tube. The pellet was re-extracted four more times, the supernatants
combined, and their volume adjusted to 1 mL with the methanolic extraction solution. The samples
were stored on ice for 1 h and filtered through a 0.2 µm PTFE-membrane. The quantification was
carried out with a deuterated ABA standard, for which a stock solution was prepared from (+)-d66

abscisic acid solubilized in the methanolic extraction solution (2.5 ng/mL). From each sample an
aliquot of 50 µL was combined with 50 µL of the ABA stock solution. The volumes of the spiked
samples were adjusted to 500 µL with MS-grade water.
The chromatographic separation and mass spectrometric quantification were performed with an
Agilent 1260 Infinity HPLC (Agilent Technologies, USA) connected to a SCIEX QTRAP 6500 MS/MS
mass spectrometer (SCIEX, USA). After injection of 5 µL of sample solution, the separation was
carried out using a Supelco Ascentis® Express F5 (150 × 3 mm, 5 µm) at 25 °C with a security guard
Supelco Ascentis® Express F5 (50 × 3 mm, 2.7 µm) (Sigma Aldrich Chemical Co., St. Louis, MO, USA)
in gradient mode. Solvent A consisted of 0.1% formic acid in water (v/v) and solvent B of 100%
acetonitrile. The gradient used for solvent B at 0.65 mL/min flow rate was 10% (0-1 min), 10–35%
(1–7 min), 35–100% (7-9 min), 100% isocratic (9–10 min), 100–10% (10–10.5 min) and 10% isocratic
(10.5–14.5 min). The ESI ionization was performed in negative ionization mode at -4500 V, with a
source temperature of 400 °C, 40 psi curtain gas, 50 psi nebulizer, 60 psi auxiliary gas and high CAD.
The declustering potential was set to -60 V and the entrance potential to -12 V. The following
multiple-reaction-monitoring transitions were optimized and monitored for both ABA (m/z 263) and
d6-ABA (m/z 269) fragmentation with a dwell time of 100 msec each: m/z 263→153 (quantifier,
collision energy (CE) -15 V, cell exit potential (CXP) -15 V), m/z 263→219 (qualifier, CE -18 V, CXP 20 V), m/z 263→201 (qualifier, CE -23 V, CXP -10 V), m/z 269→159 (quantifier, CE -15 V, CXP -15 V),
m/z 269→225 (qualifier, CE -20 V, CXP -20 V), and m/z 269→207 (qualifier, CE -28 V, CXP -10 V). The
data were acquired and processed via Analyst 1.6.2 software (Sciex, USA). The quantification was
performed by calculating the response factor of a linear regression of the quantifier areas from the
reference ABA material in a range from 0.5-50 ng/mL to the d6-ABA quantifier area of 2.5 ng/mL
concentration.
RNA sequencing and data analysis
Total RNA was extracted using TRIzol™ reagent (Thermo Fisher Scientific, Waltham, MS, USA)
according to the manufacturer’s instructions with modification of high salt (0.3 ml isopropanol and
0.3 ml salt) precipitation for 48 samples of three replicates (control and droughted plants from
second and third harvest) of accession Jemalong. The concentration of RNA was determined using
a NanoDrop ND-1000 Spectrophotometer (Thermo Fisher Scientific). The integrity and quality of
RNA was assessed by Bioanalyzer RNA 6000 Nano assay (Agilent Technologies). The validated RIN
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values for the extracted RNA samples ranged from 6.9 to 8.9 (average: 7.8). Libraries were
constructed using TruSeq Stranded Total RNA with Ribo-Zero Globin kit (Illumina, San Diego, CA,
USA). The concentration of the library was measured by Qubit Fluorometer (Life Technologies,
Carlsbad, CA, USA), and the quality and size of the library were monitored using Fragment Analyzer
(Agilent Technologies). Libraries were sequenced using NextSeq 500 (Illumina) generating 75 bp
single end reads.
One sample was removed from data analysis due to low mapping percentage to the M. truncatula
genome (45%). The Illumina TruSeq adapter was trimmed from the raw reads using Trimmomatic
0.33 (Bolger et al., 2014). The trimmed reads were monitored with FastQC for quality check (v0.11.4,
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/),

and

were

mapped

against

M. truncatula coding DNA sequences (ribosomal gene models were removed) (Tang et al., 2014),
using Kallisto (v0.43.0; options: --single, -l 200, -s 15, --bias, -b 4000) (Bray et al., 2016). The final
count tables were obtained by calculating the mean of 4000 bootstrap replicates, at genelevel/transcript-level inference (Soneson et al., 2015).
The raw count tables were acquired as the mean of the bootstrap runs. Genes with more than five
counts in 8 or more of the 16 filter × drought treatment combinations were kept. The count tables
were analyzed for differential gene expression with edgeR 3.24.3 (Robinson et al., 2010). The glmLRT
(McCarthy et al., 2012) method was used to fit the statistical models separately to data from each
contrast. Differentially expressed genes (DEGs) across filter and drought treatments under selected
pairwise contrasts were analyzed by method decideTestsDGE using Benjamini-Hochberg FDR
correction of P values, with FDR ≤ 0.05. For fold change, |logFC| > log2(1.5) was used as the
threshold. Effects of wavebands were assessed by comparing responses between pairs of filters as
described above (Fig. 1).
Enrichment of Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways was assessed using
function topKEGG (edgeR 3.26.8) using KEGG orthology “ko” pathway definitions. The enrichment
was tested for those lists of DEGs from the contrast tests that had more than 60 DEGs (marked in
bold in Table 2), and all the genes expressed in our experiment were used as background. Pathway
enrichment was considered significant at a p-value of 0.05.
Each of the differentially expressed gene (DEG) lists was screened with the keywords “stress”,
"defence", "cold", "heat", "drought", "water deficit", "water deprivation”, "light", "photosynthesis"
and “UV”. These were categorized as responsive to (A) biotic stress, (B) abiotic stress, (C) light
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stimulation and (D) stress and defence. General blue and drought effects during the second and
third harvest are given in Supplementary file 1 and 7 days without watering effects under the
“> 500 nm” filter along with 2 days without watering effects under the “> 350 nm” and “> 400 nm”
filters are given in Supplementary file 2.
Quantitative real-time PCR
For Quantitative real-time PCR (q-PCR), cDNA was synthesized for each sample using 2 μg of RNA,
which was first treated with DNase I (Thermo Fisher Scientific) to eliminate genomic DNA
contamination and the RNA was reverse-transcribed to cDNA using RevertAid Reverse Transcriptase
(Thermo Fisher Scientific) and oligo (dT)20 primers. The locus names of 13 light and stress responsive
genes were selected in the responsive genes from RNA-seq data. Their sequences were obtained in
the M. truncatula sequence database (LegumeIP http://plantgrn.noble.org/LegumeIP, The Samuel
Roberts Noble Foundation, Ardmore, OK, USA). Primers for the 13 genes were designed using Primer
3 (Untergasser et al., 2012) and QuantPrime (Arvidsson et al., 2008), and the melting curve was
checked for each pair of primers before they were used in q-PCR.
Supplemental table 1 shows the primer sequence and gene information. The q-PCR was conducted
in a CFX384 Touch™ Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., USA) with FIREPol®
EvaGreen® q-PCR Mix Plus (Solis Biodyne, Tartu, Estonia). All samples collected from one harvest of
each accession of each replicate block were run on the same 384-well plate as 10 μl PCR reactions
in triplicate.
The cycle thresholds were determined using Bio-Rad CFX Manager and were imported into
qbasePLUS2.0 (Biogazelle, Belgium), where reference genes were used to normalize the q-PCR data
(Supplementary Table 3). The reference genes had an average geNorm expression value M = 0.71,
2.09 and 1.35 respectively for Jemalong, HM006 and HM020 and coefficient of variation (CV) = 0.30,
0.66 and 0.45 in the same order. After normalization, expression values were scaled to the average
expression values of the specific run, log10-transformed and exported from qbasePLUS for further
analyses in R-3.5.0 (R Core Team, 2018).
Statistical analysis
Linear mixed models with blocks as random effects (LME) were fitted using the NLME package
(Pinheiro et al., 2019) in R-3.5.0 (R Core Team, 2018). Factorial analysis of variance (ANOVA) was
9

