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Abstract: Here we summarise the outcomes on biochemical response and growth
of buckwheat with respect to UV radiation, drought and selenium, as well as their
interactions. Buckwheats are taxonomically and morphologically very diverse. They
have been subjected to more or less intensive breeding, which results in higher suscep-
tibility to environmental constraints including drought and also in different potential to
cope and exploit UV radiation. The responses of different buckwheats to UV, drought
and their combination differed in different species. Selenium treatment may mitigate
negative effects of environmental constraints on buckwheat. Regarding the production
of UV absorbing compounds, buckwheats mainly positively respond to UV dose. Ca
druses in buckwheat seem to be important in affecting UV penetration.
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Izvle€ek: V prispevku povzemamo biokemijske znacilnosti in rast ajde glede
na vplive UV sevanja, suse in selena ter njihovih interakcij. Ajda je taksonomsko
in morfolosko zelo raznolika. Ajda je bila podvrzena bolj ali manj intenzivnhemu
zlahtnjenju, kar ima za posledico vecjo dovzetnost za strese zaradi okoljskih
omejitev, vkljucno s suso in zascito pred UV sevanjem. Rezultati so pokazali razli¢ne
odzive razli¢nih vrst ajd na UV sevanje, suso in njihovo kombinacijo. Koli¢ina UV
absorbirajocih snovi v ajdi se povecuje z odmerkom UV sevanja. Obravnavanje ajde
s selenom lahko omili negativne ucinke okoljskih omejitev na ajdo. Pri uravnavanju
koli¢ine sevanja, ki prodira v tkiva, imajo pomembno vlogo tudi Ca kristali.

Kljuéne besede: ajda, UV sevanje, susa, selen
(Nakabayashi et al. 2014). Agricultural plants

are often grown in areas that differ significantly
from their domestic environment and have been

Introduction

Different plant species have different abili-

ties to cope with environmental constraints. The
success of agricultural crops therefore depends on
climate, terrain, soil properties, water availability,
and their adaptations to specific environments

subjected to intensive breeding in order to increase
yield, which in turn may compromise their po-
tential to overcome unfavourable conditions in
their environment.
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The ozone layer that maintains favourable
UV levels at the Earth surface, will presumably
recover to the long-term mean that was recorded
from 1964-1980 until 2050 (Chipperfield et al.
2015). This is important since enhanced UV ra-
diation significantly affects plant properties and
causes stress under elevated levels (Gaberscik et
al. 2002). Plants have been subjected to UV radia-
tion during their evolution, and they have evolved
mechanisms to fully take advantage of their light
environment including UV radiation. Many authors
(Pradoetal. 2012, Jansen et al. 2012, Bjorn 2015)
even stated that ambient UV radiation presents an
evolutionarily-important environmental factor for
regulation of plant growth and development, and
that ambient UV-B radiation might be more prop-
erly viewed as a photomorphogenic signal rather
than a stressor for plants under field conditions. In
many cases, UV induced plant properties increase
the potential of plants to survive under different
environmental constraints. UV affects biochemical,
morphological, and anatomical plant character-
istics, triggers activity of the phenyl-propanoid
cycle, causes plant stunting, reductions in leaf
area and total biomass, and causes alterations in
patterns of biomass partitioning into various plant
organs (Rozema et al. 2002). The intensity of UV
effects on plants is species-specific and results in
potential damage and consequently in activation
of protective mechanisms (Gaberscik et al. 2001).
Jin et al. (2017) reported about a negative effect
of UV-B radiation on both survival and growth in
a variety of species differing in their life history,
trophic level, and habitat. Ambient UV radiation
may cause reduction in biomass, photosynthesis,
growth, and yield of many plant species. Never-
theless, these studies suggest that sensitivity to
ambient UV radiation varies considerably both
within and between plant species (Kataria and
Guruprasad 2014). However, the exclusion or
reduction of UV radiation during plant growth
and development can significantly affect plant
traits (Golob et al. 2017a).

