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Abstract

Ultraviolet (UV) radiation has various effects dretgrowth, morphology, and biochemical
composition of plants. Currently, there is an iasiag interest in the manipulation of UV
radiation in glasshouses, polythene tunnels, amer girotected horticultural environments. In
this study, UV radiation was manipulated by the as&V lamps and filters with different
UV-transmittance. The main objective was to studyeffects of UV radiation under different
climatic regimes in the regulation of plant groveihd development, biomass production and

yield, postharvest life, and the content of secondeetabolites and plant hormones.

In controlled growth-chambers, the effect of 6 HyddV-B radiation provided by UV-
B lamps and two temperature regimes (constaf€ 20d temperature drop, 21 to°CBon the
morphology, DNA damage, hormone physiology, andteatnof phenolic compounds were
investigated in peaPfsum sativuntv. Torsdag). UV-B exposure at 0.45 WPrfor 10 days
reduced shoot extension growth and leaf area byaB#30% respectively, when provided
under a constant temperature9@0 Under a daily temperature-drop treatment(ad 13C),
the UV exposure reduced the shoot elongation aafdalea by 30% and 18%, respectively, as
compared to a temperature drop only. Although tkidéyels were not identical under the two
temperature regimes because of reduced efficiehtlyeoUV lamps under the temperature-
drop treatment, shoot elongation was apparentlyenstiongly affected by UV-B under the
temperature drop than when provided under congtmperature. These morphological
changes were associated with the reduced levetgediioactive gibberellin GA(54-69%) in
apical stem tissue and young leaves. Also, redudidhe content of IAA in the young leaves
(27-35%) was observed.

In Arabidopsis thalianaCOP1 and HY5 are central players in UV-B sigr@tiesulting
in formation of UV-B-protecting compounds and ad@r morphogenesis. In pea, we
investigated the roles of the HY5 and COP1 homoldgNG1 and LIP1 in protection towards
UV-B-related damage and altered morphogenesis.nByuse of high performance liquid
chromatpgraphy (HPLC), eighteen different chromedpgic peaks of phenolic compounds
were detected in pea leaves. However, the foctigsrihesis is on the glycosides of the major
flavonols, quercetin, kaempferol, and myricetinvadl as two major flavones, luteolin and
apigenin. Consistent with LONG1 and LIP1 as UV-Bnsiling compounds in pea, tlagl
andlipl mutants exhibited hypersensitivity and higher tesise to UV-B compared to the



wild type (WT), respectively, probably due to théower and higher levels of specific
flavonoid glycosides. Alsolongl showed significantly higher levels of UV-relatedNB-
damage products (cyclobutane pyrimidine dimers (§PDBompared to WT plants. On the
contrary, plants mutated in théP1 gene, showed less DNA-damage and higher levels of
individual phenolic compounds than the WT plantse Twarfede GA biosynthesis mutant
and the elongatdd cry-s GA signaling mutant, which behaves like being GAusated, were
both more resistant to UV-B-related damage thanWie probably due to higher levels of
specific flavonoid glycosides, as shownenGAz application did not affect the sensitivity to
UV-B-related damage. These studies demonstrateL &Gl and LIP are essential UV-B
signaling components in pea, and that GA contetit@gree of extension growth do not affect

susceptibility to UV-B-related damage.

By using UV-transmitting and UV-blocking films, theffect of natural levels of UV
radiation on growth, morphology, and days to flowgrof pea and pot-rose cultivars were
evaluated at a higher (2800 masl) and lower akit{dd00 masl) in Ethiopia. At both altitudes,
the pea and rose cultivars grown under the UV-trattisig film had shorter shoots and delayed
flowering as compared to plants grown under the kdéking films. However, the UV-
transmitting and UV-blocking films did not show faifences in terms of the shelf life of pot-
roses or pod production in pea. Regardless of WWaten, rose cultivars grown at the higher
altitude had higher stomata conductance than tr@gbrown at the lower altitude. However,
in pea the stomata conductance increased underasigrhitting film at the higher altitude,
showing that the stomatal response to UV is diffedepending on the background climate
and plant species. In conclusion, UV radiation riyaaffects plant morphology and flowering
time, but climatic factors such as irradiance, terafure, and vapor pressure deficit (VPD)
seem to have a stronger effect on the stomata ctantte, postharvest water usage, and pea

productivity.