used to investigate the significance of main effects of filter treatment, drought treatment, accession,
and their interactions. ANOVA was done separately for each harvest. When ANOVA indicated
interaction between two or more factors (p < 0.05), responses were assessed by splitting the data
accordingly before fitting simpler models separately. When the effect of filter treatment was
significant (p < 0.05), the individual effects of short-UV (290–350 nm), long-UV (350–400 nm) and
blue light (400–500 nm) were investigated through selected contrasts using the fit.contrasts()
function from the package gmodels (Warnes et al., 2018).
The effect of short-UV radiation was assessed by making contrast between filter “> 290 nm” and
filter “> 350 nm”, the effect of long-UV radiation was assessed by making contrast between filter
“> 350 nm” and filter “> 400 nm”, and the effect of blue light was assessed by making contrast
between filter “> 400 nm” and filter “> 500 nm”.
All figures were drawn using the package ggfortify (Horikoshi and Tang, 2016; Tang et al., 2016) and
ggplot2 (Wickham, 2016) in R-3.5.0 (R Core Team, 2018).
Results
Growth, stomatal conductance and leaf water potential
Before watering was withheld, HM020 was 135% taller than Jemalong and 65% taller than HM006
under all filter treatments (Fig. 2). The interaction of filter treatments and accessions are significant
(p = 0.0002) which is reflected by the observation that short-UV radiation decreased plant height
only in HM020 by 20% (p = 0.013) (Fig. 2 A). On the other hand, blue light decreased plant height in
all three accessions: by 44% in Jemalong (p < 0.0001), 27% in HM006 (p = 0.015) and 37% in HM020
(p < 0.0001). HM020 also had longer average shoot length than the other two accessions, but the
difference was less than that in plant height. In HM020 and HM006, average shoot length was not
affected by filter treatments, while blue light reduced it in Jemalong (p = 0.007) (Fig. 2B). The
different responses of plant height (perpendicular to the ground) and shoot length to blue light
indicated that the deprivation of blue light resulted in more upright branches in HM020 and to a
lesser extent in HM006. Long UV radiation had no detectable effect on plant height and shoot length.
In comparison with well watered plants, 7 days without watering reduced abaxial stomatal
conductance by around 50% in HM020 and Jemalong under all filter treatments (p < 0.0001) and by
64% in HM006 (Fig. 3A). Jemalong had the highest (p < 0.0001) stomatal conductance under all filter
treatments in both control and drought condition. The treatment of 7 days without watering also
10

decreased the shoot water potential in all three accessions (p < 0.0001) but to differing degrees (p
= 0.022): by 60% in HM020 and Jemalong, and by 108% in HM006.
Flavonoids
HPLC analysis identified 11 individual flavonoid compounds in both HM006 and HM020 along with
14 in Jemalong (Table 1). Most flavonoid glycosides were based on the aglycones apigenin in
Jemalong and tricin in HM020 and HM006 (Table 1 & Fig. 5). Four compounds were found in all
three

accessions:

two

apigenin

glucuronopyranosyl-glucuronopyranoside

glycosides
and

(apigenin-7-feruloyl-glucuronopyranosideapigenin-7-coumaroyl-glucuronopyranoside-