Recent Earth’s climate conditions observations
indicate that the environmental changes today are
faster and greater than in the past. Agricultural
productivity all over the world is subjected to
increasing environmental constraints, particularly
to drought. In recent years, most European coun-
tries have been affected by drought (The European

Commission 2010, Vanwindekens et al. 2018). This
is expected, since among several problems that
crop plants face, water stress is the most critical
one (Santhosh et al. 2017). A common adverse
effect of water stress on crop plants is the reduc-
tion in fresh and dry biomass production (Farooq
et al. 2009). From 1964 to 2007, national cereal
production across the globe had been reduced by
9-10% due to drought and extreme heat (Lesk et
al. 2016). In addition, drought and extreme heat
are usually related to high radiation environment
including UV radiation level. The worsening of
the environmental conditions favours the use of
crops which are able to survive in harsher envi-
ronment. Under such conditions some crops can
take advantage of high UV radiation, since UV
may mitigate the vulnerability of crops to drought
(Alexieva et al. 2001, Kakani et al. 2003, Zhang
etal. 2011, Germ et al. 2013). Numerous studies
revealed that exogenous application of selenium
(Se) in small doses to crops increases their tolerance
to different environmental conditions (Nawaz et
al. 2015, Golob et al. 2017a). Selenium could play
a protective role in crops during high UV radia-
tion or water deficit by enhancing the antioxidant
enzyme activity (Ekelund and Danilov 2001,
Nawaz et al. 2015) and decreasing the content
of reactive oxygen species (ROS). Supplemen-
tal Se improves growth and yield in wheat and
buckwheat subjected to water deficit conditions
and increased UV radiation respectively (Nawaz
et al. 2015). Despite many positive effects of Se,
the physiological mechanisms that underlie those
effects have been poorly understood and needs to
be elucidated (Hasanuzzaman et al. 2014).

Here we summarise the main research results
on interactions between UV radiation, drought and
Se in buckwheats. Buckwheat exhibits a lower
sensitivity to various types of environmental con-
straints, due to less intensive breeding, compared
to major cereals (Halbrecq et al. 2005). Buckwheat
is also attracting attention because it possesses
high potential for production of UV-absorbing
substances (Kreft et al. 2002, Fabjan et al. 2003).
Growing drought-tolerant crops with low nutrient
requirement, or at least more resilient crops, is
becoming more and more important in today’s
changing environment with prolonged hot and
dry periods. In such manner, we would be able
to compensate for the decrease in arable land
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quality and thus ensure adequate food produc-
tion for the ever-growing global population in a
more sustainable way (Saha et al. 2016, Wang et
al. 2016, Kumar et al. 2018). Drought tolerance
and resilience of crops depends on a variety of
factors like species origin and properties and envi-
ronmental conditions including UV radiation and
mineral nutrition. Special attention in this review
will be therefore given to UV, water shortage and
the effect of selenium treatment.

Buckwheat is a modest crop

Buckwheat can grow successfully in harsh
environment since it has low demands for nutrients
and can exhibit high phenotypic plasticity (Li
and Zhang 2001, Kreft et al. 2002). In Tibet, it is
found at altitudes of up to 4,500 m, therefore it can
thrive at high altitudes with elevated UV radiation
levels in comparison to lowlands (Bonafaccia et
al. 2003). The increase in UV radiation along the
altitudinal gradient ranges from between 6% and
8% (Caldwell et al. 1998) to 20% per each 1,000
m of elevation. Buckwheat produces a variety
of phenolic compounds, which among others
include flavonoids, whose synthesis is significantly
enhanced by UV radiation, as shown in many
studies (e.g. GabersCik et al. 2002, Suzuki et al.
2005, Golob et al. 2018a). The most commonly
used taxa of buckwheat around the world are
common and Tartary buckwheat (Bonafaccia et al.
2003). Tartary buckwheat usually thrives at higher
elevations in comparison to common buckwheat
(Tsuji and Ohnishi 2001). In searching of possible
ancestors of common and Tartary buckwheat it
was shown that based on the distribution of their
wild ancestors, common buckwheat originates
in the northwestern corner of China’s Yunnan
Province, while Tartary buckwheat originates in
the northwest part of Sichuan Province, as also
confirmed by the variability of allozymes in the
buckwheat (Ohnishi 1998). Wild and cultivated
types of Tartary buckwheat exist in the same
regions of northeastern Pakistan, Tibet, Yunnan,
and Sichuan (Tsuji and Ohnishi 2001, Germ and
Gaberscik 2016).

