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Abstract
Ground level UV-B (290–315 nm) and UV-A (315–400 nm) radiation regulates multiple aspects of plant growth and develop-
ment. In a natural environment, UV radiation interacts in a complex manner with other environmental factors (e.g., drought) 
to regulate plants’ morphology, physiology, and growth. To assess the interactive effects of UV radiation and soil drying on 
plants’ secondary metabolites and transcript abundance, we performed a field experiment using two different accessions of 
Medicago truncatula (F83005-5 French origin and Jemalong A17 Australian origin). Plants were grown for 37 days under 
long-pass filters to assess the effects of UV short wavelength (290–350 nm,  UVsw) and UV-A long wavelength (350–400 nm, 
UV-Alw). Soil–water deficit was induced by not watering half of the plants during the last seven days of the experiment. The 
two accessions differed in the concentration of flavonoids in the leaf epidermis and in the whole leaf: F83005-5 had higher 
concentration than Jemalong A17. They also differed in the composition of the flavonoids: a greater number of apigenin 
derivatives than tricin derivatives in Jemalong A17 and the opposite in F83005-5. Furthermore,  UVsw and soil drying inter-
acted positively to regulate the biosynthesis of flavonoids in Jemalong A17 through an increase in transcript abundance of 
CHALCONE SYNTHASE (CHS). However, in F83005-5, this enhanced CHS transcript abundance was not detected. Taken 
together the observed metabolite and gene transcript responses suggest differences in mechanisms for acclimation and stress 
tolerance between the accessions.
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1 Introduction

UV radiation of wavelengths between 290 to 400 nm is 
an integral component of solar UV radiation reaching the 
Earth’s surface, while solar radiation of wavelengths shorter 
than 290 nm is absorbed by the ozone layer in the strato-
sphere. This ground-level UV radiation is normally divided 
based on wavelength into UV-B (290–315 nm) and UV-A 
(315–400 nm) radiation [1]. However, the UVR8 photo-
receptor, is required for perception of wavelengths up to 
approximately 350 nm, i.e., including the whole UV-B wave-
band and part of the UV-A waveband [2]. UV radiation regu-
lates multiple aspects of plant growth and development [3]. 
In a natural environment, UV interacts in a complex manner 
with other environmental factors associated with climate, 
and these interactions can affect plants’ morphology, physi-
ology, and biochemistry [4–6].

By definition, acclimation dependent on altered plant 
function or morphology must be triggered in advance of the 
events it allows plants to tolerate [7]. Triggering must take 
place in advance because these changes in the plant require 
from days to weeks to develop and become effective. On 
the other hand, plants are able to sense both exposure to 
UV radiation and dry soil in the absence of stress [3, 8]. 

Thus, both solar UV radiation and dry soil can play roles 
as sources of information that trigger developmental events 
leading to pre-emptive acclimation of plants [7]. What 
remains unclear is how they interact when playing the role 
of sources of information given that potential evapotranspi-
ration and solar irradiance are tightly correlated in the envi-
ronment [9]. Interactive effects of UV radiation and drought 
have been shown to be synergistic, antagonistic, or additive 
[10]. A role for flavonoids in drought tolerance of Medicago 
sativa has been proposed [11], and exposure to solar UV 
radiation induces changes in flavonoid composition, or so-
called profile of plants [12]. As different flavonoid aglycones 
and their derivatives have different properties, changes in 
composition can be relevant for stress tolerance [13].

Phenolic metabolites can act as UV screens and as antiox-
idants acclimating plants against UV radiation and drought 
[14–16]. The total content of phenolic metabolites in plant 
leaves is relatively high, for example, approaching in some 
Betulaceae 10% of the dry mass [12]. The concentration 
and the composition of phenolic compounds vary greatly 
both among and within plants species [16] with at least 8000 
distinct flavonoids identified to date in plants [17]. Some 
phenolic metabolites like quercetin and kaempferol glyco-
sides are widely distributed among plant species, while some 
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others like apigenin and tricin glycosides appear only in cer-
tain species [18]. Flavonoid glycosides are the most frequent 
derivatives. In addition, acylation with phenolic acids has 
been observed in some plant families, including legumes 
[18, 19]. The glycosylation and the acylation of aglycones 
contribute to their reactivity and solubility, as well as to their 
efficiency as antioxidants or UV screens [18, 19], and in 
the case of Arabidopsis flowers, phenyl-acylated flavonoids 
have been detected in accessions from low latitudes but not 
in those from high latitudes [20].

Changes in flavonoid composition induced by solar 
composition are not always accompanied by a significant 
increase in the total concentration of flavonoids or phenolics 
[12]. Although both UV radiation and drought can induce 
the accumulation and changes in the composition of flavo-
noids, little is known about the combined effects of exposure 
to UV radiation and soil drying on the concentration of indi-
vidual flavonoid compounds in whole leaves or on optical 
screening by phenolic metabolites in the leaf epidermis.

One of the key enzymes in the biosynthetic pathway of 
flavonoids is chalcone synthase (CHS), encoded by the CHS 
gene. The activity of CHS affects the balance between the 
synthesis of flavonoids and of phenolic acids. Exposures to 
UV or drought increase the transcript abundance of CHS 
[14, 21]. However, the interactive effect of exposures to 
both UV radiation and soil drying on transcript abundance 
of CHS also remains to be elucidated. Furthermore, plant’s 
sensitivity to UV radiation and their tolerance of drought 
depend on the species and population, as can be expected 
from adaptation to the environment at their region of origin 
[22, 23].

Flavonoids are likely to be important components of 
acclimation, but contributions to drought and UV tolerance 
are only one of the functions of metabolites in this group. 
The annual legume Medicago truncatula, frequently used as 
a model species in the study of drought tolerance, is native 
to the Mediterranean region and cultivated for forage. As 
a cultivated plant, it is especially important in dry regions 
of Australia [24]. Being a model species, good molecular 
resources and collections of accessions are available [25]. 
The flavonoid and the phenolic acid synthesis pathways have 
also been described for this species [26].

We tested the hypotheses whether (1) pre- and concur-
rent exposure to specific bands of solar UV wavelengths and 
soil drying triggers enhanced accumulation of specific flavo-
noids; (2) flavonoids in accessions from different regions are 
constitutively different and also respond differently to com-
bined exposure to UV radiation and soil drying. We tested 
these hypotheses in a factorial experiment set outdoors using 
potted plants of two Medicago truncatula accessions from 
regions differing in climate, growing in sunlight under three 
different types of UV-absorbing filters and subjected to two 
different watering.