Furthermore, different types of screens (Svenssgiteative screen with strip
ventilation and white plastic as well as one lgcalloduced screen yellow plastic) were used
as greenhouse covers to study their effects ompdinwrmance and productivity of pea (cv.
Origan pod Ill) during the dry season in Ethiopidie enhanced shoot elongation under the
Svensson reflective screen as compared to theglists was mainly because of the reduced
transmittance of photosynthetic active radiatioARP of the Svensson screen as compared to
the plastic screens (white and yellow). Howeveg #treening material did not have a

significant effect on the pod production, which fioms that pea is robust to changes in light

X



guality. Reduced transpiration and lower water aspgr pod were found under the locally
produced yellow plastic film as compared to the ontgd screens.

Keywords: Auxin, flavonoid, gibberellin (GA), morphology, plant hormones, ultraviolet
radiation (UV), screen
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Sammendrag

Ultrafiolett (UV) straling har effekt pa plantergkst, morfologi og kjemisk innhold. Det er
stor interesse for & manipulere UV straling i komsiedl produksjon av planter i veksthus,
plasttunneler og i andre typer dyrkingssystemer kmrollert klima for & pavirke viktige

planteprosesser. | dette arbeidet ble UV stralirgpipulert ved filtrering av naturlig sollys
gjennom ulike filter og ved bruk av UV lamper. Ho#ermalet var & studere effekter av UV
pa plantevekst og utvikling, biomasseproduksjonasting, holdbarhet, samt innholdet av

sekundeere-metabolitter og plantehormoner.

| kontrollerte vekstkammere ble effekten av 6 tirdaglig UV-B eksponering studert
under to ulike temperaturregimer; konstant temperé2°C) og temperatursenkning (fra 21
til 13°C) pa morfologi, DNA skade, hormoninnhold, og inrdetl fenoler hos ertPisum
sativun) cv Torsdag. Kombinasjonen av konstant tempemgudV-B eksponering (0.45 W
m?) i 10 dager reduserte strekningsveksten og blatitrsmed henholdsvis 9% og 30%. UV-
B eksponering samtidig med temperatursenkning extiistrekningsveksten og bladarealet
med henholdsvis 30% og 18%. Selv om UV nivaet ikkelikt i de to temperatur-regimene,
fordi effektiviteten til UV lampene reduseres veddre temperatur, vister resultatet at UV-B
virker sveert hemmende pa strekningsveksten omisisagtidig med en temperatursenkning.
De observerte morfologiske endringene viste en $danmenheng med endringer i innholdet
av plantehormoner som pavirker strekningsvekshdidet av aktivt gibberellin (GA var 54
-69% lavere i unge skudd og unge blad i plantepefsrt for UV-B og temperatursenkning
sammenlignet med de andre behandlingene. | tilldgglet malt 27-35% lavere innhold av

auxin i unge blad.

Hos Arabidopsis thalianeer COP1 og HY5 kjent som viktige komponenter i BV-
signaleringen. | ert ble HY5 og COP1-homologene IGINog LIP1 studert for undersgke
deres rolle i signalering knyttet til beskyttelsetrdV-B-skader og endringer i morfologi. Ved
hjelp av veeskekromatografi ble det identifiseruliRe fenolforbindelser i erteblad med antatt
beskyttende funksjon. De dominerende fenolforbiseied var glykosider av flavonolene
quercetin, kaempferol og myricetin, og flavonenedlin og apigenin. Mutanteriengland

lipl viste henholdsvis hypersensitivitet og hgyere taatisdyktighet mot UV-B straling
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sammenlignet med villtypen (VT), sannsynligvis pérm av lavere og hgyere innhold av
spesifikke flavonoider. Planter mutert i LONG1 eistgsa signifikant hgyere niva av UV-
relatert DNA skade (cyclobutan pyrimidin dimere) maeplanter mutert LIP1 genet viste
mindre DNA skade sammenlignet med VT.