Protection of plants against high UV
levels

Buckwheats are C3 plants in which the pho-
tosynthetic photon flux density is saturated at
about 1000 pmol m? ! (Larcher 2003), therefore
their efficient protection against excessive radia-
tion is of primary importance, especially if other
constraints are present. The fate of the photons
that hit the leaf surface depends primarily on the
characteristics of the epidermis; namely, epidermal
structures, the quantity and quality of phenolic
substances (Grasi¢ et al. 2019). Thick epidermal
layer with well-developed cuticle is not only the
protection against high level of solar radiation,
but also presents important protection against
water loss. The most important factor affecting
the penetration of UV radiation is the production
of UV-absorbing compounds like flavonoids and
related phenyl-propanoids (Gabers¢ik et al. 2002).
These are regarded as one of the key components
of an overall acclimation response of plants to
changing UV environments (Barnes et al. 2016).
Their production is determined by UV dose, radia-
tion quality, time of exposure and the presence of
different environmental constraints including water
shortage and the potential of plant species (Ren et
al. 2007, Golob et al. 2017a, Golob et al. 2018a).
The production of UV absorbing compounds is ei-
ther inducible (dose dependent) or constitutive (not
dose dependent). The latter is mainly characteristic
in plants colonising high radiation environments.
However, buckwheat mainly shows dose dependent
response (Gaberscik et al. 2002). By triggering the
secondary metabolic pathway, UV radiation also
increases plant antioxidant activity (Sebastian et
al. 2018). Indeed, Hideg and Strid (2017) reported
that flavonoids have great potential to scavenge
reactive oxygen species (ROS), which can be also
produced during water shortage. The investigations
of Tartary buckwheat showed significant positive
correlations between phenolic compounds, the
amounts of certain antioxidants and altitude of
growing sites (Kishore et al. 2010). In comparison
to other taxa, buckwheat exhibits high potential
of production of UV-absorbing compounds. One
of the most important and researched flavonoids
in buckwheat is rutin (Fabjan et al. 2003, Kreft
et al. 2006). Suzuki et al. (2015) reported that
in buckwheat leaves, rutin and rutin-oxidase
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are involved in enhancing the defence against
UV radiation, low temperature, and desiccation.
Regvar et al. (2012) studied the effects of elevated
UV-B radiation on concentrations of rutin, cat-
echin, and quercetin in both common and Tartary
buckwheat, showing that in common buckwheat,
they were induced by UV-B, while there were no
differences in the concentrations in the Tartary
buckwheat even though the latter contained more
total flavonoids. Yao et al. (2006) who studied
Tartary buckwheat grown under different UV-B
levels showed that UV-B absorbing compounds
and rutin concentrations increased under near
ambient, but not under elevated UV-B. This may
be related to the overall costs needed to prevent
UV-B stress at highest radiation level (Suchar and
Robberecht 2016). Suzuki et al. (2005) reported
that Tartary buckwheat treated with UV light for
30 min showed increased rutin concentration
by 122%. This potential is not only leaf specific
since UV-B treatment of hairy roots of Tartary
buckwheat seedlings also increased rutin and
quercetin levels (Huang et al. 2016).