2  Materials and methods

2.1  Plant material and cultivation

The experiment was set up in the experimental field of 
the University of Helsinki at Viikki, Helsinki, Finland 
(60°13′N, 25°1′E) during the summer of 2015. Two 
accessions of Medicago truncatula Gaertn. were used: 
Australian accession ‘Jemalong A17’ (Reference number: 
L000738) and French accession ‘F83005-5’ (Reference 
number: L000530). Jemalong A17 is an accession origi-
nating from the cultivar Jemalong, released to Australian 
farmers in 1955 and considered suitable for commercial 
cultivation under annual rainfall of 350 mm or more [27]. 
‘F83005-5’ is derived from the French cultivar Salernes 
[28] recommended for cultivation in the seasonally dry 
Mediterranean region of Southern France. These acces-
sions differ in drought [28] and salinity tolerance that has 
been attributed to quantitative traits dependent on multiple 
genes [29].

Seeds were obtained from the Biological Resource 
Center, INRA Montpellier, France. Seeds were scarified 
using fine sandpaper and were imbibed on filter paper in 
a Petri dish for 3 h at room temperature. Petri dishes were 
transferred to 4 °C in a dark room for three days for ver-
nalization. After this, the seeds were inoculated with the 
nitrogen fixing bacteria Sinorhizobium meliloti (Elomes-
tari, Typpiympit, Finland), according to manufacturer’s 
guidelines. One seed from each accession was sown in 
each black plastic pot (11 cm × 11 cm × 11 cm, 1.33 L) 
containing field soil, quartz sand, and arbuscular mycor-
rhiza Rhizophagus irregularis inoculum in 2:2:1 ratio. 
After sowing the seeds, the pots were moved outdoors and 
placed under plastic filters on 4 July 2015 at midnight. By 
7 July and 9 July, the cotyledonary and true leaves had 
emerged in all the plants, respectively.

2.2  Radiation and watering treatments

Plants of the two accessions were subjected to six differ-
ent treatments, based on the factorial combination of three 
solar radiation treatments and two water supply regimes. 
The three solar radiation treatments were created using 
3 mm-thick plastic filters. UV wavelengths λ > 290 nm 
were all transmitted by clear acrylic PLEXIGLAS 2458 
GT (Evonik, Essen, Germany), λ < 350 nm were excluded 
by solar clear acrylic PLEXIGLAS 0Z023 GT (Evonik), 
λ < 400 nm were excluded by clear polycarbonate Mak-
rolife (Arla Plast, Borensberg, Sweden). The effect of 
wavelengths between 290 and 350 nm (UV-B radiation 
290–315  nm and short-wave UV-A radiation UV-Asw 
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315–350 nm) was assessed as the difference between the 
treatments > 290 nm versus > 350 nm, and the effect of 
wavelength between 350 and 400 nm (long-wave UV-A 
radiation UV-Alw) as the difference between the treat-
ments > 350 nm versus > 400 nm. For simplicity, we will 
call the waveband between 290 and 350 nm short-wave 
UV radiation  (UVsw). The three filter treatments were ran-
domly assigned within four blocks (biological replicates). 
The 1 × 1 m filters were held by wooden sticks at a slight 
inclination and were kept 15–20 cm above the top of the 
plants, on their south and north edges, respectively. The 
transmittance of the filters was measured with a spectro-
photometer (model 8453, Agilent, Waldbronn, Germany) 
(Fig. S1). Under each filter, there were two trays, each 
tray contained eight pots, four pots corresponding to each 
accession. Water was supplied to plants through sub-irri-
gation, every day or every other day depending on the soil 
moisture content.

Between 4 July and 3 August 2015, plants in both paired 
trays were watered similarly, and subsequently the two trays 
received different watering. Last watering day for drought-
treated plants was on 3 August. As seedlings emerged on 
7 July or earlier, plants were exposed to UV treatments for 
nearly 30 days. Water was withheld from 4 August over the 
following eight days in plants from one of the two trays, 
while the plants in the other tray were watered normally. 
Effect of drought is calculated from 5 August (Day 1 without 
watering, referred as Day 1 in short) to 11 August 2015 (Day 
7 without watering, referred as Day 7 in short). Harvests or 
measurements were done on 4 August, 5 August, 10 August, 
and 11 August and will be referred as Day 0, Day 1, Day 
6, and Day 7, respectively, throughout the manuscript. Soil 
moisture in all pots was monitored with an HH2 moisture 
meter and ML3 Theta probe (Delta-T Devices, Cambridge, 
UK) momentarily inserted into the substrate in each pot and 
with a ProCheck soil moisture meter (Decagon Devices, 
Inc., WA, USA) with permanently installed EC-5 probes 
(Decagon) in four randomly chosen pots under each filter 
type for three out of four biological replicates/blocks. Both 
instruments gave comparable readings and for simplicity, 
here we show the results from the EC-5 probes. The average 
soil moisture for well-watered plants measured two hours 
after watering was between 0.35 and 0.46  m3m−3 on Day 
1, Day 3, and Day 7 under all filters (Fig. S2). The average 
soil moisture for drought stressed plants was between 0.22 
and 0.30  m3m−3 on Day 1, between 0.14 and 0.20  m3m−3 on 
Day 3 and < 0.1  m3m−3 on Day 7 under all filters (Fig. S2).

2.3  Light, temperature, and humidity conditions

Hourly solar spectra were modeled for the whole length 
of the experiment using the radiation transfer approach 
and cloudiness estimates derived from global radiation 

measurements [30, 31]. These hourly spectra were used 
to compute accumulated daily photon exposure of PAR, 
UV-B, UV-Asw, and UV-Alw for the entire duration of the 
experiment (Figs. S3 and S4). Daily mean, minimum, and 
maximum air temperature and air water–vapor-pressure defi-
cit are shown for the duration of the experiment (Fig. S3). 
Photon irradiance of PAR, UV-B, UV-Asw, and UV-Alw and 
hourly mean of air temperature and air water–vapor-pressure 
deficit during the water-withholding period are shown in 
Fig. S5 and S6. Daily solar radiation photon exposure is 
shown for the days when measurements (Day 1 and Day 
6) and harvests (Day 0 and Day 7) were done (Fig. S7). 
Fig. S8 shows computed hourly means of PAR, UV-B, UV-
Asw, and UV-Alw (350–400 nm) photon irradiance for these 
same days. Radiation summaries were computed and spectra 
were plotted in R [32] using the packages in the r4photo-
biology suite [33]. Meteorological data is from a weather 
station located at a distance of 4 km from the location of the 
experiment (Finnish Meteorological Institute, station code 
101,004). Data was downloaded with the help of R package 
`fmi2' version 0.2.0 [34].