En dvergtype og av ert med lavt innhold av G&) b6g en GA signaleringsmutaria (
cry-s) med sterk strekningsvekst pa grunn av tilsynaldgemettet-GA respons, viste begge
motstandsdyktighet mot UV-B sannsynligvis pa grannet hgyt innhold flavonoider. GA
applisering endret ikke erteplatenes fglsomhetUdkB-relater skade. Videre, viste ikke
longl, cry-s og le mutanten redusert strekningsvekst ved UV-B-ekspogeslik som VT.
Arbeidet viser at LONGL1 og LIP er sentrale kompdeenUV-B signaleringen hos ert, men
at GA og strekningsvekstresponser antagelig ikkérker plantenes falsomhet for UV-B-
relatert skade. Resultatene kan imidlertid tydatgantenes ma ha evne til & kontrollere nivaet
eller responsen pa GA for & kunne respondere p&Wdm en regulator av strekningsvekst.

Ved & benytte UV transmitterende og UV blokkerefilde i ulike hayder over havet
(2800-1700 moh) i Etiopia ble effekten av UV smglundersakt pa vekst og avling hos ert og
vekst og holdbarhet hos potteroser. | dette omndabetekvator finnes verdens hgyeste nivaer
av UV- straling. Bade ert og roser viste endrinigarorfologi og blomstringstid og planter
eksponert for UV (+UV) var kortere og viste forsakblomstring sammenlignet med —UV
uansett hgyde over havet. Det var sma forskjeHeting hos ert og holdbarhet hos roser under
de ulike behandlingene og tyder pa at det er akldrafaktorer enn UV som har starst effekt
pa disse egenskapene. Effekten av UV pa konduktargerte med planteslag og
bakgrunnsklima. Det var ingen signifikant effekt 8% pa vannforbruk under eller etter
produksjon hos roser. Hos ert hadde UV ingen effidkkonduktans ved 1800 moh men ved
2800 moh farte UV-straling til gkt konduktans. Hdkenklusjonen fra dette arbeidet er at UV
har effekt pa morfologi og blomstringstid men ad@nklimafaktorer (temperatur, luftfuktighet

og lysmengde) i starre grad pavirker avling hogaentall erteskolmer) og holdbarhet hos roser.

Effekten av ulike typer skyggemateriale ble undetrset forsgk med ert (cv. Origan
pod Ill) i Etiopia. Vekst og avling ble sammenlignender tre ulike typer skyggemateriale:
rimelig lokalprodusert plastfilm, kostbar import@tastfilm og en sveert kostbar ventilerende
skyggeduk med reflekterende aluminium (SvenssoRlantene under Svensson viste gkt
strekningsvekst pa grunn av lavere mengde fototigktaktivt lys. Det var imidlertid ingen
forskjell i avling (biomasseproduksjon eller antafirteskolmer) mellom de ulike

skyggematerialene og viser at ert er sveert robastehdringer i lyskvalitet. Redusert
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transpirasjon ble malt under den lokal-produseldstpn og viser at den kan veere en aktuell

skyggeduk & benytte i erteproduksjon ogsd med tgmkeeffektivt vannforbruket i

produksjonen.
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1 Introduction

1.1 Solar UV radiation

Ultraviolet (UV) radiation is an integral part dig sunlight that reaches the surface of the
Earth. The UV region of the spectrum is divideaititree parts: UV-A (315-400 nm), UV-B
(280-315 nm), and UV-C (less than 280 nm) dLial, 2013; MORALESet al, 2014). The
energy of a photon is inversely related to its viewgth; therefore, UV-C radiation is the most
energetic of the three wavebands (Paul & Gwynn-g02@03). UV-C is strongly absorbed by
the ozone in the atmosphere and does not pend#irategh the atmosphere. However, most of
the UV-A and part of the UV-B reach the earth’dface. UV-B accounts for less than 0.5% of
the total light energy reaching the earth’s surféce it has the highest energy of the daylight
spectrum (Jenkins, 2009; Heijde & Ulm, 2012).

