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ABSTRACT

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 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.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25
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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). UVRS8 (UV RESISTANCE
LOCUSS) absorbs UVB and UVA and mediates UV acclimation in plants (Brown and Jenkins,
2008; Rizzini et al., 2011; Rai et al., 2019; Brelsford et al., 2019).

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 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
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elongation, or development of thicker leaves (Jansen, 2002; Favory et al., 2009; Wargent et al.,
2009; Jenkins, 2014). Apart from 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 ef al.,
2013), while the effect of UVB on this response is 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 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 synthesis of flavonoids versus phenolic acids. Blue and UV A radiation
increase the transcript abundance of CHS through CRY1 (Wade et al., 2002), while UVB
increases it through UVRS (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
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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, Miiller-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; Martinez-Liischer 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 where they have been adapted

to.

MATERIALS AND METHODS
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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 (+UVyparental and —UVparental) Were grown in a controlled environment

under four light treatments from the factorial combination of UVB and blue light.

Plant growth conditions and light treatments for parents

From a previous outdoor experiment (Yan et al., 2019), Vicia faba accessions Aurora and
ILB938 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, 300 umol m2s' PAR, 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
+UVarental, and those of plants grown under the “>350 nm” filter were termed —UV parental (Table

1A).

Plant growth conditions and light treatments for offspring
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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 (Kekkild 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 CO> concentration was
400 umol mol!. The PAR was set to simulate the natural light rhythm, gradually increasing
from 70 pmol m2 s™! to 630 umol m? s! during 4 h from 7:00 AM, maintained at 630 umol m-
2 57! for 6 h, and then gradually decreasing to 70 pmol m s™! over 4 h. The PAR was provided
by LED lights (B50 spectra 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
40W 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—BIlue— (Table 1B, 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
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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
CTS5, 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 (Maya200 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. 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 place of origins

of the two accessions.

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
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dry mass. An equation was fitted to relate leaf area with leaflet width and length (see “Statistical
analysis”, below). For the un-scanned 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 treatments affect plant size
(Poorter and Sack, 2012), so the stem-to-shoot dry mass ratio (Mstem/shoot) and leaf-to-shoot dry
mass ratio (Mieafishoot) 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, with two
youngest fully expanded leaves measured per plant, and the average of the two were used for
data analysis. The measurements started 2 h after PAR reached its maximum, and the doors
were opened only briefly to keep the conditions inside the chambers undisturbed.

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.

Phenolic analysis by HPLC-DAD-ESI-MS"

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
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Modulyo® Freeze Dryer, Thermo Electron Corporation, USA) and ground to powder in a

porcelain mortar. Flavonoids were analysed as previously described (Yan ef al., 2019).

ABA and JA quantification by HPLC-HRMS

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 H>O (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 hormones (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 pum; Thermo Fisher Scientific, USA) was used to separate metabolites, with a flow
rate of mobile phases of 0.3 ml min™' and a column temperature of 30°C, as described by
Vecetova 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, Appm, isotopic ratios, and dimers formed during
the ionization. Jasmonic acid (m/z 211.13287, Appm < 2) and abscisic acid (m/z 265.14334,
Appm < 2) were quantified in the more sensitive positive polarity mode. Calibration curves

were used for quantification.

Gene expression analysis by quantitative real-time PCR (q-PCR)

10
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We evaluated the transcript abundance of 8 key genes: ELONGATED HYPOCOTYL 5 (HYYS),
involved in early stage of blue and UVB radiation signaling; CHALCONE SYNTHASE (CHS),
CHALCONE ISOMERASE (CHI) and DON-GLUCOSYLTRANSFERASE 1 (DOGTI),
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), 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 (LegumelP, 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 g-PCR experiment was conducted in a
CFX384 Touch™ Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., USA) using
FIREPol® EvaGreen® gq-PCR Mix Plus (Solis Biodyne, Tartu, Estonia). All samples from each
replicate block were run on the same 384-well plate with 10 pl PCR reactions in triplicates. The
cycle threshold values were determined using Bio-Rad CFX Manager and were imported into
gbase PLUS 2.0 (Biogazelle, Belgium), where two reference genes (ELF1A4 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

11
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CV = 0.4. After normalization, expression values were scaled to the average expression values
of the specific run (Hellemans et al., 2007), logio-transformed and then exported from gbase"VS

for statistical analyses in R-3.5.0 (R Core Team, 2018).