2.4  In planta measurement of petiole length 
and pigments

On 22 July 2015, the petiole length of fully expanded sec-
ond true leaf was measured from all the plants as a proxy 
for shade avoidance responses. Epidermal flavonoid, epi-
dermal anthocyanin, and mesophyll chlorophyll contents 
per unit projected leaf area were assessed non-invasively 
with a Dualex Scientific + device (Force-A™, Paris, France) 
on 5 August and 10 August 2015 (Day 1 and Day 6). The 
measurements were done between 13:30 and 15:30 EEST 
on both days. Two leaves per plant were measured and the 
same leaves were measured on both days. Measurements 
were done on the adaxial side of the leaf.

2.5  Sampling for transcript abundance, metabolite 
composition, and abscisic acid analysis

Leaf samples (leaf blade and petiole) were harvested both on 
4 August 2015 (Day 0) and eight days after the last watering 
to drought plants on 11 August 2015 (Day 7). At this stage, 
there were 4–6 fully expanded trifoliate compound leaves 
and no stem with floral buds. Harvest was done from all the 
aerial parts of the plant, excluding the oldest yellow leaves. 
As we had four pots per accession (per filter, water treat-
ment, and replicate), we harvested leaf material from two 
pots for Day 0 and from the remaining two pots for Day 7. 
Leaf samples were collected between 10:40 and 11:30 EEST 
(9:15 to 10:05 local solar time) and immediately frozen in 
liquid nitrogen and stored at − 80 °C. Stored samples were 
ground in liquid nitrogen using mortar and pestle and further 
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stored at − 80 °C until measurements of transcript abun-
dance, secondary metabolites, and abscisic acid (ABA). For 
metabolites and abscisic acid analysis, ground samples were 
further freeze-dried before doing extraction (see sect. 2.7 
and 2.8).

2.6  Quantification of transcript abundance 
with qRT‑PCR

Total RNA from leaf samples was extracted using  TRIzol™ 
reagent (Thermo Fisher Scientific, Waltham, MS, USA) 
according to the manufacturer’s guidelines with slight modi-
fication using a high salt precipitation step (0.3 ml isopro-
panol and 0.3 ml salt—0.8 M sodium citrate/1.2 M NaCl). 
RNA concentration was determined using a NanoDrop 
ND-1000 Spectrophotometer (Thermo Fisher Scientific) and 
cDNA synthesis steps were performed as in [35] in 30 µl 
reaction mix. After this, cDNA was diluted to a final vol-
ume of 100 µl and 1 µl was used as a template for qRT-PCR 
using 5 × HOT  FIREPol®  EvaGreen® qPCR Mix Plus (Solis 
BioDyne) on a CFX 384 Real-Time PCR detection system 
(Bio-Rad, Hercules, CA, USA) in triplicate. PCR steps were 
performed as in [2, 35].

For qRT-PCR, six genes were selected based on their 
roles in flavonoid biosynthesis, and differential regulation 
under UV and drought treatments [36]. In addition, 14 
genes were tested to select the top four as suitable refer-
ence genes (PPRrep, PDF2, Bhlh, and Ubiquitin) based 
on their stable expression across treatments and accessions 
(average geNorm expression value M < 0.5, coefficient of 
variation < 0.2). The sequences of genes were obtained from 
the Medicago truncatula Gaertn. sequence database (Leg-
umeIP, The Samuel Roberts Noble Foundation, Ardmore, 
OK, USA) and the primers were designed using Primer 3 
[37] and Quant Prime [38]. The specificity of primers was 
checked by melt curve analysis. The reference genes were 
used to normalize the expression of target genes in qbase-
PLUS (Biogazelle). In every run, the normalized expression 
values were scaled to average expression value, and exported 
from qbasePLUS for statistical analyses in R 3.6.3 [32]. The 
primer sequences for four reference and six target genes are 
given in Table S1.

2.7  Measurement of flavonoids with HPLC

Lyophilized, ground leaf sample (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 
19,000 × g for 10 min at room temperature, and the superna-
tant 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 com-
bined. The extract was subsequently evaporated in a vacuum 

evaporator (Savant SPD111V, Thermo Fisher Scientific, 
Asheville, NC, USA) at room temperature until it was dry 
and was then suspended in 200 μl of 10% aqueous methanol. 
The extract was centrifuged at 12,500 × g 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 profiles and concentrations were determined 
from the filtrate using a series 1100 HPLC (Agilent Tech-
nologies, Waldbronn, Germany) equipped with a degas-
ser, binary pump, autosampler, column oven, and pho-
todiode 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% iso-
cratic (52.7–59 min). The flow rate was 0.3 ml  min−1 and 
the detector wavelengths were 280 nm, 320 nm, 330 nm, 
370 nm, and 520 nm. The flavonoid derivatives were identi-
fied as deprotonated molecular ions and characteristic mass 
fragment ions according to [39] by HPLC–DAD-ESI-MSn 
using a Bruker Amazon SL ion trap mass spectrometer (Agi-
lent Technologies, Waldbronn, Germany) in negative ioni-
zation mode. Nitrogen was used as the dry gas (10 l  min−1, 
325 °C) and the nebulizer gas (40 psi) with a capillary volt-
age 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 per-
formed in automatic mode up to  MS3 in a scan from m/z 200 
to 2000. Luteolin-3-glucoside (for all luteolin glycosides) 
and apigenin-3-glucoside (for all apigenin glycosides, chry-
soeriol glycosides, and tricin glycosides) were the standards 
used for external calibration curves in a semi-quantitative 
approach. Method validation was done for kale and the accu-
racy for the tested glycosides was between 90–105%.

2.8  Measurement of abscisic acid concentration

The following chemicals and reagents were used for the 
analyses: methanol (99.95%), acetonitrile (99.99%) (Carl 
Roth GmbH and Co. KG, Germany), formic acid (98–100%) 
(Serva Electrophoresis GmbH, Germany), and MS-grade 
water (Merck KGaA, Germany). The ( +)-ABA (≥ 98.5%) 
was purchased from Sigma-Aldrich (USA).

The ABA extraction from leaf sample was performed fol-
lowing the protocol provided by [40] with slight modifica-
tions. In brief, 10 mg of the lyophilized and ground material 
were extracted with 200 µl of an acidic 60% methanolic solu-
tion (60% MeOH, 40% water, and 0.01% formic acid (v/v/v) 
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by sonication for 15 min in an ice bath. After centrifuga-
tion for 7 min at 4500 × g and 4 °C, the supernatants were 
collected in a separate tube. The extraction of the residual 
plant powder was repeated for a total of five repetitions. The 
volumes of the combined supernatants were 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 by stand-
ard addition. For that stock solutions were prepared from 
( +)-ABA solubilized in the methanolic extraction solution 
(0.05, 0.1, and 0.15 µg  ml−1). From each sample, an aliquot 
of 50 µl was combined with either the methanolic extraction 
solution or 50 µl of one ABA-stock solutions. The volumes 
of the spiked samples were adjusted to 500 µl with MS-grade 
water.