The intensity of solar UV radiation reaching to ts&rth’s surface varies based on
different environmental factors such as the ozoagerl solar elevation, atmospheric
composition, clearness of the sky, time of the dag altitude (Madronicht al, 1998). There
is a strong effect because of changes in latitalliéide, season, and time of the day, being
highest in the tropics, especially at high altitsidle the summer at noon (Blumthakral,
1992). The UV irradiance increases with altitudeswse the amount of absorbers in the
overlapping atmosphere decreases with increasiiigds. Various reports have indicated that
UV radiation increases 6—8% per 1000 m increaaétiinde (Vanicelet al, 2000).On a global
basis, the weighted daily UV-B irradiance receia¢tbw latitude, high elevation sites can be
nearly six times greater than the maximum doseivedeat arctic latitudes (Caldwedit al,
1980). Clouds influence the UV reaching the grosadaces through reflection, absorption,
and scattering in to the atmosphere. A completet lajoud cover prevents about 50% UV

radiation energy from reaching the earth’s sur{@iéfey, 1991).



1.2 Sensing the light

The ability of plants to sense and respond to ladggends on their photosynthetic pigments
and photoreceptors that absorb different wavelengththe light. Responses to light quality
such as far-red (FR) (700—800 nm) and red (R) li@®0—-700 nm) depend on the light
absorbing pigment phytochrome, which senses tlagivelamount of R and FR light in the
environment (Smith, 2000). Blue (B) light (400-5@) is absorbed not only by phytochrome
but also by the B/UV-A absorbing pigment cryptocheoand phototropin (Lin, 2000). In
Arabidopsis thalianaUV RESISTANCE LOCUS 8 (UVR8) has been recentbnitified as a
photoreceptor that detects UV-B radiation (Rizahial, 2011; Christieet al, 2012). UV-B
perception by UVRS is mediated by tryptophan-28&{Z85) and tryptophan-233 (Trp-233),
which directly absorb and are excited by UV-B (Tabk et al, 2013). UVRS is built up as a
seven-bladeg-propeller protein which is present both in theopyasm and the nucleus
(Brown et al, 2005) and with nuclear enrichment under UV-B expe (Kaiserli & Jenkins,
2007; Jenkins, 2009). Plant perception of UV-B aidn as an environmental stimulus is
known to affect growth and development (Jenkin®90However, UVR8 must be associated
with a molecular signaling pathway for UV-B perdeptto be translated into plant responses.
Different reports have indicated that UVRS8 intesaatith the transcription factors
ELONGATED HYPOCOTYL 5 (HY5) and CONSTITUTIVELY PHOOMORPHOGENIC

1 (COP1) in the nucleus in the presence of UV-Bwnibble light (Osterlundet al, 2000; Yi

& Deng, 2005; Oravecet al, 2006). There is evidence that COP1 and HY5 btz major
roles in promoting UV-B-induced photomorphogenésig. 1) (Heijde & Ulm, 2012).
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Fig. 1. Model of UVR8-mediated signaling. Under light (whiight; WL) conditions devoid

of UV-B, UVRS is present mainly as a homodimer. QQPBpresses photomorphogenesis by
promoting degradation of HY5 (and other promotikenscription factors), but is under the
negative control of light-activated phytochromed aryptochromes. In the presence of UV-B
radiation, UVR8 monomerizes and interacts with CORte bZIP transcription factor HY5 is
stabilized and UV-B-responsive genes are activdtedse include genes encoding proteins of
importance for UV protection (e.g. phenylpropanuiosynthesis pathway, including CHS and
FLS) and DNA damage repair (e.g. photolyases PHRILWVR3), but also the RUP1 and
RUP2 proteins, which constitute negative feedbacklgR8 activity involving direct protein—
protein interaction (Heijde & Ulm, 2012; Tilbroak al, 2013).