Statistical analysis

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(.) +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 log, transformed molar concentrations (umol g!). Figures were drawn using

packages ggfortify and ggplot2 in R-3.5.0 (Tang et al., 2016).

12



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

Linear models were fitted to describe leaf area as a function of the product of leaf width by leaf
length (y = leaf area; x = Widthiear * Lengthiear; A = factor describing accessions; T = factor
describing light treatments): “Im(y~A + x — 1)”, “Im(y~A : x — 1)”, “Im(y~ T + x — 1)” and
“Im(y~ T : x — 1)”. The best model “Im(y~A : x — 1)” was selected by using ANOVA and the

equations were for Aurora, y= 0.720 * x and for ILB938, y=0.725 * x.

RESULTS

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 +UVparentat (p =
0.0004) but decreased it in —UV parental (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
+UVarental but not in —UVparental. In +UV parentat, 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 +UV parental (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.

13
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The stem-to-shoot dry mass ratio (Msem/shoot) Was an unbiased estimate of dry matter allocation,
as it was independent of shoot dry matter (Supplementary Data Figure S1). In Aurora, UVB
reduced Mgiemsshoot, While blue decreased the ratio more in + UVparentat than in —UVparentat. In
ILB938, blue light decreased Msiem/shoot by 39% when UVB was absent but by only 13% when
UVB was present. The response of leaf-to-shoot dry matter ratio (Mieafishoot) 1S complementary
to that of Mstemsshoot (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 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.

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 —UV parental than in +UV parental
(» < 0.0001) but there was no difference in ILB938 due to treatment (Supplementary Data

Figure S3).

14
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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 Figure 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 Figure 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
(» <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
(» = 0.0002) and blue light (» < 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 Figure 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 (Fig. 4B,
Fig. 5B). 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.
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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 —UVarental than in +UV parentat (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 Figure 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
Qace.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. 8 A). The phenolic acid composition
was different in the two accessions: caffeoylmalic acid was detected in Aurora while

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

Abscisic acid and jasmonic acid
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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. Similarly, no effect of parental or offspring light treatments was observed on JA

concentration in either accession (Fig. 9B).

Transcript abundance

Transcript abundance varied between accessions for CHS (99-fold higher in Aurora) (p <
0.0001) and DOGT (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 +UV parental than in —UVparental (p = 0.031)

(Fig. 10).

DISCUSSION

Agreeing with our hypothesis, multiple transgenerational effects of solar short-UV were
detected in the morphology, flavonoids 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 could 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
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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 due to the big 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 #4 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
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flavonoid profiles: nine of the 12 identified kaempferol glycosides were the same and four of
the nine identified quercetin glycosides. In both experiments, the same two kaempferol
glycosides  (kaempferol-3-O-rhamnoarabinoside-7-O-rhamnoside and kaempferol-3-O-
arabinoside-7-O-rhamnoside) were the most abundant in Aurora and ILB938, 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 ef al., 2019). In Aurora, long-term 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 DOGTI showed the
greatest difference of transcript abundance between the two accessions, which in the case of
DOGTI 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 controlled-environment 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
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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, Mieafishoot). 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 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 +UV parental than in —UV parental,
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 short-UV 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 less sensitive to the lack of sustained UV memory from

the previous generation. Furthermore, in [ILB938, the transgenerational effect of solar short-UV
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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 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
(UVBsgEg 2.5-8.9 kJ m d'!) and sunlight enhanced using UVB lamps (UVBgg 4.7-11.4 kJ m? 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
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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 Wulfft, 1987,
Mousseau and Fox, 1998; Bonduriansky and Day, 2009; Munday, 2014) or alteration of DNA
methylation (Li ef 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 the possible differences between the two accessions of Vicia faba.