The chromatographic separation and the mass spectro-
metric quantification were performed with an Agilent 1260 
Infinity HPLC (Agilent Technologies, USA) hyphenated 
with a SCIEX QTRAP 6500 MS/MS mass spectrometer 
(SCIEX, USA). After injection of 5 µl sample solution, the 
chromatographic separation was carried out using a Supelco 
 Ascentis® Express F5 (150 × 3 mm, 5 µm) at 35 °C with a 
security guard Supelco  Ascentis® Express F5 (50 × 3 mm, 
2.7 µm) (Sigma-Aldrich Chemical Co., St. Louis, MO, USA) 
and 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−1 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 de-clus-
tering potential was set to −35 V and the entrance potential 
to −10 V. The following selected-reaction-monitoring tran-
sitions were optimized and monitored for ABA fragmen-
tation with a dwell time of 100 ms each: m/z 263 → 153 
(quantifier, collision energy (CE) −15 V, cell exit potential 
(CXP) −20 V), m/z 263 → 219 (qualifier, CE −15 V, CXP 
−18 V), m/z 263 → 204 (qualifier, CE −25 V, CXP −20 V), 
m/z 263 → 201 (qualifier, CE −23 V, CXP −20 V). The data 
were recorded and processed via Analyst 1.6.2 software 
(Sciex, USA). The quantification was performed using the 
linear regression of the standard addition method.

2.9  Statistical analysis

In the split–split–plot factorial design used, the watering 
treatment factor was nested within the UV filter treatment 
factor, and accession nested inside it. Linear mixed-effects 
models with block as a random factor were fitted using 
function lme from package ‘nlme’ 3.1–144 [41] in R ver-
sion 3.6.3 [32]. Analysis of variance (ANOVA) was used 

to assess the significance of the main effects of filter treat-
ment, drought treatment, accession, and their interactions 
(Table S2). ANOVA analysis was done separately for dif-
ferent days of measurements. When ANOVA showed sig-
nificant main effects and/or interaction between two or more 
factors (P ≤ 0.05), responses were assessed by taking a sub-
set of the data and fitting simpler models for each subset, as 
required. When the effect of filter treatment was significant, 
the individual effect of  UVsw (290 nm vs 350 nm) and UV-
Alw (350 nm vs 400 nm) was assessed using function fit.con-
trast from package gmodels 2.18.1 [42], and P values were 
adjusted with function p.adjust in R [32] using the method of 
[43]. The overall effect of treatments on metabolite compo-
sition was characterized by means of principal components 
analysis. We used R function prcomp(). Figures were plotted 
using R packages ggplot2 3.1.0 [44–46].

3  Results

3.1  Epidermal flavonoids and anthocyanins, 
chlorophyll, and petiole length

The estimated adaxial epidermal absorbance at 375 nm, 
mostly dependent on flavonoids, showed differences mainly 
between the accessions: being lower in Jemalong A17 (mean 
values ~ 1.15–1.4 Au) than in F83005-5 (~ 1.4–1.6 Au) on 
both days, irrespective of the treatments (P < 0.0001, Fig. 1a, 
Table S2a). On Day 1, the effect of UV treatment was sig-
nificant for Jemalong A17 (P = 0.01), whereas the effect of 
water-withholding was significant for F83005-5 (P = 0.02). 
Jemalong A17 leaves had similar epidermal flavonoid con-
tent in both water supply treatments (Fig. 1a, P = 0.28), 
while F83005-5 leaves showed a detectable difference 
between the two watering regimes only under filter > 350 nm 
(P = 0.04). Under this filter, drought increased epidermal 
absorbance from 1.40 to 1.58 Au (interpretable as a 13% 
increase in the flavonoid concentration), corresponding to an 
increase in screening of UV-A from 96% to 97.4%. Although 
the effect of filter treatments was not detected significant, we 
observed a trend of increase in epidermal flavonoid content 
in response to  UVsw and a decrease in response to UV-Alw 
in well-watered F83005-5 plants (Fig. 1a). On Day 6, epi-
dermal flavonoid content in Jemalong A17 and F83005-5 
leaves showed no significant effect of any treatment, but in 
F83005-5, it displayed a similar trend as on Day 1. The val-
ues obtained for epidermal absorbance at 510 nm, reflecting 
anthocyanin content did not differ drastically between the 
two days, filters, water regimes, and accessions (Fig. 1b). 
The values are interpretable as screening of between 45 and 
60% of green light.

Leaf chlorophyll content decreased from Day 1 to Day 
6, irrespective of the accession, UV, or drought treatments 
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(Fig. 1c). For both days, there were no significant differ-
ences between well-watered and drought-treated plants from 
either accession under any UV filters (Fig. 1c). The aver-
age petiole length for Jemalong A17 was 25% longer than 
for F83005-5 (P < 0.001), irrespective of the UV treatments 
(Fig. S9, Table S2b).

3.2  Flavonoid composition and concentration

In total, we identified 12 flavonoids in Jemalong A17 and 20 
flavonoids (including 2 unknown compounds) in F83005-5 
(Table 1). These compounds are glycoside derivatives of 
apigenin, luteolin, chrysoeriol, and tricin aglycones contain-
ing glucose and/or glucuronic molecules, and often acylated 
with hydroxycinnamoyl group (coumaroyl, feruloyl, or 
sinapoyl moieties) (Table 1). Similar to the epidermal fla-
vonoids, F83005-5 had higher estimated concentration of 
total flavonoids compared to Jemalong A17 on both days, 
irrespective of treatments (P < 0.0001, Fig. 2a, Table S2c). 
The estimated combined concentration of derivatives 
grouped by their aglycone group showed a drastic differ-
ence in the compounds in the two accessions (Fig. 2b, c). 
Jemalong A17 had apigenin in highest concentration (mean 
values ~ 10–20 mg/g dry weight (dw)), while F83005-5 had 
tricin (~ 20–35 mg/g dw) on both days (Fig. 2b, c). Con-
versely, the concentration of tricin was < 1 mg/g dw in 
Jemalong A17, while that of apigenin was < 3 mg/g dw in 

F83005-5 (Fig. 2b). The concentration of chrysoeriol ranged 
from ~ 1.5 to 2.5 mg/g dw in F83005-5 and < 0.5 mg/g dw in 
Jemalong A17 for both days (Fig. 2b). The concentration of 
luteolin ranged from ~ 0.03 to 0.10 mg/g dw, where Jema-
long A17 had higher concentration than F83005-5 across 
all treatments for both days (P ≤ 0.01, Fig. 2b, Table S2c).