glucuronopyranosyl-glucuronopyranoside) and two tricin glycosides (tricin-7-glucopyranoside and
tricin-7-glucuronopyranoside) (Table 1). The differences in retention times between Jemalong and
the other two accessions indicates that these were probably isomers.
In both well watered and droughted plants of the three accessions, the molar concentrations of
total flavonoids increased in response to short-UV radiation by 13% (p = 0.0001) and to blue light by
12% (p = 0.0005) (Fig. 4). The effect of drought, however, differed in the three accessions. In HM020,
2 and 7 days without watering increased the accumulation of flavonoid by 9% and 11%, respectively
(p = 0.0001) while drought did not affect the accumulation in Jemalong. In HM006, 7 days without
watering did not change the flavonoid accumulation, while the interaction between filter treatment
and 2 days without watering was significant (p = 0.048): 2 days without watering increased the molar
concentration of total flavonoids only under “> 500 nm” filter by 17% (p = 0.02).
Overall, Jemalong had the highest molar concentration but the lowest mass concentration of total
flavonoids (Fig. 4 & Fig. S5), a difference resulting from the smaller molecule mass of apigenin
compared to tricin and other flavonoids that were in higher concentration in the other two
accessions. Apigenin glycosides constituted 63% of total flavonoid’s molar concentration in
Jemalong while tricin glycosides comprised 78% and 72% of that in HM006 and HM020, respectively
(Fig. 5). The major flavonoids in this experiment, tricin and apigenin were quantified separately as
molar concentration summed up based on their aglycones (Fig. 5). In all three accessions at both
second and third harvest, the molar concentration of total tricins was increased by short-UV (p <
0.0001) and blue radiation (p < 0.0001) under control and drought treatments, and it was also upregulated by 2 and 7 days without watering (Fig. 5). The response of apigenin to drought and filter
treatments differed in the three accessions. In Jemalong, the effect of drought and filter treatment
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was detected only for the third harvest: blue light decreased while 7 days without watering
increased the concentration of total apigenins. In HM006, the concentration of total apigenins was
very low (~0.005mmol g-1), and it was slightly but significantly decreased by blue (p = 0.003) and
short-UV radiation (p = 0.037) while it was increased by long-UV radiation (p = 0.047) in the second
harvest. In the third harvest, the concentration of total apigenin in HM006 was also decreased by
blue light (p = 0.0007). In HM020, the concentration of total apigenin was relatively low (<
0.008mmol g-1), and it was enhanced slightly by 2 and 7 days without watering (p < 0.0001) and
reduced marginally by long-UV radiation (p = 0.027).
In Jemalong, 6 of the 14 flavonoid glycosides were acylated with hydroxycinnamic acids, accounting
for 66% of the molar concentration of total flavonoids. In HM006 and HM020, 9 of the 13 flavonoid
acylated were acylated with hydroxycinnamic acids, representing 73% of the molar concentration
of total flavonoids. The hydroxycinnamoyl units included coumaroyl, feruloyl and sinapoyl moieties
(Table 1).
ABA
In all three accessions, both 2 and 7 days without watering (p < 0.0001) increased ABA accumulation,
with a greater increase from 7 days without watering (p = 0.0019). The interaction of accession and
harvest was significant (p = 0.024). In the second harvest, 2 days without watering increased the
concentration of ABA by 47%, 66% and 68% in HM006, HM020 and Jemalong, respectively. In the
third harvest, the accession effect was not significant due to high variation, but the filter x 7 days
without watering interaction was significant (p = 0.033). In Jemalong and HM006, ABA increased
more after 7 days without watering under the “> 290 nm” and “> 350 nm” filters than under the
“> 400 nm” and “> 500 nm” filters, showing an effect of long-UV on ABA accumulation (Fig. 6). In
HM020, however, ABA increased more after 7 days without watering under the “> 290 nm”,
“> 350 nm” and “> 400 nm” filters than under the “> 500 nm” filter, suggesting that blue rather than
UV radiation influenced its response (Fig. 6). After 7 days without watering, the concentration of
ABA increased 3.7-fold in HM006 and 2.5-fold in both HM020 and Jemalong compared to control.
RNA-seq
The low number of DEGs in response to both long-UV and short-UV radiation indicate that, after
one month of filter treatments, transcripts were less responsive to UV radiation (Table 2). In
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contrast, blue light regulated 55 DEGs and 130 DEGs in the second and third harvest, respectively,
and these genes were in different groups (Fig. 7). Moreover, 2 days without watering regulated 756
DEGs while 7 days without watering mediated change of transcript abundance of 188 DEGs, among
which 53 DEGs are commonly regulated by both 2 and 7 days without watering (Fig. 8).
Very few DEGs were associated with long- and short-UV radiation in the second and third harvest.
Of these, Medtr0005s0110 (TIR-NBS-LRR class disease resistance protein, associated with defence
response) and Medtr7g021950 (F-box/RNI-like/FBD-like domains-containing protein) were strongly
up-regulated by short-UV radiation and almost equally down-regulated by long-UV radiation (Fig.
9).
KEGG analysis showed that in the third harvest, the DEGs up-regulated by blue light included two
genes in pathways associated with circadian rhythm and one each in flavonoid biosynthesis, plant
hormone signal transduction, MAPK signalling and diterpenoid biosynthesis, while those downregulated included one each associated with photosynthesis, plant-pathogen interaction and
cysteine and methionine metabolism. The keyword search of DEGs showed that in both second and
third harvests, blue light suppressed the expression of Medtr3g103960, which is responsive to stress
and involved in chlorophyll catabolism. In the second harvest, 8 stress-inducible genes were all
down-regulated by blue light: SIP2, PDLZ2, WRKY50, Rap2.6L, Medtr3g103960, Medtr3g075510,
Medtr3g451150, Medtr5g062770 and Medtr8g011340 and in the third harvest, 6 of 18 stressresponsive genes were also down-regulated by blue light: RLP13, Medtr0007s0070, Medtr3g103960,
Medtr7g080900, Medtr8g035880 and Medtr3g067610 (Supplementary file 1).
The quadrant plot for general drought effect (Fig. 8) shows that 53 DEGs responded in the same
direction and magnitude following 2 and 7 days without watering. The keyword search found 9 DEGs
that were up-regulated by both 2 and 7 days without watering: WRKY40, responsive to abiotic stress
and light; EDS1, CNGC20 and CRT3, responsive to biotic stress; STA1, responsive to abiotic stress;
SOUL-1 and Medtr3g089890 (Mog1/PsbP/DUF1795-like photosystem II reaction center PsbP family
protein), responsive to light; SAG101 and Medtr8g018280 (disease resistance protein (TIR-NBS-LRR
class)), responsive to stress and defence (Fig. 10A, Supplementary file 1).
KEGG analysis of the responses to 2 days without watering identified 18 up-regulated DEGs in the
biosynthetic pathways of phenylpropanoids, flavonoids, isoflavonoids and secondary metabolites,
along with 9 in pathways of plant-pathogen interaction, 5 in protein processing in endoplasmic
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reticulum, 3 in starch and sucrose metabolism, 3 in amino sugar and nucleotide sugar metabolism,
2 in plant hormone signal transduction, 2 in MAPK signalling pathway and 2 in RNA polymerase.
Three genes involved in photosynthesis and 3 in oxidative phosphorylation were down-regulated.
The keyword search further identified HSP70, WRKY70, LEA14, ERDJ3B and CBP60G, responsive to
biotic stress, abiotic stress and light stimulation along with a U-box family gene Medtr8g06853, 2
heat shock cognate protein 70-1 (HSC70-1), 3 heat shock protein 70 (HSP70), 5 WRKY transcription