CONCLUSION

In 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

22



10

11

12

13

14

15

16

17

18

19

20

21

22

23

morphological traits (c.f. Miiller-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.

SUPPLEMENTARY DATA

Supplementary data are available online and consist of the following. Figure S1: The figure
shows stem-to-shoot dry mass ratio was unrelated to shoot dry mass. Figure S2: Absorbance of
epidermal flavonoids per unit area on 27 d after sowing. Figure S3: Epidermal chlorophyll
content per unit area on 27 d after sowing. Figure S4: Principal component analysis (PCA) of
the kaempferol glycosides profile (PC1 v.s. PC3). Figure S5: Principal component analysis
(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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9

10
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). Al
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 tota

PAR was 23.688 mol m™ for all treatments. Values are mean + standard error. The average estimated biologically effective UV doses fo:

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 PAR (mol m™ day™) Blue (mol m?day™') UVA (mol m™day™) UVB (mmol m™ day™)
+UVparental 13.7 (41.88) 52.8 2.85(8.41) 10.56 1.25(3.32)4.11 16.6 (45.9) 59.2
—UVarental 14.4 (42.70) 53.8 2.91 (8.57) 10.76 0.74 (2.01) 2.50 0.003 (0.008) 0.01

B. Light treatments for the offspring in growth chambers.

Light treatment PAR (umol m?s™") Blue (umol m?s™) UVA (umol m™s™) UVB (umol m?s™)
1) UVB+Blue+ 631+64 955+1.0 5.89+0.17 3.19+0.05
2) UVB+Blue— 634 +£6.6 2.81+0.03 5.85+0.17 3.18+£0.06
3) UVB—Blue+ 639 + 8.6 96.7+ 1.3 3.10 £ 0.08 0.007 £0.0032
4) UVB—Blue— 637+£9.0 2.82+0.04 3.21+£0.15 0.004 £0.0014
11
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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 analyzed
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 Micaishoot 1S the same as Mgiem/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.

Specific leaf Stomatal

In Aurora Stem length Leaf area Shoot dry mass ~ Msiem/shoot

area conductance
Model 2) 1) 1) 1) 1) 2)
Blue <0.0001 <0.0001 0.0007 <0.0001 0.024 <0.0001
UVB <0.0001 0.0001 0.0007 0.028 0.0011 0.0017
T 0.17 0.18 0.30 0.18 0.62 0.79
Blue x UVB 0.60 0.20 0.46 0.69 0.69 0.17
Blue x T 0.18 0.088 0.057 0.041 0.68 0.92
UVB xT 0.78 0.39 0.32 0.57 0.97 0.46
Blue x UVB x T 0.073 0.060 0.027 0.31 0.66 0.73

Blue x T (UVB-) - - 0.0054 - - -
Blue x T (UVB+) - - 0.82 - - -

Specific leaf Stomatal
In ILB938 Stem length Leaf area Shoot dry mass ~ Msiem/shoot

area conductance
Model 3) 2) 2) 3) 1) 2)
Blue 0.0002 0.0001 0.0006 <0.0001 0.0017 <0.0001
UVB <0.0001 0.021 0.0042 0.11 0.42 <0.0001
T 0.71 0.76 0.99 0.055 0.99 0.0002
Blue x UVB 0.86 0.0004 0.011 0.038 0.86 0.020
Blue x T 0.016 0.0015 0.017 0.14 0.87 0.41
UVB xT 0.89 0.44 0.72 0.74 0.86 0.67
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Blue x UVB x T 0.58 0.25 0.69 0.34 0.35 0.62