The flavonoid composition differed between the two 
accessions (Table 1). Several compounds were present in 
only one of the two accessions. A few compounds that were 
identified based on MS as being the same in both acces-
sions but differing in their retention times are tentatively 
considered to be isomers. As the composition for the two 
accessions differed drastically, we separately assessed the 
individual compounds within each aglycone group for the 
two accessions. In Jemalong A17, Apigenin-7-coumaroyl-
glucuronopyranoside-glucuronopyranosyl-glucuronopyra-
noside-Isomer 1 (J-a3) and Apigenin-7-feruloyl-glucu-
ronopyranosyl-glucuronopyranoside (J-a5) were present in 
highest concentration (Fig. 3a, Table 1). J-a3 was present 
in the highest concentration on both Day 0 and Day 7 in 
well-watered Jemalong A17 plants. J-a5 nearly doubled in 
concentration from Day 0 to Day 7 for the well-watered 
plants, more prominently under filter > 290 nm (Fig. 3a). 
In addition, Apigenin-7-coumaroyl-glucuronopyranosyl-
glucuronopyranoside (J-a6) decreased in concentration 
from Day 0 to Day 7 for the well-watered plants, whereas 
Luteolin-7-glucuronopyranosyl-glucuronopyranoside 
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Fig. 1  In vivo estimates of metabolite contents per unit projected leaf 
area in Jemalong A17 and F83005-5 on Day 1 and Day 6 of water-
withholding period under filters > 290 nm, > 350 nm, and 400 nm. a 
Flavonoid content in the adaxial epidermis, b anthocyanin content in 
the adaxial epidermis, c chlorophyll content in the leaves. Mean ± SE 

from four biological replicates. **P < 0.01, *P < 0.05. Blue color 
* shows statistical difference between filters for watered plants, red 
color * shows statistical difference between filters for drought plants, 
black color * shows statistical difference between watered and 
drought plants under individual filters
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Isomer 1 (J-l1) increased in concentration from Day 0 to 
Day 7 for the well-watered plants. In F83005-5, Tricin-
7-coumaroyl-glucuronopyranosyl-glucuronopyranoside 
(F-t6) and Tricin-7-glucopyranoside-Isomer 3 (F-t7) were 
present in the highest concentration (Fig. 3b). Among 
these two compounds, F-t7 was present at similar levels 
on both days, whereas F-t6 slightly increased from Day 0 

to Day 7 for the well-watered plants, irrespective of the 
filter treatments (Fig. 3b).

Principal components analysis of the flavonoids was 
done separately for each accession. The plots based on 
these analyses show that composition varied follow-
ing recognizable patterns in both accessions (Figs. S10, 
S11, S12, and S13). Broadly speaking, PC1 describes 

Table 1  Flavonoids identified in the leaves of two accessions of Medicago truncatula, their retention time (RT), and parent ion molecular mass 
[M +  H]−

Id code is given to each compound for ease of plotting the compounds in the figures. In the id code uppercase letters “J” refers to Jemalong and 
“F” refers to F83005-5 accession; lower case letters “a”, “c”, “l”, and “t” refers to the aglycone group apigenin, chrysoeriol, luteolin, and tricin; 
numbers (eg. “1”, “2) refers to the different derivatives in the same aglycone group. Two unknown compounds F-u1 and F-u2 were also detected 
in F83005-5 at retention times 12.13 min and 25.75 min, respectively

Compounds RT (min) [M +  H]− 
(g  mol−1)

Wavelength maxima (nm)

Jemalong A17
 J-a1 Apigenin-7-glucuronopyranosyl-glucuronopyranoside (Isomer 1) 18.51 621 260, 356
 J-a2 Apigenin-7-feruloyl-glucuronopyranoside-glucuronopyranosyl- glucuronopyranoside 

(Isomer 1)
25.78 973 259, 322

 J-a3 Apigenin-7-coumaroyl-glucuronopyranoside-glucuronopyranosyl- glucuronopyrano-
side (Isomer 1)

26.75 943 243, 324

 J-a4 Apigenin-7-sinapoyl-glucuronopyranosyl-glucuronopyranoside 29.69 827 247, 329
 J-a5 Apigenin-7-feruloyl-glucuronopyranosyl-glucuronopyranoside 31.41 797 241, 324
 J-a6 Apigenin-7-coumaroyl-glucuronopyranosyl-glucuronopyranoside 31.94 767 227, 314
 J-c1 Chrysoeriol-7-glucopyranosyl-glucuronopyranoside 13.55 637 236, 303, 357
 J-l1 Luteolin-7-glucuronopyranosyl-glucuronopyranoside (Isomer 1) 17.30 637 256, 266, 347
 J-l2 Luteolin-7-feruloyl-glucuronopyranoside-glucuronopyranosyl- glucuronopyranoside 22.85 989 255, 266, 348
 J-l3 Luteolin-7-glucuronopyranoside (Isomer 1) 23.64 461 254, 345
 J-t1 Tricin-7-glucopyranoside (Isomer 1) 20.94 491 254, 286, 387
 J-t2 Tricin-7-glucuronopyranoside (Isomer 2) 26.20 505 255, 389

F83005-5
 F-a1 Apigenin-7-glucuronopyranosyl-glucuronopyranoside (Isomer 2) 14.12 621 260, 356
 F-a2 Apigenin-7-feruloyl-glucuronopyranosyl-glucuronopyranosyl- glucuronopyranoside 

(Isomer 2)
20.22 973 244, 327

 F-a3 Apigenin-7-coumaroyl-glucuronopyranosyl-glucuronopyranosyl- glucuronopyrano-
side (Isomer 2)