factors (WRKY70, 3 WRKY40 and WRKY51) and 4 MYB transcription factors (MYB78, MYB14, 2
MYB15). The expression of Medtr3g067610, responsive to abiotic stress and light, was increased by
2 days without watering but decreased by blue light in the third harvest (supplementary file 1).
KEGG analysis of the responses to 7 days without watering indicated that 7 of the induced DEGs
were in the pathway of biosynthesis of secondary metabolites, 4 in plant-pathogen interaction, 4 in
starch and sucrose metabolism, 2 in circadian rhythm, 2 in necroptosis, 2 in protein processing in
endoplasmic reticulum and 1 in brassinosteroid biosynthesis. The keyword search found that 7 days
without watering increased the expression of WRKY40 and MYB91, and that both blue light and 7
days without watering in the third harvest increased the transcript abundance of UGT84A1, which
is induced by UVB radiation (Supplementary file 1).
Less than 5 DEGs showed changes due to 2 and 7 days without watering under the “> 290 nm” filter.
The treatment of 2 days without watering regulated 66 DEGs under the “> 350 nm” filter and 94
under “> 400 nm” filter, while the 7 days without watering treatment regulated 124 DEGs under the
“> 500 nm” filter (Table 2). These three lists shared very few genes (Fig. S6). Of the DEGs affected
by 2 days without watering under the “> 350 nm” filter, 2 up-regulated genes were involved in
protein processing in endoplasmic reticulum, 1 in the longevity regulating pathway, 1 in plantpathogen interaction and 1 in ubiquitin mediated proteolysis. Among those regulated by 2 days
without watering under the “> 400 nm” filter, transcripts of 1 gene mediating circadian rhythm, 2
in phenylpropanoid and fatty acid biosynthesis and 1 in the longevity regulating pathway were
increased, while 2 involved in photosynthesis, 2 in oxidative phosphorylation and 4 in other
metabolic pathways were down-regulated. Of the DEGs regulated by 7 days without watering under
the “> 500 nm” filter, 2 genes mediating plant-pathogen interaction, 1 affecting circadian rhythm, 1
in plant hormone signal transduction and 1 in MAPK signalling pathway were up-regulated, while
transcripts of 1 gene involved in photosynthesis and 1 in oxidative phosphorylation were decreased.
The absence of DEGs under the “> 290 nm” filter indicates that exposure to full sunlight may have
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enhanced drought tolerance. The keyword search showed that Medtr8g013560, responsive to light
stimulation, was up-regulated by both 2 days without watering under the "> 400 nm" filter and 7
days without watering under the “> 500 nm” filter; Medtr8g018280, responsive to stress, was
induced by both 2 days without watering under "> 350 nm" filter and 7 days without watering under
the “> 500 nm” filter; the treatment of 7 days without watering increased the transcript abundance
of 23 disease resistance protein genes (TIR-NBS-LRR class, LRR and NB-ARC domains-containing, NBARC domain-containing and CC-NBS-LRR class) under the “> 500 nm” filter while 2 days without
watering induced 3 of the disease resistance protein genes (CC-NBS-LRR class, TIR-NBS-LRR class
and NB-ARC domain-containing) under the “> 350 nm” filter (Fig. 10B; Supplementary file 2).
q-PCR
In Jemalong, 7 days without watering suppressed transcript abundance of Rap2.6L by 6-fold (Fig.
11). The treatment of 7 days without watering decreased the expression of CHS in all filter
treatments except for the “> 290 nm” filter where there was no effect, and it increased the
transcript abundance of COR47 under all filter treatments except for the “> 500 nm” filter where it
decreased (p = 0.0096). Blue light increased the expression of ELIP1 by 7-fold in both control and
droughted plants in the second harvest (p < 0.0001) and decreased the expression of BZO2H3,
COR47, ELIP1, HSP70 and SAG101 in droughted plants but had no effect on control plants in the
third harvest.
In HM006 (Fig. 12), the treatment of 2 days without watering decreased transcript abundance of
NAT by 14-fold (p = 0.017), whereas 7 days without watering increased transcript abundance of
Rap2.6L by 30-fold (p = 0.0022), CHS by 44-fold (p < 0.0001) and HSP70 by 16-fold (p = 0.0001). In
control plants of HM006 in the third harvest, short-UV decreased the expression of CHS by 133-fold
(p = 0.029).
In HM020 (Fig. 13), 7 days without watering increased transcript abundance of CHS by 35-fold (p <
0.0001), HSP70 by 18-fold (p < 0.0001) and both SAG101 (p = 0.0012) and BZO2H3 (p = 0.007) by 8fold.
Discussion
This experiment was designed to test the hypothesis that solar blue and UV radiation may inform
the plant of a future risk of exposure to drought. Light quality was altered by a series of filters that
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successively cut off radiation in the short-UV, long-UV and blue wavebands. We found that the
absence of blue and UV radiation was associated with changes in drought response. The role of UVB
radiation in drought tolerance and water use has previously been studied mostly under artificial
light (Balakumar et al., 1993; Schmidt et al., 2000; Alexieva et al., 2001; Hofmann et al., 2003;
Poulson et al., 2006; Feng et al., 2007) rather than in natural settings, and the interaction of solar
blue light and drought stress has been little investigated until now.
Progressive drought failed to induce DEGs under the transparent filter
Few DEGs were induced by either 2 or 7 days without watering under the “>290nm” filter while
many known to be responsive to biotic or abiotic stress were up-regulated by drought under the
other three filters. For example, 23 genes encoding disease resistance (R) proteins were induced by
7 days without watering under the “> 500 nm” filter and 3 were induced by 2 days without watering
under the “> 350 nm” filter. R proteins play essential roles in providing plant immunity by detecting
the presence of pathogenic bacteria, viruses, or fungi (Martin et al., 2003). The role for R proteins
in both biotic and abiotic stress has been shown when the overexpression of VaRGA1, an R proteinencoding gene in grapevine (Vitis vinifera L.), enhanced the resistance to plant pathogen
(Phytophthora parasitica) and improved the germination rate of Nicotiana benthamiana under
osmotic stress with treatment of mannitol (Li et al., 2017b). We interpret the absence of drought
induction of stress-inducible genes under the transparent filter as an indication that long-term
exposure of solar UV and blue radiation contributed to pre-emptive acclimation to drought that
alleviate stress.
Since 2 days without watering induced stress-responsive genes in plants under the “> 350 nm” and
“> 400 nm” filters but not under the “> 500 nm” filter, while 7 days without watering induced stressresponsive genes in plants only under the “> 500 nm” filter, drought response seems to have
developed more slowly under the “> 500 nm” filter than under the other two filters. This could be
interpreted as an alleviation of drought stress. Elsewhere, shading (reduced PAR) has been reported
to either aggravate (Climent et al., 2006; Niinemets and Valladares, 2006) or alleviate drought stress
(Castro et al., 2004; Quero et al., 2006). The slower development of drought under the “> 500 nm”
filter could result from the direct effect of the different wavebands received (Lanoue et al., 2018;
Yan et al., 2020) or the combined direct and indirect effect of the reduction of overall incoming PAR
on water use efficiency (Aranda et al., 2005; Huang et al., 2008). Separating these effects would
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require balanced PAR, using either augmented lighting for the “> 500 nm” treatment (as in Yan et
al., 2020) or shading for the other filter treatments (as in Aasamaa and Aphalo, 2017).
The effect of blue light was more prominent than that of UV radiation
In the second and third harvest, long-UV and short-UV radiation induced fewer DEGs than blue light.
Nevertheless,