1

34



Table 3. Flavonoid and phenolic acid compounds measured with HPLC-MS" 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 ™) PCI (86.5) PC2 (6.2) PC3 (3.5)
Kaempferol-3-0O-arabinoside-7-O-rhamnoside K2-1 21.17 564.62 0.305 -0.100 0.067
Kaempferol-3-O-rhamnoside-7-O-rhamnoside K2-2 17.07 578.54 0.251 -0.288 0.541
Kaempferol-3-O-rhamnoglucoside K2-3 16.03 594.54 0.196 -0.803 0.035
Kaempferol-3-O-rhamnogalactoside K2-4 15.29 594.54 0.306 -0.110 -0.528
Kaempferol-3-O-acetyl-galactoside-7-O-rhamnoside K2-5(acetyl)  18.52 636.59 -0.308 -0.074 -0.072
Kaempferol-3-0O-acetyl-rhamnogalactoside K2-6(acetyl)  19.30 636.59 -0.308 -0.074 -0.068
Kaempferol-3-O-rhamnoarabinoside-7-O-rhamnoside K3-1 11.87 710.77 -0.293 0.006 -0.251
Kaempferol-3-O-rhamnogalactoside-7-O-rhamnoside K3-2 8.02 740.70 -0.249 -0.416 0.559
Kaempferol-3-O-rhamnoglucoside-7-O-rhamnoside K3-3 8.43/8.65 740.70 -0.303 -0.160 0.102
kaempferol-3-O-rhamnoglucoside-7-O-glucoside K3-4 7.18 756.70 -0.308 -0.074 -0.065
Kaempferol-3-O-acetyl-rhamnogalactoside-7-O-rhamnoside ~ K3-5(acetyl)  13.81 782.76 -0.304 -0.175 0.145
Kaempferol-3-O-rhamnoglucoside-7-O-rhamnoside-4’- K4-1 7.90 886.85 -0.308 -0.072 -0.046

rhamnoside




Quercetin glycosides Abbreviation  RT (min) M+1 (gmol')  PC1 (75.0) PC2 (16.9) PC3 (4.5 1

Quercetin-3-O-rhamnoside-7-O-arabinoside Q2-1 11.57 580.62 0.230 -0.644 0.128
Quercetin-3-0O-rhamnoglucoside Q2-2 10.56 610.55 0.224 -0.655 0.097
Quercetin-3-O-rhamnoarabinoside-7-O-rhamnoside Q3-1 10.07 726.78 -0.360 -0.148 0.123
Quercetin-3-0O-rhamnogalactoside-7-O-rhamnoside Q3-2 7.25 756.70 -0.376 -0.079 0.135
Quercetin-3-0O-rhamnoglucoside-7-O-rhamnoside Q3-3 7.45/7.61 756.70 -0.379 -0.100 0.087
Quercetin-3-0O-rhamnorhamnoglucoside Q3-4 11.03 756.70 -0.286 -0.262 -0.912
Quercetin-3-0O-rhamnoglucoside-7-O-glucoside Q3-5 5.66 772.70 -0.369 0.036 0.119
Quercetin-3-0-acetyl-rhamnogalactoside-7-O-rhamnoside Q3-6(acetyl) 10.86 798.75 -0.370 -0.153 0.120
Quercetin-3-0-acetyl-rhamnoglucoside-7-O-rhamnoside Q3-7(acetyl) 12.17 798.75 -0.356 -0.157 0.270
Phenolic acid compounds RT (min) M+1 (g mol ™)

Caffeoylmalic-acid 9.44 296.23

Coumaroylglucoside 5.90 326.30

Feruloylglucoside 6.58 356.33




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 TxUVB BluexUVB T xBlue x UVB

Aurora 0.81 <0.0001 0.017 0.11 0.32 0.16 0.64
Total Kaempferol

1LB938 0.64 <0.0001 0.0005 0.66 0.70 0.43 0.52

Aurora 0.34 0.0017 0.77 0.71 0.19 0.32 0.59
K[di]