Jovanovi¢ et al. (2006) studied the mode of
the enzymatic antioxidant defence system in com-
mon buckwheat leaves and seedlings subjected
to short-term enhanced UV-B radiation showing
a considerable increase in methanol-soluble fla-
vonoids, which is in agreement with previously
reported data (Gaberscik et al. 2002, Suzuki et
al. 2005).

Plant biochemical protection can be also
improved by improving plant nutrition. One of
important elements benefiting plants is also Se
(Golob etal. 2017a). The accumulation of second-
ary substances can be altered by biotic interac-
tions. The effects of increased UV-B radiation on
arbuscular mycorrhiza and secondary metabolite
production in common and Tartary buckwheat
revealed that root colonisation with arbuscular
mycorrhizal fungi significantly reduced catechin
concentrations in common buckwheat roots, and
induced rutin concentrations in Tartary buckwheat
(Regvar et al. 2012). Additional protection against
UV-radiation in plants is the presence of calcium
oxalate (CaOx) crystals (druses) in the leaf tissue
that may contribute to uniform distribution of light
within leaves (Kuo-Huang et al. 2007, Gal et al.
2012, Golob et al. 2018b). Their position varies
with light intensity and at high intensity, crystals

are mainly formed at the top of the palisade cells
(He et al. 2014). CaOx druses also reduce the
transmission of UV-B through leaves as it was
shown in the experiment with Tartary buckwheat
where the density of CaOx druses positively cor-
related with the reflectance in the blue, green,
yellow and UV-B regions of the spectrum (Golob
et al. 2018b).

Adaptation to drought stress can
increase tolerance to UV-B radiation

Vulnerability of crops to UV is affected by
different environmental factors namely water
regime, ambient levels of visible radiation, and
nutrient status (Shen et al. 2015). Elevated UV
radiation levels and drought usually occur at the
same time under conditions of high solar irradiance
and low precipitation rate, which are becoming
more and more frequent and extreme (Comont et
al. 2012). Clarification of the interaction between
drought and UV-B will help us to understand
their potential impact on plant adaptation to the
changing environmental conditions that will
enable efficient crop production (Alexieva et al.
2001, Rodriguez-Calzada et al. 2019). There is
an evidence of both synergistic and antagonistic
interactions between enhanced UV radiation and
drought (Kakani et al. 2003).

Different studies showed that adaptation to
drought stress contributes to increased tolerance
to UV-B radiation (Hofmann et al. 2003). This
is the consequence of specific morphological
responses, like thicker cuticle, smaller leaves
shorter internodes that are the same for both
constraints (Larcher 2003, Jansen et al. 2012).
During drought, some plants also enhance the
synthesis of phenolic substances and waxes, which
improves UV-B radiation screening and reflection
and reduces UV-B damaging effects (Kulandaivelu
et al. 1997). Alexieva et al. (2001) reported that
drought induced activity of antioxidative enzymes
that protect plants against oxidative damages
caused by UV-B radiation. They also presumed that
proline is the drought-induced substance, which
plays an important protective role in response to
UV-B. However, Caldwell et al. (1998) concluded
that drought may cover up UV-B impacts on
plants, since drought is a stronger plant stressor
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than elevated UV-B radiation. However, there are
also some opposite findings. Tian and Lei (2007)
reported that simultaneous exposure to drought
and UV-B caused even stronger damage to wheat
seedlings than when these two stress factors were
applied separately. This is possibly related to
combine oxidative damage. Similarly, the earlier
study of Runeckles and Krupa (1994) showed
that enhanced UV-B radiation lowered tolerance
of crops to drought. Common buckwheat and
Tartary buckwheat exposed to different levels of
UV-B radiation simulating 17% ozone depletion
and water shortage, revealed significant negative
effect of elevated UV-B on growth parameters in
well-watered common buckwheat, that was less
pronounced in drought affected group (Germ et al.
2013). In line with expectations, Tartary buckwheat
showed less sensitivity to both stressors, presum-
ably because it had been subjected to breeding to
a lesser extent. Enhanced UV-B also significantly
reduced total biomass accumulation and biomass
allocation to root in well-watered Fagopyrum di-
botrys plants, while UV-B mitigated the effect of
water shortage on biomass accumulation (Zhang
etal. 2011). Similarly, Alexieva etal. (2001) found
out that UV-B and drought acted synergistically in
pea and wheat, inducing protective mechanisms in
away that preapplication of either of the two stress
factors lowered the damage, caused by subsequent
exposure of plants to the other stressor. Authors
evidenced that UV-B exerted a stronger negative
effect than drought on the growth of seedlings in
both species (Alexieva et al. 2001).