21.39 943 228, 315

 F-c1 Chrysoeriol-7-glucuronopyranosyl-glucuronopyranoside 15.50 651 236, 303, 357
 F-c2 Chrysoeriol-7-coumaroyl-glucuronopyranosyl-glucuronopyranosyl- glucuronopyra-

noside
22.80 973 247, 316

 F-l1 Luteolin-7-glucuronopyranosyl-glucuronopyranoside (Isomer 2) 11.24 637 256, 266, 347
 F-l2 Luteolin-7-coumaroyl-glucuronopyranosyl-glucuronopyranosyl-glucuronopyranoside 17.58 959 256, 325
 F-l3 Luteolin-7-glucuronopyranoside (Isomer 2) 18.75 461 254, 345
 F-l4 Luteolin-7-coumaroyl-glucuronopyranosyl-glucuronopyranoside 21.7 783 255, 337
 F-t1 Tricin-7-glucuronopyranosyl-glucopyranoside 14.67 667 253, 345
 F-t2 Tricin-7-glucuronopyranosyl-glucuronopyranoside 16.60 681 266, 350
 F-t3 Tricin-7-coumaroyl-glucuronopyranosyl-glucuronopyranosyl- glucuronopyranoside 23.90 1003 256, 325
 F-t4 Tricin-7-sinapoyl-glucuronopyranosyl-glucuronopyranoside 26.44 887 256, 337
 F-t5 Tricin-7-feruloyl-glucuronopyranosyl-glucuronopyranoside (Isomer 1) 27.44 857 254, 335
 F-t6 Tricin-7-coumaroyl-glucuronopyranosyl-glucuronopyranoside (Isomer 1) 28.38 827 255, 337
 F-t7 Tricin-7-glucopyranoside- (Isomer 3) 31.07 491 254, 286, 387
 F-t8 Tricin-7-coumaroyl-glucuronopyranosyl-glucuronopyranoside (Isomer 2) 33.91 827 256, 334
 F-t9 Tricin-7-feruloyl-glucuronopyranosyl-glucuronopyranoside (Isomer 2) 34.89 857 255, 337
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changes in concentration in the same direction for the 
different flavonoids, and explains close to 60% of the 
variation in both accessions. Principal components PC2, 
PC3, and PC4, explaining each between 20 and 4% of 

the variation, highlight the differences among individual 
flavonoids in their responses. Recognizable patterns in 
the relative changes in the abundance of aglycones and 
phenyl-acylated derivatives can be observed in F83005-5 
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Fig. 2  Concentration and composition of total phenolic metabolites 
per unit leaf dry weight in Jemalong A17 and F83005-5 on Day 0 and 
Day 7 of water-withholding period under filters > 290 nm, > 350 nm, 
and 400 nm. a Total mass concentration of all flavonoids, b compo-

sition of different aglycones, c total mass concentration grouped by 
aglycones. Mean ± SE from four biological replicates. *P < 0.05. 
Black color * shows statistical difference between watered and 
drought plants under individual filters
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(Fig. S11) and less clearly in Jemalong A17 (Fig. S13). 
In F83005-5, PC2 tends to separate Tricin derivatives 
from most of the derivatives of other aglycones, as well 
as phenyl-acylated derivatives from other glycosides 

(Fig. S11A). Response related to UV treatments can be 
suggested for PC1 and PC3 in F83005-5. No overall pat-
terns are recognizable for effects of the water-withholding 
treatment on flavonoid composition. The number of sugar 
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Fig. 3  Concentrations of all individual phenolic metabolites per unit 
leaf dry weight in Jemalong A17 and F83005-5 on Day 0 and Day 
7 of water-withholding period under filters > 290 nm, > 350 nm, and 

400 nm. a Mass concentration of individual phenolic compounds in 
Jemalong A17, b mass concentrations of individual phenolic com-
pounds in F83005-5. Mean ± SE from four biological replicates
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moieties does not display a discernible pattern in either 
accession (Figs. S11 and S13).

When considering individual compounds, those that 
showed significant effect of individual UV treatments or 
drought were J-a3 and J-a5 in Jemalong A17; Luteolin-
7-glucuronopyranoside-Isomer 2 (F-l3, F-t7, Tricin-7-fer-
uloyl-glucuronopyranosyl-glucuronopyranoside-Isomer 2 
(F-t9 in F83005-5 (Fig. 4). For Jemalong A17, on Day 0, 
both  UVsw and UV-Alw increased the concentration of J-a3 
in well-watered plants (P < 0.05). On Day 7,  UVsw increased 
the concentration of J-a3, while UV-Alw decreased the con-
centration of J-a3 in drought-treated plants (P < 0.0001), 
while no significant effect of UV treatments was detected 
in well-watered plants. In the same accession, on Day 7, 
drought increased the concentration of J-a5 under fil-
ters > 400 nm (P = 0.05). For F83005-5, on Day 0, there 
was no significant effect of UV treatments on the concen-
tration of individual phenolic compounds. On Day 7,  UVsw 
significantly increased the concentration of F-l3 and F-t7 
in well-watered plants only (P < 0.01 and P < 0.05, respec-
tively), while that of F-t9 in both well-watered (P < 0.01) and 
drought-treated plants (P < 0.05).

3.3  Transcript abundance

We assessed transcript abundance of genes associated 
with biosynthesis of flavonoids CHALCONE SYNTHASE 
(CHS), abiotic stress COLD REGULATED 47 (COR47), 
CYSTEINE-RICH RECEPTOR-LIKE PROTEIN KINASE 10 
(CRK10) and HEAT SHOCK PROTEIN 70 (HSP70), high 
light EARLY LIGHT INDUCED PROTEIN 1 (ELIP1), and 
a transcription regulator gene encoding N-acetyl transferase 
domain protein (NAT) (Fig. 5, Table S2d). On Day 0, for 
both accessions, there was no effect of UV treatments on 
transcript abundance of any gene. On Day 7, for Jemalong 
A17,  UVsw increased the abundance of CHS in drought-
treated plants (fold change, FC = 1 to FC = 3, P = 0.05), 
but not in well-watered ones. In addition, we observed a 
higher transcript abundance of CHS in drought-treated plants 
than in well-watered plants under filters > 290 nm (FC = 1 
to FC = 3) and > 350 nm (FC = 0.5 to FC = 1) (P = 0.05 and 
P < 0.001, respectively). For F83005-5, no significant UV 
treatment and drought treatment effects were detected on the 
abundance of CHS. For both accessions on Day 0 and Day 
7, COR47, CRK10, HSP70, and ELIP1 showed no signifi-
cant effect of UV and drought treatments on their transcript 
abundance. For both accessions, on Day 0, there was no 
significant effect of UV treatments on transcript abundance 
of NAT. For Jemalong A17, on Day 7, there was no signifi-
cant effect of UV or drought treatments on transcript abun-
dance of NAT. However, for F83005-5,  UVsw increased the 
abundance in drought-treated plants (FC = 0.45 to FC = 3, 
P < 0.05) but not in well-watered ones.
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Fig. 4  Mass concentrations of selected individual phenolic metab-
olites per unit leaf dry weight in Jemalong A17 and F83005-5 
on Day 0 and Day 7 of water-withholding period under fil-
ters > 290 nm, > 350 nm, and 400 nm. Compounds that showed sig-
nificant effects of UV or drought or both in the two accessions are 
shown here. Mean ± SE from four biological replicates. ***P < 0.001, 
**P < 0.01, *P < 0.05. Blue color * shows statistical difference 
between filters for watered plants, red color * shows statistical differ-
ence between filters for drought plants, black color * shows statistical 
difference between watered and drought plants under individual filters
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3.4  ABA concentration