1LB938 0.71 <0.0001 0.0006 0.60 0.65 0.40 0.52

Aurora 0.088 <0.0001 0.0008 0.14 0.33 0.094 0.97
K[ace.tri.tetra]

1LB938 0.45 0.0001 0.0007 0.20 0.55 0.021 0.56

Aurora 0.38 <0.0001 <0.0001 0.41 0.0005 0.0003 0.31
Total Quercetin

1LB938 0.69 <0.0001 <0.0001 0.57 0.89 <0.0001 0.26

Aurora 0.20 0.12 0.0001 0.13 0.087 0.044 0.068
Q[di]

1LB938 0.42 <0.0001 <0.0001 0.68 0.83 <0.0001 0.29

Aurora 0.21 <0.0001 <0.0001 0.19 0.0034 0.0009 0.67
QJace.tri]

1LB938 0.55 0.38 0.04 0.10 0.47 <0.0001 0.72

Kaempferols were grouped into K[di] and KJace.tri.tetra] according to PCA analysis. K[di] is K2-1, K2-2, K2-3 and K2-4.
KJace.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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Experiment in the field
(generation 1)

Experiment in growth chambers
(generation 2)

Seed Pool for both accessions

-

~

(grown under ">290nm" filter)

Solar short UV +

Solar short UV -

(grown under ">350nm" filter)

NNV AN
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UVB-
Blue+
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Blue-

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.
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Fig. 2. Morphological traits and stomatal conductance of plants in a factorial experiment with
two parental treatments (+UV parentat, —U Vparental), 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 Table S3 and Table 2.

39



A Blue - Blue + B Blue - Blue +
20 s 'y
é 6
1.5 2 2
6 0 8 —~ 27 ‘ e %
T 2 3| " 3
o 1.0 5 ?0: &
o S 1 - S
E 051 é
c
o c
= (<}
T 001 = 0+
qc) = 12 A
2 3
S 6 c ;
o 5] 9-
© o
@ o Ny o
3 44 s =8 3
= 3 o 61 3
g| = =
5 e = 3l 6 =
o O
& [
0 7l T T T T O 7l T T T T
| + I + | + | +
m om [as] m [as] [as] m [as]
> > > > > > > >
) ) -} o) 2 ) o) 2
Offspring light treatment Offspring light treatment

Parental treatment & +UVpaena @ —UVparental
Accession Aurora @ 1LB938
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
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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 1LB938) and four offspring

light treatments

(UVB-Blue-,

UVB+Blue-, UVB-Blue+, UVB+Bluet). (A) molar

concentration (umol g') of individual kaempferol glycosides per unit leaf dry mass in Aurora;

(B) molar concentration (umol g!) of individual kaempferol glycosides per unit leaf dry mass

in ILB938. Values are means + SE of four replicates.
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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+BIlue+). 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 (PCl1 vs. PC2) of the kaempferol glycosides profile plotted with
accession x parental UV treatment; (B) PCA (PC1 vs. PC2) of the kaempferol glycosides profile
plotted with accession x offspring light treatment. All kaempferol compounds are shown with

labels, their full names and rotation values for PC1 and PC2 are in Table 4.
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concentration (umol g™!) of individual quercetin glycosides per unit leaf dry mass in Aurora;
(B) molar concentration (umol g™!) of individual quercetin glycosides per unit leaf dry mass in