Medtr0005s0110

(disease

resistance

protein

(TIR-NBS-LRR

class))

and

Medtr7g021950 were up-regulated by short-UV while down-regulated by long-UV. The response
pattern of these two genes reflected the model of short-UV and long-UV radiation separately
activating signalling transduction mediated by UVR8 and cryptochromes (CRYs) (Rai et al., 2020).
When both wavebands were present, the actions of the two photoreceptors balanced each other.
Blue light regulated many more DEGs than UV radiation did. In the second harvest, blue light
suppressed several stress-inducible genes, such as WRKY50, LOX5, PLDP2 and Rap2.6L
(supplementary file 1), but in the third harvest, blue up-regulated some stress-responsive genes
such as FILB4 and CPR30 while it down-regulated 6 stress-inducible DEGs including RLP13. In
addition, blue light in the third harvest induced genes known to be responsive to light such as ELIP,
HYH, CUL3, UGT84A1, EDA3 and CHS, a gene involved in flavonoid biosynthesis. Similarly, recent
studies in Vicia faba and Arabidopsis thaliana (Yan et al., 2019; Rai et al., 2019) have also shown
that after long-term exposure the effect of solar blue light on transcript abundance can be detected
while that of UV radiation cannot or is weaker.
WRKY transcription factors can form complex regulatory networks modulating many processes in
plants including stress responses (Ülker and Somssich, 2004; Ren et al., 2010; Liu et al., 2016; Zhao
et al., 2020). Moreover, WRKYs could particitate in the signalling crosstalk downstream of CRYs and
UVR8 under sunlight (Rai et al., 2020). Although blue light in the second harvest down-regulated
WRKY50, the treatments of 2 and 7 days without watering induced the expression of several WRKY
TFs, indicating that blue light could contribute to pre-acclimation by regulating WRKY TFs through
the photoreceptor-mediated signalling pathway. The suppression of some stress-inducible genes by
blue light suggests that its absence is itself a stress factor.
The effect of 2 days without watering was greater than that of 7 days without watering
The treatment of 2 days without watering enhanced the transcript abundance of 4 MYB TFs while 7
days without watering increased that of only 1 MYB TF, suggesting an involvement of MYBs in the
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early stages of drought perception/response. MYB transcription factors have been characterized as
having important roles during drought response in Arabidopsis thaliana and some crops (Baldoni et
al., 2015). The over-expression of maize MYB48 and wheat MYB33 in Arabidopsis significantly
increased drought tolerance (Qin et al., 2012; Wang et al., 2017). Moreover, MYBs interacted with
UVR8 to mediate physiological responses to UVB in Arabidopsis (Xu and Zhu, 2020) and it is also
involved in regulation of flavonoid biosynthesis genes in response to UVB radiation (Pandey and
Agrawal, 2020). These responses suggest possible crosstalk between responses to UVB radiation
and drought through MYBs.
MtPUB60, a U-box protein gene involved in ubiquitin-mediated proteolysis, was induced by 2 days
without watering. The ubiquitin-mediated proteolysis is essential for most cellular processes, U-box
E3 ligases are of particular importance in this process as they render substrate specificity that
catalyses the attachment of ubiquitin to the target proteins (Ciechanover, 1998, 2005). Sixty-four
putative U-box proteins have been identified in the M. truncatula genome, 33 being stress-inducible,
among which MtPUB60 (Medtr8g068530.1) was up-regulated by salt stress (Song et al., 2017).
These results indicate a broader role for MtPUB60 in early responses to abiotic stress.
Five heat shock proteins (HSP) genes were induced by 2 days without watering, including 3 HSP70
and 2 HSC70, suggesting a role for these in acclimation to drought. HSPs are a group of ubiquitously
expressed protective proteins that play a key role in plant stress responses. Overexpression of
MsHSP70 from Medicago sativa L. in Arabidopsis improved tolerance towards PEG (polyethylene
glycol)-mimicked drought stress and ABA treatment (Li et al., 2017a) while overexpression of native
AtHSC70-1 induced higher thermotolerance (Sung and Guy, 2003).
Drought and blue light suppressed genes in photosynthesis
It has been known for over a century that drought stress leads to restricted photosynthesis, resulting
from both decreased stomatal conductance (Carmo-Silva et al., 2012) and direct biochemical
inhibition of the photosystems (Ghannoum et al., 2003). Moreover, injury to the photosynthetic
apparatus of plants induced by high level of PAR or UV radiation has been known as photoinhibition
for a long time (Powles, 1984; Vassiliev et al., 1994; Turcsányi and Vass, 2007). The imposition of
drought stress significantly exacerbated photoinhibition of photosynthesis in both shade and sun
habitat species (Gauhl, 1979; Björkman and Powles, 1984). In the present study, 2 days without
watering down-regulated the transcript abundance of genes involved in the light reactions of
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photosynthesis: proton channel (ATPB) and electron transporter (PHOTOSYSTEM II REACTION
CENTER PROTEIN A; FERREDOXIN 2). Moreover, ATPB and ATPI were also down-regulated by blue
light in the third harvest. These results suggest that blue light and drought lowered the capacity to
generate reducing power through changes at the transcript level, thus avoiding or moderating the
imbalance between the captured PAR photons and the decreased supply of CO2 due to lower
stomatal conductance. Thus, reduced photosynthetic capacity could pre-acclimate plants to
drought stress, and in this way blue light could contribute to drought acclimation.
Distinct responses in the three accessions
The three accessions responded distinctly to different bands of sunlight and progressive drought at
the levels of morphology, physiology, metabolite accumulation and transcript regulation. Plant
architecture is closely guided by the light environment, and in the present study, the deprivation of
solar blue light increased plant height in all three accessions while it led to more vertically oriented
branches especially in HM020. Increased plant height and branch angle to horizontal can improve
capture of light (Osada and Hiura, 2017) and end-of-day far-red pulses can lead to more vertically
oriented branches (Aphalo et al., 1991). In our study, deprivation of blue light mimicked a low-light
scenario, and a low blue:green ratio is a cue of shading by vegetation (Sellaro et al., 2010). ShortUV radiation decreased plant height in HM020 but not in the other two accessions, and UVB has
been reported to reduce plant height in tomato (Lycopersicon esculentum Mill. cv ‘Marmande’) and
canola (Brassica napus L.) (Corso and Lercari, 1997; Qaderi et al., 2007).
The concentration of abscisic acid increased in both treatments of 2 and 7 days without watering in
all three accessions, indicating that the drought treatment was successful. Leaf relative water
content (RWC) decreased after 7 days of water withholding in Jemalong (Nunes et al., 2008),
suggesting that physiological traits indicating plant water status can be a good tool for assessing
plant responses to progressive drought. Upon the treatment of 7 days without watering, stomatal
conductance and shoot water potential decreased more and leaf ABA concentration increased more
in HM006 than in the other two accessions. This suggests that HM006, originating from France, is
less adapted to drought than the other two accessions from Tunisia and Australia. Similarly,
Jemalong showed a smaller change in RWC under drought stress than R108, a derivative of Israeli
accession 108-1, indicating that Jemalong is tolerant to drought (Luo et al., 2016).
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The upregulation of HSP70 by 7 days without watering in both HM006 and HM020 was indicative of
the induction of stress response. The dominant flavonoids found in M. truncatula were glycosides
of tricin, apigenin, chrysoeriol and luteolin, in agreement with previous work (Kowalska et al., 2007).
The present study found genetic variation for flavonoid composition, with apigenin glycosides
dominating in Jemalong and tricin glycosides in the other two accessions, and that more than half
of the molar concentration of flavonoids was in acylated with hydroxycinnamic acids form in the
three accessions. Acylation of flavonoids enhances phytochemical properties such as antioxidant
activity and UV-absorbance (Tohge et al., 2018), suggesting the acylated flavonoid glycosides
provided strong UV protection and antioxidant capacity in M. truncatula in the present experiment.
Both blue and short-UV radiation increased the accumulation of flavonoids in all three accessions,
while 2 and 7 days without watering enhanced that in HM020. The induction effect of drought on
flavonoid accumulation has been previously shown in Arabidopsis (Nakabayashi et al., 2014) and
wheat (Ma et al., 2014), while that of solar blue and short-UV radiation have been observed also in
another legume species Vicia faba L. (Yan et al., 2019). In our study, the additive effects of light and
drought on flavonoid accumulation suggest that blue and short-UV radiation potentially preacclimate plants to drought by enhancing antioxidative capacity as reflected by increased flavonoid
concentration. In contrast, the lack of drought effect on flavonoid in Jemalong and HM006 suggests
that flavonoids induced by blue and short-UV radiation could have been enough to scavenge
drought-induced ROS.
In conclusion, our study has demonstrated with transcriptomic data that long-term exposure to
solar UV and blue radiation contributed to pre-acclimation to progressive drought stress, and this
could be regulated through transcription factors such as WRKYs and MYBs. Increased flavonoid
accumulation in response to blue and short-UV radiation could enhance the capability to scavenge
ROS. On the other hand, down-regulation of genes involved in light reactions of photosynthesis by
blue light could reduce the generation of ROS when stomata close. Thus, the two aspects could
cooperatively contribute to light-driven acclimation to drought. Solar blue and UV radiation did not
trigger changes in CO2 assimilation or chlorophyll fluorescence (Yan et al., 2019) and they did not
up-regulate many stress-inducible genes in the present study. Thus, they both acted as
environmental cues rather than stressors when triggering pre-acclimation to drought.
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Table 1. Flavonoid compounds their retention time (RT) and their parent ions molecular mass [M+H]+ in the leaves of M. truncatula
Jemalong, HM006 and HM020.
[M+H]+ (g RT in
RT in HM006 and
Flavonoid compound
mol-1)
Jemalong
HM020
Apigenin-7-coumaroyl-glucuronopyranosyl-glucuronopyranoside