Ameliorative effects of the Se addition
on UV-B and drought treatments

Selenium (Se) is regarded as a beneficial
nutrient that can increase plant tolerance to dif-
ferent environmental constraints (Yao etal. 2013,
Golob etal. 2017a). Ekelund and Danilov (2001)
reported that plants, treated with Se, show enhanced
tolerance to increased UV-B radiation, due to an
antioxidative role of selenium that lowers oxidative
damage in plants. It was indicated that addition of
Se diminishes the negative influence induced by
UV radiation and desiccation (Sieprawska et al.
2015). The addition of Se in appropriate doses can
regulate oxidative stress via activation of antioxi-

dative enzymes (Hartikainen et al. 2000) and/or
by direct quenching of O,—and OH radicals. Se
also upregulates the phenyl-propanoid biosynthetic
pathway, which results in the accumulation of
specific metabolites (Mimmo et al. 2017), such
as flavonoids, which have UV absorbing as well
as antioxsidant role in plants.

The combined effects of UV-B irradiation and
foliar treatment of common buckwheat and Tar-
tary buckwheat with selenium 1 g Se m showed
that Se treatment mitigated the negative effect of
UV-B radiation on plant height and on biomass
production in common buckwheat and the effective
quantum yield of photosystem II (PS II) in both
buckwheat species (Breznik et al. 2005a). Se pos-
sibly promotes growth of UV-stressed plants, due
to protection of chloroplast enzymes (Breznik et
al. 2009). The interaction between Se addition and
UV-B radiation in common buckwheat revealed
the ameliorative effect of Se for the aboveground
biomass, number of nodes, and number of seeds
(Breznik et al. 2005b). Smrkolj et al. (2006)
treated common buckwheat (Fagopyrum escul-
entum Moench cv. Darja) and Tartary buckwheat
(Fagopyrum tataricum Gaertn.) by spraying the
leaves with Se solution, and exposed the plants
to three levels of UV-B radiation. Selenium con-
centrations in flowers were higher under enhanced
UV-B radiation compared to ambient and reduced
UV-B radiation conditions in both species. This is
in line with study from Ozbolt et al. (2008), where
UV-B radiation increased Se content in common
buckwheat plants, grown from seeds that were
previously soaked in solutions with different Se
concentrations.

Golob et al. (2018a) exposed hybrid buck-
wheat (F. hybridum) plants, grown under full
and reduced ambient UV radiation to foliar Se
treatment. Plants treated with 10 mg L' sodium
selenate contained 20-fold more Se compared to
Se-untreated plants, and ambient UV radiation
partly reduced this response.

Golob et al. (2007b) studied the impact of Se
addition and UV radiation on Tartary and hybrid
buckwheat in an outdoor experiment. Tartary
buckwheat had higher contents of anthocyanins,
UV-B, and UV-A-absorbing substances compared
to hybrid buckwheat. Higher contents of protective
substances are possibly a consequence of adapta-
tion to unfavourable environmental conditions, as
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Tartary buckwheat originates from cooler areas at
higher altitudes, often >1,500 m above the sea level.