On Day 0, the ABA concentration was less variable among 
replicates than on Day 7, and there was no significant 
effect of UV treatments (Fig. 6, Table S2e). On Day 7, the 
ABA concentration was more variable among replicates, 

and there was a main effect of drought (P < 0.05) but not 
of filter treatments. For Jemalong A17, the mean ABA 
concentration was overall higher in drought-treated plants 
under all filters. For F83005-5, there was no significant 
difference between well-watered and drought-treated 
plants.
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4  Discussion

Plants were exposed to UV treatments for more than a 
month and to drying soil for one week to study the possible 
influence of previous exposure to UV on plant responses 
at early stages of water deprivation. Soil drying did not 
affect chlorophyll content in fully expanded leaflets, even 
toward the end of the experiment (Fig. 1c) and in addition, 
we did not visually observe any clear differences in wilt-
ing of leaflets between water supply treatments. The soil 
volumetric water content however decreased by more than 
75% (Fig. S2). Transcript abundance of all the five stress-
related genes assessed did not significantly respond to soil 
drying or UV treatments. It is known that local soil drying 
can induce responses such as accumulation of ABA even 
in the absence of changes in the shoot water status [8] and 
that the responses it mediates (e.g., flavonoid metabolism) 
can contribute to drought tolerance [47]. A possibly larger 
increase in ABA concentration in Jemalong A17 in drying 
soil compared to F83005-5 suggests that the drying soil was 
likely sensed by the roots, of at least Jemalong A17. The 
high variability in the ABA concentration in plants grow-
ing in drying soil was most likely the result of sampling 
when responses in ABA concentration in individual plants 

were not in synchrony. Overall, the experiment succeeded 
in simulating the initial stages of exposure of plants to a 
natural drought period, the time when pre-emptive acclima-
tion induced by pre-exposure to UV-B radiation has been 
previously suggested to be most relevant [48].

Epidermal UV-A shielding, expressed as absorbance, 
is tightly correlated and mechanistically a reflection of the 
content of flavonoids per unit area of epidermis. UV shield-
ing by the leaf adaxial epidermis was highly effective in all 
treatments and in both accessions, varying between 96 and 
97.5% of incident UV-A. On the other hand, when thought as 
a difference between 2.5% and 4% in UV-A photons reaching 
the chloroplasts, this same difference in shielding reveals 
itself as relevant, suggesting a role of the differences in accu-
mulation of epidermal flavonoids toward photo-protection 
against incoming UV radiation [49]. UV-A-shielding was 
more effective in F83005-5 than in Jemalong A17 (Fig. 1a). 
In Jemalong A17, the improved UV-A shielding in plants 
exposed to  UVsw reached similar levels irrespective of 
soil drying, indicating that this treatment did not trigger a 
response different or in addition to the response to  UVsw 
(Fig. 1a). In F83005-5, an enhanced shielding was observed 
as soon as one day after withholding watering (Fig. 1a). As 
opposed to well-watered plants where  UVsw enhanced UV-A 

Fig. 6  ABA concentrations 
measured in leaves of Jema-
long A17 and F83005-5 on 
Day 0 and Day 7 of water-
withholding period under 
filters > 290 nm, > 350 nm, and 
400 nm. Mean ± SE from four 
biological replicates
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shielding while UV-Alw decreased it, no effect of UV treat-
ments was observed in F83005-5 plants growing in drying 
soil (Fig. 1a). This lack of effect of UV treatments on UV-A 
shielding in drought-treated F83005-5 plants suggests that 
drought could substitute UV exposure as a trigger for these 
changes. Therefore, we can conclude that UV responsiveness 
decreased in drought plants as compared with well-watered 
plants for F83005-5 accession. Clearly, the two accessions 
responded differently to UV and drought: UV radiation was 
the main regulator of induction of epidermal flavonoid con-
tent in Jemalong A17, while soil drying was the main regu-
lator in F83005-5. Inducing effects of UV-B and UV-A on 
epidermal flavonoid content have been previously shown in 
silver birch [50] and pea [51]. However, in the current study, 
we additionally show differential response of epidermal fla-
vonoids to  UVsw and UV-Alw.

Flavonoids are present both in the epidermis and the mes-
ophyll of leaves. While the Dualex measurements discussed 
above are for the adaxial epidermis, the flavonoid composi-
tion discussed next was assessed in whole-leaf extracts. The 
PCA analysis revealed coordinated changes in the concentra-
tion of individual flavonoids, but these overall patterns could 
not be unambiguously ascribed to treatments. It is however 
of interest that Tricin derivatives and phenyl acylation varied 
in coordination in F83005-5.

The identified flavonoids are derivatives of four different 
aglycones, apigenin, chrysoeriol, luteolin, and tricin, belong-
ing to the flavones, class within flavonoids, and match those 
previously reported for Medicago truncatula [52]. These 
aglycones have been characterized as good UV screens and 
antioxidants [53]. However, among these four aglycones, 
luteolin is a more potent antioxidant than the others due to 
the presence of a catechol group in the backbone structure 
[53]. The concentration of luteolin was higher in Jemalong 
A17 than in F83005-5, and this difference between the two 
accessions was more prominent for plants grown in drying 
soil (Fig. 2b). This suggests a possible mechanism for bet-
ter drought tolerance in Jemalong A17 than F83005-5. Of 
note, luteolin was present in lower concentration compared 
to other compounds at < 1% of total flavonoids (Fig. 2b), 
and whether a difference in its concentration in the two 
accessions could have a biological role in drought tolerance 
remains to be investigated.

The most noticeable difference between the two acces-
sions was in the abundance of derivatives of the different 
aglycones: in Jemalong A17 apigenin derivatives were most 
numerous and most abundant, while in F83005-5 tricin 
derivatives predominated (Fig. 2b, c, Table 1). In Medicago 
truncatula, the flavone biosynthesis steps have been found 
to be in the order from Apigenin › Luteolin › Chrysoeriol › 
Selgin › Tricin [26]. Flavone derivatives from both acces-
sions were glycosylated and acylated (Table 1). Glycosyla-
tion is often associated with increased solubility and lower 