Molecular analysis has shown that COP1 and HY%heenajor downstream effectors
in UV-B responses as well as in visible light sigmg indicating high potential for cross-talk
between UV-B and visible light responses (HeijddJ&n, 2012). COP1 acts as a positive
regulator of photomorphogenic UV-B responséiabidopsis thalianawhereas it function as
a repressor in visible light-induced photomorphags (Oravecet al, 2006; Heijde & Ulm,
2012). Moreover, it has been shown that in lightditons lacking UV-B, the UVRS8

photoreceptor exists as a homodimer (inactive dimewhich undergoes instant



monomerization (active monomer) following UV-B espioe and the process is meditated by
the Trp-285 or Trp-233 amino acids (Christieal, 2012; Wuet al, 2012; Tilbrooket al,
2013) (Fig. 1). The active UVR8 monomers interadthvthe E3 ubiquitin ligase COP1
(Tilbrook et al, 2013). Visible light activation of photoreceptdeads to the inactivation and
nuclear exclusion of COP1, allowing HY5 stabilipatiand activation of light responsive genes
(Osterlundet al, 2000). In darkness, COP1 targets HY5 for ubigaiion and degradation,
leading to suppression of photomorphogenesis (8agbh, 2003). On the contrary, white light
supplemented with UV-B radiation induces nucleauaculation of both COP1 and HY5, and
due to the inactivation of the COP1 ubiquitin ligastivity upon the COP1-UVRS interaction,
HY5 is not targeted for degradation of by COP1 (@czet al, 2006).

1.3 UV-B and plant responses

UV-B radiation is a key environmental signal thattiates diverse responses in plants,
including metabolism, growth, and development. Eype of plants to rather high levels of
UV-B radiation might reduce photosynthesis ([2aial, 1992). At lower irradiance, UV-B
radiation induces morphological changes such asct&xh in shoot elongation and leaf area,
changes in plant architecture, and accumulatiot\¢fB—absorbing compounds (Jenkins,
2009; Torreet al, 2012). Although the level of UV-B radiation ankdm adaptation influence
the sensitivity of plants to UV-B radiation, it well known that the sensitivity to UV-B
radiation is dependent on different environmentadtdrs such as drought, photosynthetic
photon flux density (PPFD), and temperature (Mir&cKeramura, 1984; Murali & Teramura,
1986; Sullivan & Teramura, 1990; Mark & Tevini, 99

Plants distributed along high elevations, where B/Muence is high, have a more
pronounced adaptive mechanism than those at loeeateons (Sullivaret al, 1992; Jansen
et al, 1998). Different genotypes within a species mésp aiffer in their tolerance and
response to UV-B. Increasing UV-B radiation caroatmulate the protective mechanism in
plants, leading to modulation of the sensitivitytted photosynthetic apparatus to UV-B (Jansen
et al, 1998; Lavola, 1998). Based on the growth condgiand geographic location, there is a
large variation among plant species when it conee®)¥ sensitivity. Commonly, UV-B

tolerance in plants increases with increasingualét(Ziskaet al, 1992).



Tolerance to UV-B is also a question of the balabheeveen damage, repair, and
acclimation (Frohnmeyer & Staiger, 2003). Plantcgg® which are faster in repairing the
damaged DNA, are more tolerant to UV-B-inducedssis. Plants efficiently repair UV-B—
induced DNA damage by a photoreactivation mechanigns process is mediated by UV-A
and blue light where the enzyme photolyase breakshemical bonds of cyclobutane rings

and reverts the damage (Janseal, 1998) (Fig. 2).
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Fig. 2. Diagram showing the regulation of cyclobutaneqpydine dimer (CPD)
photoreactivation. Transcription of genes encodgihgtolyases is minimal in the dark, but
induced by blue, far-red, and red wavelengths,iplysgvolving phytochrome (Jansest al,

1998).