Se mitigated negative effects of UV-B radia-
tion in common and Tartary buckwheat, but not in
hybrid buckwheat. Ameliorative effects of Se in
UV-B treated plants were expected, since UV-B
radiation causes the production of free radicals.
Se upregulates the phenyl-propanoid biosynthetic
pathway, which results in the accumulation of
specific metabolites.

Summary

Agricultural plants are often subjected to
environmental conditions that differ from their
home environment so they have to overcome
different environmental constrains. Increased
UV radiation and drought are commonly pres-
ent at the same time. The outcomes about joint
action of increased UV radiation and drought in
buckwheat are diverse. There are evidences of
both synergistic and antagonistic interactions. Ad-
aptation to drought stress contributes to increased
tolerance to UV-B radiation, which is consequence
of specific morphological, biochemical and physi-
ological responses of buckwheat. The responses of
buckwheats are different in different species, the
UV dose and sites of origin of different cultivars.
Some studies have shown that Tartary buckwheat
is more tolerant to UV radiation compared to com-
mon buckwheat, while the others have shown the
same sensitivity. The interactions of UV radiation
with drought have also been demonstrated. In the
experiments with £ tataricum and F. dibotrys,
UV-B radiation mitigated negative effects of
drought, however in F. esculetum the effect was
less pronounced.

Se mitigated negative effects of UV-B radia-
tion in common and Tartary buckwheat, but not
in hybrid buckwheat. Se upregulates the phenyl-
propanoid biosynthetic pathway, which results in
the accumulation of specific metabolites. All these
findings indicate that mineral nutrition of plants is
of great importance for plant’s protection against
increased UV radiation and drought.

Biomineral Ca plays an important role in the
genus Fagopyrum. CaOx druses in the leaf tissue
of the buckwheat interact with the incoming UV
light and affect optical properties of the leaves.

Povzetek

Kmetijske rastline so pogosto podvrzene
okoljskim razmeram, ki se razlikujejo od razmer v
njihovem domacem okolju, zato morajo premagati
razli¢ne okoljske omejitve. Rastline so mnogokrat
izpostavljene povecanemu UV sevanju in susi
hkrati. Izsledki o vplivih skupnega delovanja
UV sevanja in suse so razlicni. Obstajajo dokazi
o sinergisti¢nih in antagonisti¢nih interakcijah.
Raziskave so pokazale, da prilagajanje na susni
stres prispeva k vedji toleranci na UV-B sevanje,
ki je posledica specifi¢nih morfoloskih, biokemi-
jskih in fizioloskih odzivov rastlin. Odzivi ajde so
razli¢ni pri razli¢nih vrstah, odmerkih sevanja in
krajih izvora razli¢nih kultivarjev. Nekatere Studije
so pokazale, da je tatarska ajda bolj tolerantna na
UV sevanje v primerjavi z navadno ajdo, druge
pa so pokazale njeno precejs$njo obcutljivost.
Dokazane so bile tudi interakcije UV sevanja s
suso. Pri vrstah F. tataricum in F. dibotrys je UV-B
sevanje omililo negativne ucinke pomanjkanja
vode, pri vrsti F. esculetum pa je bil omilitveni
ucinek manj izrazen.

Se je ublazil negativne ucinke UV-B sevanja
pri navadni in tatarski ajdi, ni pa imel pozitvnih
ucinkov pri hibridni ajdi. Se lahko deluje kot
antioksidant in niza raven prostih radikalov ter
uravnava potek fenilno propanoidnega cikla,
kar omogoca kopicenje specifiénih presnovnih
produktov. Rezultati kazejo, da je mineralna
prehrana rastlin zelo pomembna za varstvo rastlin
pred povecanim UV sevanjem in su$o. Pri rodu
Fagopyrum ima pomembno vlogo tudi biomineral
Ca. CaOx kristali v listnem tkivu vplivajo na pre-
hajanje UV svetlobe in na opti¢ne lastnosti listov.
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