384

31.17

Apigenin-derivative

384

37.69

Chrysoeriol-7-coumaroyl-glucuronopyranosyl-glucuronopyranoside

399

28.86

Apigenin-7-feruloyl-glucuronopyranosyl-glucuronopyranoside

399

30.35

Apigenin-7-rhamnopyranoside

399

39.17

Chrysoeriol-7-feruloyl-glucuronopyranosyl-glucuronopyranoside

414

28.20

Apigenin-7-coumaroyl-glucuronopyranoside-glucuronopyranosylglucuronopyranoside

472

24.31

Chrysoeriol-7-glucuronopyranoside

476

26.05

Apigenin-7-feruloyl-glucuronopyranoside-glucuronopyranosylglucuronopyranoside

486

23.25

Chrysoeriol-7-feruloyl-glucuronopyranoside-glucuronopyranosylglucuronopyranoside

487

Tricin-7-glucopyranoside

492

Chrysoeriol-7-coumaroyl-glucuronopyranoside-glucuronopyranosylglucuronopyranoside

502

Tricin-7-glucuronopyranoside

506

24.80

Apigenin-7-glucuronopyranosyl-glucopyranoside

610

15.17

Apigenin-7-glucuronopyranoside-glucuronopyranoside

622

18.41

Luteolin-7-glucuronopyranoside-glucuronopyranoside

638

17.63

Tricin-7-glucopyranoside-glucuronopyranoside

668

12.99

Tricin-7-glucuronopyranoside-glucuronopyranoside

682

13.87

Tricin-7-coumaroyl-glucuronopyranoside-glucuronopyranoside (isomer 1)

828

25.30

Tricin-7-coumaroyl-glucuronopyranoside-glucuronopyranoside (isomer 2)

828

31.00

Tricin-7-feruloyl-glucuronopyranoside-glucuronopyranoside (isomer 1)

858

23.68

Tricin-7-feruloyl-glucuronopyranoside-glucuronopyranoside (isomer 2)

858

31.62

Tricin-7-sinapoyl-glucuronopyranoside-glucuronopyranoside

888

21.40

29

18.71

17.16
19.70

18.90

32.90
18.00
24.98

Table 2. Number of differentially expressed genes responding to blue, long-UV, short-UV radiation, drought and their interactions in the second (at 2 days
without watering) and third harvest (at 7 days without watering). The numbers in the parenthesis indicates the number of upregulated and downregulated
DEGs respectively.
Harvest
Blue
Blue × Drought
Blue under control
Blue under Drought
3 (2 up, 1 down)

29 (5 up, 24 down)

4 (0 up, 4 down)

130 (58 up, 72 down)

0

36 (10 up, 26 down)

31 (1 up, 30 down)

Effect

Long-UV

Long-UV × Drought

Long-UV under
control

Long-UV under
Drought

The second harvest

4 (1 up, 3 down)

15 (10 up, 5 down)

4 (2 up, 2 down)

1 (1 up, 0 down)

The third harvest

2 (1 up, 1 down)

0

0

14 (14 up, 0 down)

Effect

Short-UV

Short-UV × Drought

Short-UV under
control

Short-UV under
Drought

The second harvest

2 (2 up, 0 down)

5 (5 up, 0 down)

2 (2 up, 0 down)

1 (0 up, 1 down)

The third harvest

0

0

0

13 (0 up, 13 down)

Effect

Drought

Drought under
“>290nm”

Drought under
“>350nm”

Drought under
“>400nm”

Drought under
“>500nm”

The second harvest

756 (641 up, 115 down)

4 (3 up, 1 down)

66 (63 up, 3 down)

94 (61 up, 33 down)

1 (0 up, 1 down)

The third harvest

188 (165 up, 23 down)

0

0

0

124 (123 up, 1 down)

1.00

0.75

0.50
Contrast

Effect

>290 vs. >350

Short UV

>350 vs. >400

Long UV

>400 vs. >500

Blue

nm
502

0.10

400 nm

0.25

349 nm

Total spectral transmittance Ttot(

(fraction)

55 (18 up; 37 down)

The third harvest

)

The second harvest

0.00
300

400
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Fig. 1 Spectral transmittance of the four filter treatments in the experiment. The table inside the figure shows
pairwise contrasts of filters and their corresponding effects.
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Fig. 2 (A) Plant height and (B) average shoot length of M. truncatula accessions Jemalong, HM006 and HM020
after growing under four filters in sunlight for 40 days. (All values are means of five replicate blocks, error
bars are two standard errors and are not shown when smaller than symbol).
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Fig. 3 (A) Stomatal conductance and (B) leaf water potential of M. truncatula accessions Jemalong, HM006
and HM020 after growing under four filters in sunlight for 48 days (at 7 days without watering). “7 d WW” is
the abbreviation for 7 days without watering. (All values are means of five replicate blocks; error bars are
two standard errors and are not shown when smaller than symbol).
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Before drought
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Total flavonoid molar concentration(mmol g
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0.00
Cut off wavelengths

Accession
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HM006
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Fig. 4 Whole-leaf total flavonoid molar concentration per unit leaf dry mass in M. truncatula accessions
Jemalong, HM006 and HM020 grown under four filters in sunlight at three sampling times: before drought,
at 2 and 7 days without watering. Comparison of mass (Fig. S4) and molar concentration showed different
flavonoid profile of Jemalong compared to the other two accessions. “2 d WW” and “7 d WW” are the
abbreviations respectively for 2 days and 7 days without watering. (All values are means of five replicate
blocks; error bars are two standard errors and are not shown when smaller than symbol).
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Fig. 5 Total molar concentration (mmol g−1) of flavonoid glycosides summed up based on their flavonoid
aglycones per unit leaf dry mass in M. truncatula accessions Jemalong, HM006 and HM020 grown under four
filters in sunlight at 2 and 7 days without watering. “2 d WW” and “7 d WW” are the abbreviations
respectively for 2 days and 7 days without watering. (Values are means ± SE of five replicate blocks).
Flavonoid luteolin was only detected in accession Jemalong, with a very low concentration (< 0.00004 mmol
g-1).