toxicity of flavones while acylation enhances their UV molar 
absorbance and antioxidant activity [18]. The acylation pat-
tern also differed: Jemalong A17 had higher concentration 
of compounds with feruloyl group, whereas F83005-5 had 
higher concentration of compounds with coumaroyl group. 
Ferulic and coumaric acids are hydroxycinnamic acids and 
mainly absorb at wavelengths shorter than 340 to 350 nm. 
In contrast, flavones absorb at longer wavelengths, with 
maxima near 360 to 375 nm. The phenylacylated flavones 
derived from them absorb strongly over a wider range of 
wavelengths, and on a molar basis more strongly than fla-
vone glycosides. Both hydroxycinnamic acids and flavones 
are effective in protecting plants from solar UV radiation 
[35, 54]. Our observation that the main difference between 
these two accessions is in the aglycones and their acyla-
tion, is in contrast to the differences between two accessions 
of fava bean, another legume species, expected to differ in 
drought tolerance where aglycones' glycosylation patterns, 
but not the aglycones differed [55]. In addition to an over-
all higher epidermal and total flavonoid concentration, the 
French accession F83005-5 invested more resources into 
products farther along the biosynthetic pathway i.e., tricin 
and its derivatives, than Jemalong A17. Whether constitu-
tive differences in concentration, aglycone compositions, or 
acylation of flavone aglycones, are important for drought 
tolerance cannot yet be concluded. In any case, it is to be 
expected that there is variation among species and acces-
sions in the mechanisms conferring drought tolerance.

Some compounds increased in concentration in the two 
accessions (J-a5, J-l1, and F-t6) while one compound dras-
tically decreased in concentration in Jemalong A17 (J-a6) 
from Day 0 to Day 7 of the water-withholding period in 
well-watered plants indicating that environmental factors in 
addition to light quality (e.g., total irradiance or tempera-
ture) could trigger a change in the concentration of indi-
vidual phenolic compounds [56, 57]. Specific compounds 
were induced in response to  UVsw in either well-watered 
plants or drought-treated plants, or in both of these treat-
ments (Fig. 4). While  UVsw, always showed either induc-
ing effect or no effect on the concentration of specific com-
pounds (J-a3, J-a5 in Jemalong A17; F-l3, F-t7, and F-t9 in 
F83005-5), UV-Alw showed inducing effect, no effect, or, in 
addition, an inhibitory effect (J-a3 and J-a5). This highlights 
that wavelengths in the UV region shorter and longer than 
350 nm elicited distinct responses, most likely mediated by 
different photoreceptors [2].

The enzyme CHS converts three molecules of malonyl-
CoA and one molecule of coumaroyl-CoA to naringenin 
chalcone, which is a precursor of flavone compounds, includ-
ing apigenin, luteolin, chrysoeriol, and tricin [53]. After 
transcription to RNA, this RNA is the template for protein 
synthesis, and only the protein when ready as active enzyme 
starts catalyzing the biosynthetic reaction. This means that 
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there is a delay until the rate of the reaction increases, and 
that when considering metabolites farther down the pathway, 
later steps can be limiting. In Arabidopsis, UV-B and UV-
Asw have been shown to induce the expression of CHS gene 
within hours of exposure [14, 35, 58, 59]. In our experiment, 
induction of CHS by  UVsw was not observed in well-watered 
plants which had been exposed to UV treatments for approx-
imately 30 days, which is consistent with transient accumu-
lation of transcripts, persisting during several hours or a few 
days at most, as observed in Arabidopsis [35]. A similar lack 
of persistent induction of CHS after long-term exposure for 
30 days to solar UV-B was reported in birch seedlings [50]. 
However, in our experiment, drought induced CHS transcript 
accumulation in a solar  UVsw-dependent manner in Jema-
long A17 but not in F83005-5 (Fig. 5). In a comparison of 
two Medicago sativa cultivars, CHS transcript accumulation 
in shoots was enhanced during drought in the more drought-
tolerant cultivar and decreased in the less-tolerant cultivar 
[11]. This suggests that CHS could play a role also in the 
enhancement of drought tolerance after solar UV exposure. 
Another gene that showed induction in response to  UVsw in 
drought-treated F83005-5 plants is NAT (or GNAT) which 
encodes for acetyl transferase domain protein which reg-
ulates transcription. In Arabidopsis, it is well known that 
members of the GNAT transcription factor family targets 
genes involved in plant development and external stimulus, 
such as light, temperature, osmotic, and oxidative stress 
[60, 61]. This also includes binding to HY5 transcription 
factor which is a key master regulator downstream of UV, 
blue, and red light signaling. In our experiment, we did not 
detect an induction of the stress-responsive genes related to 
light, heat, oxidative, and cold stress that we assessed, rais-
ing the possibility that the responses reported in this paper 
were not mediated by stress itself but instead triggered by 
environmental cues preceding it. The contrasting flavonoid 
composition of Jemalong A17 and F83005 and differences in 
their responses to solar UV and water-withholding suggests 
that these genotypes adapted to contrasting climates will be 
useful in future studies of the mechanisms conferring accli-
mation and tolerance of drought in sunlight-grown plants.

5  Conclusions and future perspective

Our data did not reveal a strong interaction between  UVsw 
and soil drying on the accumulation of flavonoid content. 
However, a positive interaction between  UVsw and drought 
in increasing transcript abundance of CHS indicates that 
the combined regulation of flavonoid biosynthesis by UV 
radiation and soil drying could involve compensatory reg-
ulation elsewhere in the biosynthetic pathway. Thus, the 
results provide support to our first hypothesis at transcript 
level, but are less clear for flavonoid accumulation. The 

two accessions differed in the concentration of epidermal 
flavonoids and whole-leaf flavonoids, F83005-5, having 
a higher concentration than Jemalong A17, irrespective 
of treatments. While drought predominantly increased 
the accumulation of flavonoids in the epidermis of leaves 
in F83005-5, UV exposure predominantly increased it 
in Jemalong A17. UV radiation also was more effective 
than soil drying in inducing an increase in the concen-
tration of whole-leaf flavone derivatives in both acces-
sions. Therefore, for specific responses, the two accessions 
showed different sensitivity to both soil drying and UV 
treatments. A lower total flavonoid content in Jemalong 
A17 than F83005-5, a different aglycone composition, 
including higher accumulation of luteolin in Jemalong 
A17 than F83005-5, across all treatments, a difference 
in the acylation of flavonoid aglycones between the two 
accessions suggests differences in mechanisms for accli-
mation and stress tolerance worth of further study. Thus, 
the results strongly support our second hypothesis. Future 
transcriptome-wide analysis and comparison of additional 
accessions would allow to assess the crosstalk between UV 
radiation and drought responses at the molecular level, 
where numerous transcription factors, genes encoding 
components of the flavonoid biosynthesis pathway, and 
genes associated with drought tolerance could inform the 
search for the physiological mechanisms. Furthermore, 
the differences between the two accessions highlight that 
intraspecific genetic variation is a crucial aspect to con-
sider in future studies addressing the interaction between 
UV radiation and drought tolerance and in crop breeding.
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