ILB938. All values are means + SE of four replicates.
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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-,
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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
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plotted with accession x offspring light treatment. Quercetin compounds are shown with labels,

their full names and rotation values for PC1 and PC2 are in Table 4.
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Fig. 8. Phenolic acids of the youngest fully expanded leaves of plants in a factorial experiment
with two parental treatments (+U Varental, —UVparental), two Vicia faba accessions (Aurora and
ILB938) and four offspring light treatments (UVB-Blue—, UVB+Blue-, UVB-Blue+,
UVB+Blue+t). (A) Whole-leaf molar concentration (umol g!) of total phenolic acids per unit
leaf dry mass; (B) Whole-leaf molar concentration (umol g') of individual phenolic acid

compounds per unit leaf dry mass. Values are means + SE of four replicates.
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Fig. 9. Whole-leaf molar concentration (umol g') of phytohormone of plants in a factorial
experiment with two parental treatments (+UV parental, —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.
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Fig. 10. Normalized relative transcript abundance scaled to average expression of all genes in

each run: HYS, CHS, CHI, DOGT1, ABI2, IAAS, TAT3 and ATHB4 of plants in a factorial

experiment with two parental treatments (+UV parental, —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 logio transformed data.
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SUPPLEMENTARY DATA

Supplementary data are available online and consist of the following. Figure S1: The figure
shows stem-to-shoot dry mass ratio was unrelated to shoot dry mass. Figure S2: Absorbance of
epidermal flavonoids per unit area on 27 d after sowing. Figure S3: Epidermal chlorophyll
content per unit area on 27 d after sowing. Figure S4: Principal component analysis (PCA) of
the kaempferol glycosides profile (PC1 v.s. PC3). Figure S5: Principal component analysis
(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.

Supplementary Data

e Supplemental figures
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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, —U Vparental), twWo 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
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on 27 d after sowing in a factorial experiment with two parental treatments (+UV parental, —

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 (+UV parentat, —U Vparental), tWO
Vicia faba accessions (Aurora and ILB938), and four offspring light treatments (UVB-Blue—,
UVB+Blue—, UVB-Blue+, UVB+Blue+t). 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.
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Figure S4. Principal component analysis (PCA) of the kaempferol glycosides profile of plants
in a factorial experiment with two parental treatments (+UV parental, —U Vparental), tWo Vicia faba
accessions (Aurora and ILB938), and four offspring light treatments (UVB-Blue-,
UVB+Blue—, UVB-Blue+, UVB+BIlue+). 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 X parental UV treatment; (B) PCA (PC1 vs. PC3) of the kaempferol
glycosides profile plotted with accession X 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, —U Vparental), tWo Vicia faba
accessions (Aurora and ILB938), and four offspring light treatments (UVB-Blue—,
UVB+Blue—, UVB-Blue+, UVB+BIlue+). 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 x parental UV treatments; B. PCA (PC1 vs. PC3) of the quercetin glycosides
profile plotted with accessions x 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 Accession UVB+Blue+  UVB+Blue—  UVB-Bluet UVB-Blue—

Aurora (+UVparentar)
Aurora (—~UVoparentar)
ILB938 (+UVparental)
ILB938 (—UVarental)

Replicate 1

Aurora (+UVparental)
Aurora (—UV parental)
ILB938 (+UVparental)
1LB938 (—UVparental)

Replicate 2

Aurora (+UVparental)
Aurora (—UVparental)
ILB938 (+UVparental)
IL.B938 (—UVparental)

Replicate 3

Aurora (+UVparental)
Aurora (—UVparental)
ILB938 (+UVparental)
ILB938 (—UVparental)

Replicate 4

— N W NN W BRI WWWIND W W
— 0 W BRI DN W W W RN W NN
W L W W N W W WWWIN W — W
L L W WL W WINIW W NN W N W

Supplementary Table S2. Genes chosen for g-PCR analysis, primers designed to quantify these genes, and the

function of the gene products.