The production of reactive oxygen species (ROS)thaagssociated oxidative damage
has also been observed in plants exposed to higi ddses. ROS are a by-product formed
as a result of successive electron reduction oeouér oxygen (&), and they include the

superoxide radical@>), hydrogen peroxide #D.), and the hydroxyl radicai@H) (Bolwell
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& Wojtaszek, 1997). Hydroxyl radicals, singlet oryg superoxide radicals, and hydrogen
peroxide are among the main ROS produced by UVdBé¢®a, 2000; Brosché & Strid, 2003).
However, ROS are not only a source of cellular dgartaut also important signaling molecules
that regulate the expression of several UV-B-respengenes (Soheila, 2000; A-H-
Mackerneset al, 2001).

1.4 Induction of phytochemicals

Light is one of the best known environmental fagt@ifecting the phytochemical composition
of plants (Shohaett al, 2006; PéreBalibreaet al, 2008). High UV-B dosage and longer
time of exposure enhance flavonoid biosynthesisiaakase the concentration of phenolic
compounds in plants (Treutter, 2005). The leveld\éfB—absorbing phytochemicals are well
known to increase with increasing UV-B doses (Kaoaet al, 1998; Johnsomt al, 1999).
Thus, UV-B exposure contributes to the accumulatibphenolic compounds in plant tissue
as a protective response against UV radiation €¥aes al, 1998). However, different
compounds show different efficiency in UV proteatid\ study onA. thalianaindicated that
sinapate esters are more effective in preventingBJijury than the flavonoid derivatives
(Landryet al, 1995; Sheahan, 1996). This indicates that thieption against UV-B depends
on the plant species and the types of phytochempraiduced.

Genotypes lacking the accumulation of secondanabudites such as flavonoids are
highly UV sensitive (Landret al, 1995). Leaf curling is a characteristic respotaseV-B,
and is considered a morphological adjustment tdeptoplants from the UV-B radiation
through reduction in exposure area. Upward leafirgurin response to UV-B exposure
suggests the UV-B—induced inhibition of cell digisior more expansion on the upper side of
the leaves compared to the lower side (Laretrgl, 1995; Greenbergt al, 1997; Jansest
al., 1998). Previous studies have indicated thamttn® mutant is susceptible to UV-B—induced
damage such as curled and chlorotic leaves, suggestlower content of UV-screening
compounds in the mutant (Favoey al, 2009). This confirmed the role of UVRS8 in the
regulation of genes responsible for biosynthesisemfondary metabolites (Morales al,
2013).



1.5 Regulation of plant hormone biosynthesis

Plant hormones are chemical messengers that catedire growth and development of plants.
They are a collection of small molecules that atyvéow concentrations integrate
environmental stimuli with plant cellular activitylant hormones regulate every aspect of plant
growth and development from the cellular level bhe tstage of organogenesis (Stamm &
Kumar, 2010). The major classes of plant hormonmesgibberellins (GAs), auxins (I1AA),
abscisic acid (ABA), cytokinins (CK), ethylene, gs#onosteriod, salicylic acid, jasmonate,

and strigolactone.

1.5.1 Gibberellin biosynthesis and inactivation

Gibberellins (GAs) are a group of diterpenoid a¢igs function as growth regulators of plants
influencing a range of developmental processesghen plants including stem elongation,
germination, dormancy, flowering, sex expressionzyene induction, and leaf and fruit
senescence.

GA biosynthesis is mainly affected by tissue typevelopmental stage, light,
temperature, and endogenous feed-back and fee@ufdrvesponses to GAs (Kamiya &
Garce-Martnez, 1999; Hedden & Phillips, 2000). It has begoreed that changes in stem
elongation in peaRisum sativumin response to alteration in day and night terajees or
exposure to a temperature drop during the daylasaie to the changes in endogenous level of
GA: (Grindalet al, 1998). GA is the major active GA regulating stem length & gingram
et al, 1984). GA is synthesized by the conversion of {580 GA. and catalyzed by GA3-
oxidase (GA3ox) which is encoded by the gene (Fig. 3) (Campell & Bonner, 1986; Lester
et al, 1997; Welleret al, 2009; Reinecket al, 2013).