33

Control

Drought
Before drought

50

0
50

ABA concentration(ng g

1

)

2 d WW

0
150

100
7 d WW

50

0
>290

>350

>400

>500

>290

>350

>400

>500

Cut off wavelengths (nm)
Accession

Jemalong

HM006

HM020

Fig. 6 Whole-leaf mass concentration of the phytohormone abscisic acid in M. truncatula accessions
Jemalong, HM006 and HM020 grown under four filters in sunlight before drought, at 2 and 7 days without
watering. “2 d WW” and “7 d WW” are the abbreviations respectively for 2 days and 7 days without watering.
(All values are means of five replicate blocks; error bars are two standard errors and are not shown when
smaller than symbol).
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Transcript abundance change by blue light in the third harvest (fold change)
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Fig. 7 Comparison of differentially expressed genes (DEGs) in response to blue light in second harvest (at 2
days without watering) and third harvest (at 7 days without watering) in x axis and y axis, respectively. Red
indicates DEGs with significantly upregulated expression, blue indicates DEGs with significantly
downregulated expression, grey indicates those not significantly. For all genes, FC > 1.5 and Padjust < 0.05.
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Fig. 8 Comparison of differentially expressed genes (DEGs) in response to 2 days without watering and 7 days
without watering treatment in x axis and y axis, respectively. Red indicates DEGs with significantly
upregulated expression, blue indicates DEGs with significantly downregulated expression, grey indicates
those not significantly. For all genes, FC > 1.5 and Padjust < 0.05.
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Fig. 9 The two DEGs up-regulated by short-UV but down-regulated by long-UV radiation in M. truncatula
accession Jemalong grown under sunlight at 2 days without watering. Medtr0005s0110 is disease resistance
protein (TIR-NBS-LRR class) that is responsive to defence; Medtr7g021950 is F-box/RNI-like/FBD-like
domains-containing protein.

Fig. 10 (A) The venn diagram for the filtered DEGs responsive to blue and drought respectively at 2 and 7
days without watering in M. truncatula accession Jemalong grown under sunlight. (B) The venn diagram for
the filtered DEGs responsive to 7 days without watering treatment under “> 500 nm” filter, 2 days without
watering treatment under “> 350 nm” and “> 400 nm” filter in M. truncatula accession Jemalong grown
under sunlight. Keywords used for selecting DEGs from their original list are: “stress”, "defense", "cold",
"heat", "drought", "water deficit", "water deprivation”, "light", "photosynthesis" and “UV”. “2 d WW” and
“7 d WW” are the abbreviations respectively for 2 days and 7 days without watering.
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Fig. 11 Normalized relative transcript abundance scaled to average expression of all genes in each run:
Rap2.6L, BZO2H3, CHS, COR47, CRK10, ELIP1, NAT, HSP70 and SAG101 in M. truncatula accession Jemalong
of grown under four filters in sunlight: before drought, at 2 and 7 days without watering. “2 d WW” and “7 d
WW” are the abbreviations respectively for 2 days and 7 days without watering. (All values are means of five
replicate blocks; error bars are two standard errors and are not shown when smaller than symbol).
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Fig. 12 Normalized relative transcript abundance scaled to average expression of all genes in each run:
Rap2.6L, BZO2H3, CHS, COR47, CRK10, ELIP1, NAT, HSP70 and SAG101 in M. truncatula accession HM006
grown under four filters in sunlight before drought, at 2 and 7 days without watering. “2 d WW” and “7 d
WW” are the abbreviations respectively for 2 days and 7 days without watering. (All values are means of five
replicate blocks; error bars are two standard errors and are not shown when smaller than symbol).
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Fig. 13 Normalized relative transcript abundance scaled to average expression of all genes in each run:
Rap2.6L, BZO2H3, CHS, COR47, CRK10, ELIP1, NAT, HSP70 and SAG101 in M. truncatula accession HM020
grown under four filters in sunlight before drought, at 2 and 7 days without watering. “2 d WW” and “7 d
WW” are the abbreviations respectively for 2 days and 7 days without watering. (All values are means of five
replicate blocks; error bars are two standard errors and are not shown when smaller than symbol).
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Supplementary Tables

Supplemental Table 1. Estimated biologically effective UV doses calculated with BSWFs and PAR, blue, UVB, UVA1 and UVA2 radiation for the whole duration
of the experiment.
Filter treatment
GEN(G) (kJ m-2 day-1)
GEN(T) (kJ m-2 day-1)
CIE (kJ m-2 day-1)
FLAV (kJ m-2 day-1)
DNA(P) (kJ m-2 day-1)
Min (mean) max
Min (mean) max
Min (mean) max
Min (mean) max
Min (mean) max
Ambient (no filter)
0.52 (2.59) 4.65
0.90 (4.08) 6.80
0.52 (2.34) 3.83
1.93 (8.32) 13.17
4.09 (17.15) 26.24
>290 nm
0.46 (2.29) 4.10
0.80 (3.61) 6.02
0.46 (2.08) 3.39
1.71 (7.39) 11.70
3.64 (15.28) 23.36
>350 nm
0.0001 (0.0004) 0.0007
0.0002 (0.0007) 0.001
0.032 (0.14) 0.21
0.001 (0.004) 0.007
0.11 (0.45) 0.68
>400 nm
0.0001 (0.0003) 0.0005
0.0001 (0.0004) 0.0007
0.0002 (0.001) 0.0015
0.0002 (0.0009) 0.001
0.0006 (0.003) 0.004
>500 nm
0.0001 (0.0003) 0.0005
0.0001 (0.0004) 0.0007
0.0001 (0.0003) 0.0005
0.0002 (0.0008) 0.001
0.0004 (0.002) 0.003
Filter treatment
PAR (mol m-2 day-1)
Blue (mol m-2 day-1)
UVA2 (mol m-2 day-1)
UVA1 (mmol m-2 day-1)
UVB (mmol m-2 day-1)
Min (mean) max
Min (mean) max
Min (mean) max
Min (mean) max
Min (mean) max
Ambient (no filter)
7.26 (36.24) 56.71
1.54 (7.35) 11.40
0.58 (2.46) 3.71
136 (540) 802
10.6 (47.8) 78.3
>290 nm
6.59 (32.89) 51.49
1.39 (6.65) 10.31
0.52 (2.21) 3.34
122 (483) 717
9.4 (42.3) 69.3
>350 nm
6.72 (33.53) 52.48
1.42 (6.77) 10.51
0.37 (1.62) 2.45
0.16 (0.63) 0.93
0.002 (0.007) 0.01
>400 nm
6.25 (31.21) 48.86
1.34 (6.40) 9.94
0.004 (0.018) 0.028
0.014 (0.055) 0.081
0.001 (0.005) 0.008
>500 nm
4.11 (21.06) 33.12
0.003 (0.02) 0.025
0.0005 (0.002) 0.004
0.014 (0.056) 0.083
0.001 (0.005) 0.008
Estimated biologically effective UV doses calculated with five BSWFs (biological spectral weighting functions) and PAR, blue, UVB, UVA1 and UVA2 radiation
for the whole duration of the experiment. The minimum mean and maximum daily radiation are given with mean indicated in the parenthesis. Ambient (no
filter) light condition is listed here for comparison purposes with the filter treatments. GEN(G) and GEN (T) are the generalized plant action spectrum
calculated with two different formulations.(Aphalo et al.) FLAV is the action spectrum for the accumulation of the flavonoid mesembryanthin in
Mesembryanthemum crystallinum,(Aphalo et al.) CIE is the action spectrum for UV-induced erythema in human skin (Aphalo et al.) and DNA(P) is the action
spectrum for DNA damage in alfalfa (Medicago sativa) seedlings.(Aphalo et al.) UVA2 is radiation from 315 to 340 nm, UVA1 is from 340 to 400 nm and UVB
is from 290 to 315 nm.