Primers Sequence (5" — 3') Gene name Gene product function
HYS5 for GAGGGAGAGGAAAAAG ELONGATED basic leucine zipper (bZIP)
HYS rev GCATA HYPOCOTYLS 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




DOGT]1 for GGTTGGGCTCCTCAGTT DON- a DON-Glucosyltransferase,
DOGT]I rev GTT GLUCOSYLTRANSFER  having quercetin
GGCCATGTAACCATTGG ASE1 glucosyltransferase activity
CAC
ABI2 for AGAGGACTGACAGTGA  ABA INSENSITIVE 2 protein phosphatase 2C, which
ABI2 rev AATCGAA negatively regulates abscisic
GTTTGAGTCCTGCGGCA acid-activated signaling
AAG pathway
TAAS for AGGATGGTGATTGGATG AUXIN-INDUCIBLE 2- transcription factor that is
TIAAS 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
genes
ELF1A for GTGAAGCCCGGTATGCT  eukaryotic elongation
ELF1A rev TGT factor 1-alpha
CTTGAGATCCTTGACTG
CAACATT



CYP2 for

CYP2 rev

TGCCGATGTCACTCCCA

GAA

CAGCGAACTTGGAACCG

TAGA

cyclophilin 20-3

1
2

Supplementary Table S3. P values from ANOVA for morphological and physiological traits. T indicates for transgenerational effec
of parental UV treatment; A indicates accession. ANOVA for Mieafsshoot 1S same as Mstemsshoot- Bold indicates p <0.05. The row labellec
‘Model’ indicates the ANOVA weighting used, 1 = unweighted, 2 = weighted for unequal variance due to plant size, 3 = weightec
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) 2) 1) 2) 1) 2)
Blue 0.078 <0.0001 <0.0001 <0.0001 <0.0001 0.0002 <0.0001
UVB <0.0001 0.0002 <0.0001 0.020 <0.0001 0.0008 <0.0001
A 0.012 <0.0001 <0.0001 0.15 <0.0001 0.0001 <0.0001
T 0.48 0.25 0.61 0.17 0.96 0.77 0.0002
Blue x UVB 0.73 0.0007 0.040 0.69 0.0034 0.74 0.28
Blue x A 0.0032 0.0031 0.24 0.66 0.051 0.66 0.96
UVB x A 0.90 0.0034 0.19 0.55 0.92 0.026 0.020
Blue x T 0.51 0.0068 0.14 0.031 0.0053 0.69 0.43
UVB x T 0.80 0.59 0.93 0.55 0.85 0.90 0.98
AXT 0.15 0.066 0.16 0.12 0.12 0.67 0.25
Blue x UVB x A 0.59 0.0069 0.071 0.0031 0.27 0.82 0.015
Blue x UVB x T 0.45 0.94 0.41 0.29 0.018 0.37 0.96
Blue x AxT 0.017 0.019 0.030 0.73 0.064 0.81 0.58
UVB x A xT 0.88 0.095 0.12 0.87 0.29 0.85 0.36
Blue x UVB x A x T 0.11 0.036 0.049 0.68 0.56 0.82 0.59
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Supplementary Table S4. Average estimated biologically effective UV doses calculated with five BSWFs (biological spectral weighting functions), UVB and

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

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

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

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

UVB (mmol  UVA (mol m™? GEN(G) (kJm?  GEN(T) (kJ m™> CIE (kJ m2 FLAV (kJ m™? DNA(P) (k] m ™
Light treatment

m 2 day ") day ") day ") day ") day ") day ™) day ™)
+UV parental 45.9 3.32 2.30 3.88 2.28 8.29 17.64
—UV parental 0.008 2.01 0.0003 0.0008 0.17 0.005 0.56
B. Light treatments for the offspring in growth chambers.

UVB (mmol ~ UVA (mol m™? GEN(G) (kJm™?  GEN(T) (kJ m™> CIE (kJ m2 FLAV (kJ m™2 DNA(P) (k] m 2
Light treatment

m 2 day ") day ") day ") day ") day ") day ™) day ™)
UVB+Blue+

67.85 0.14 11.8 12.28 6.83 14.24 16.82
UVB+Blue—
UVB-Blue+

0.025 0.068 < 0.000001 0.06 0.04 0.25 0.64
UVB-Blue—




10