Supplementary Table 2. The ambient temperature, air pressure and relative air humidity for the whole experiment and the three
harvests dates. Data show minimum (mean) maximum.
Ambient temperature (°C)

Air pressure (hPa)

Relative air humidity (%)

The whole experiment (1.7-17.8)

8.7 (17.2) 25.7

9996.2 (1009.8) 1020.8

33.0 (77.1) 98.0

The first harvest (9.8)

12.0 (16.5) 18.0

1003.1 (1005.4) 1007.8

55.0 (71.4) 92.0

The second harvest (12.8)

8.7 (13.7) 17.7

1014.7 (1013.2) 1015.8

47.0 (67.0) 89.0

The third harvest (17.8)

13.0 (15.0) 18.3

1003.9 (1008.4) 1012.7

63.0 (81.7) 95.0
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Supplementary Table 3. Genes chosen for qPCR, primers designed for quantifying these genes, and a brief description of gene function.
Primers

Sequence (5ʹ → 3ʹ)

Rap2.6L for

ACTTCAGTGTCACCGTCAGCTTC

Rap2.6L rev

AGAAGGCCATGCTGTCAAACCC

BZO2H3 for

TCAGCTGAAAGTGGGCAGAACAC

BZO2H3 rev

CGTGGCAGGGAATTTGTTCGTC

CHS for

TCACCTTCGTGAAGCTGGTC

CHS rev

ATGGTTGGAAAGCCTCGACC

COR47 for

ACTGGCTATGGTGATGAGCA

COR47 rev

TGATCCGGTACCAGGAAGCT

CRK10 for

GGCAACCGTTGTAGTCATGC

CRK10 rev

CCCTCAGATTGCATGTCTCGA

ELIP1 for

TTTGATGGCTTTTGGTGGGC

ELIP1 rev

ACCCCCATTGCTGCTACAAA

NAT for

CCATGTATTGGGGCAAAGGG

NAT rev

GAGCCTCAAGCCTCTCCAAG

HSP70 for

GAAGGAGCTGGAGGGCATTT

HSP70 rev

CCATCCTCATCCATGGCTCC

SAG101 for

TGGAAGGACACCGCAAATCAGG

SAG101 rev

ACAATTGCAAGCCGATACATGCC

Reference genes

TranscriptName in
M.tr
Medtr8g092460.1

Best
hit
Arabidopsis name
Rap2.6L,

Medtr7g115120.1

BZO2H3

Medtr5g007713.1

CHALCONE
SYNTHASE

Medtr6g084640.1

COLDREGULATED 47

Medtr8g028895.1

CYSTEINE-RICH
RLK (RECEPTORLIKE
PROTEIN
KINASE) 10
EARLY
LIGHTINDUCABLE
PROTEIN

Medtr1g102800.1

Medtr1g103150.1

Medtr4g063710.1

Medtr6g007980.1

Used for accession

PPRrep-F

GGAAAACTGGAGGATGCACGTA

Jemalong

PPRrep-R

ACAAGCCCTCGACACAAAACC

Jemalong
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Acyl-CoA
Nacyltransferases
(NAT) superfamily
protein
heat
shock
protein 70

senescenceassociated gene
101

Gene annotation
RELATED TO AP2 6L; encodes a
member of the ERF (ethylene
response factor) subfamily B-4 of
ERF/AP2 transcription factor family.
Response to abscisic acid, response
to ethylene, response to jasmonic
acid, response to salicylic acid,
response to salt stress, response to
water deprivation
BASIC LEUCINE ZIPPER protein
Response to xenobiotic stimulus;
endoplasmic reticulum unfolded
protein response; identical protein
binding; protein heterodimerization
activity; cellular response to abscisic
acid stimulus; cellular response to
glucose stimulus
Encodes chalcone synthase, a key
enzyme in biosynthesis pathway of
flavonoids
Belongs to the dehydrin protein
family. Responds to cold, osmotic
stress, ABA, dehydration.
Encodes a receptor-like protein
kinase, defense response to
bacterium
Encodes an early light-inducible
protein; response to cold; response
to UV; response to sucrose stimulus;
involved in flavonoid biosynthetic
process; response to UV-B; response
to karrikin
Encodes
an
Acyl-CoA
Nacyltransferases (NAT) superfamily
protein; response to abscisic acid
stimulus
Encodes a heat shock protein 70;
response to temperature stimulus;
response to heat; response to virus;
response to bacterium; response to
high light intensity; response to
endoplasmic
reticulum
stress;
response to hydrogen peroxide;
response to cadmium ion
Encodes an acyl hydrolase involved in
senescence; involved in salicylic acid
biosynthetic process and signaling
pathway; response to chitin;
endoplasmic reticulum unfolded
protein
response;
negative
regulation of defense response;
innate immune response

UBC-F

CTGACAGCCCACTGAATTGTGA

HM006, HM020

UBC-R

TTTTGGCATTGCTGCAAGC

HM006, HM020

MSC27-F

GTTGAAGTAGACATTGGTGCTAACG

HM006, HM020, Jemalong

MSC27-R

AGCTGAGTCATCAACACCCTCAT

HM006, HM020, Jemalong

Supplementary Figures

A

B

C

D

E

F

Fig. S1 Representative plants for the three accessions under “> 500 nm” and “> 290 nm” filters,
photographs taken 35 days after sowing (before watering was withheld for half of the plants). (A) accession
Jemalong under “> 500 nm” filter; (B) accession HM006 under “> 500 nm” filter; (C) accession HM020 under
“> 500 nm” filter; (D) accession Jemalong under “> 290 nm” filter; (E) accession HM006 under “> 290 nm”
filter; (F) accession HM020 under “> 290 nm” filter.
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Fig. S2 Soil moisture before drought treatment and during drought treatment. (A) Soil moisture under four
filter treatments, from the beginning of the experiment until the day drought was treated (stopped watering
drought plants). (B) Soil moisture for the three accessions under four filter treatments after watering for
drought treated plants were stopped.
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Fig. S3 Photosynthetically active radiation (PAR) daily photon exposure during the course of the experiment.
“Ambient” is unfiltered solar light, which is included here for comparison to the filter treatments used.
Calculated as described in Methods.
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Fig. S4 Photosynthetically active radiation (PAR) mean hourly photon irradiance for the three harvests
during the experiment, when leaves were sampled for metabolite and gene transcript measurements.
“Ambient” is unfiltered solar light, which is included here for comparison to the filter treatments used.
Calculated as described in Methods.
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Fig. S5 Whole-leaf mass concentrations (mg g−1) of total flavonoid per unit leaf dry mass in plants of
accessions Jemalong, HM006 and HM020 of M.truncatula grown under four filters in sunlight in three
harvests: before drought, at 2 and 7 days without watering. “2 d WW” and “7 d WW” are the abbreviations
respectively for 2 days and 7 days without watering. The difference between mass and molar concentration
(Fig. 4) indicates the different flavonoid profile of Jemalong compared to the other two accessions. (All values
are means of five replicate blocks; error bars are two standard errors and are not shown when smaller than
symbol).
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Fig. S6 Venn diagram for three differentially expressed genes (DEGs) group: effect of 2 days without watering
treatment under “> 350 nm” filter; effect of 2 days without watering treatment under “> 400 nm” filter;
effect of 7 days without watering treatment under “> 500 nm” filter.
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