GG£PC opalvl diphosphate synthase

cpp @S

,L Ent-kaurene svnthase
ent-kaurene

= e
v 5 (X
ent-kaurenol (th)| |z E
(—_;:
ent-kaurenal (S
¥ v
ent-kaurenoic acid
a |&
ent-7o-hyroxy- (na) 2" %
kaurenoic acid ’—';l (%
GA j,-aldehyde =
GA, b
V¥ GA 13-hydroxlase
& GAss
-
13 GA,,
S v
= GAo
= \L (A2-oxidasel
= GA,, (sir) % ok
;A3 oxida: Aog
CA3 E';;d““’b GA2-oxidase 1

GA2-oxidase2
(sim)

Fig. 3. Schematic representation of 13-hydroxylation patysvof gibberellin biosynthesis in
vegetative tissue of pea. The enzymes cloned amagacterized in pea are underlined.

Corresponding mutants are given in parenthesisé8get al, 2005).

The different genes involved in the conversion pescduring the early and late stage
of GA biosynthesis mainly affect the accumulatiébioactive GA in pea shoots. These genes
includeLS, LH and, NA GA200x1 and GA3ox(LE) and the two GA deactivation 2-oxidases
(SLN slender)GA2ox1and GA2ox2(Elliott et al, 2001; Stavangt al, 2005). TheGA20x1
gene metabolizes the 2-oxidation of £5£0 GApg and to GAg catabolite, and the 2-oxidation
of GA1 to GAs, while theGA20x2gene product has a strong preference foi @#her than
GA20 as substrate (Reidt al, 1992; Lesteret al, 1999). InA. thaliang up-regulation of
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GA2o0x1in response to UV-B was demonstrated recently,aamibdel was presented for the
mechanism of UV-B action in this respect (Fig. 4ayeset al, 2014)

It has been reported that light and plant photpears modulate the expression of
genes responsible for hormone biosynthesis (Fadl@, 2003; Welleret al, 2009). In pea,
light-induced interaction dfIP1 andLONG], the pea orthologs &f. thalianaCOP1 and HY5,
respectively, regulate the expression of the GAlmalism gen&A2o0x2and thus the level of
bioactive GA (Welleret al, 2009; Li & Huang, 2011). Thengl mutant maintains high GA
levels under light because of greatly reduced digtiticed expression déA20x2 Thus, it
appears that LONGL is required to activ@@2ox2transcription and thus decrease the GA
levels after transfer to light (Wellet al, 2009; Lau & Deng, 2010). Light-induced regulation
of GA biosynthesis in germinating. thaliana seeds appears to be achieved through the
degradation of the basic-helix-loop-helix (bHLH)ganscription factor PHYTOCHROME
INTERACTING FACTOR 1/PHYTOCHROME INTERACTING FACTORIKE 5
(PIF1/PIL5), which also acts in the repression of GA biosgsib genes (Oét al, 2006). As
PIF proteins are bound to and targeted for degi@udily activated phytochromes, light
activates GA biosynthesis through repression efpaassor (Castillost al, 2007).

” UV-B Homodimer
ahomer '& (inactive )
(Active )

Trp-233

Fig. 4. Hypothesized role of UV-B in GA regulation iArabidopsis thaliana UVR8
photoreceptor exists as homodimer (inactive dimérich undergoes instant monomerization
(active monomer) following UV-B exposure and meekibby the Trp-285 and Trp-233 amino
acids. UV-B perceived by the photoreceptor UVR&iatts withCOP1 and up-regulates
transcription ofHY5andHYH. GA20x1 levels increase, resulting in reduced @&yels, and
increasedELLA stability (Heijde & Ulm, 2012; Hayest al, 2014a).



1.5.2 Auxin biosynthesis and inactivation

Indole-3-acetic acid (IAA) is one of the naturadlgcurring growth hormones, which enhance
cell division, cell elongation, cell differentiatip tropism, and flower development. IAA
biosynthesis in plants is very complex and not weltlerstood because of the existence of
multiple pathways, involvement of many genes, dmal impact of environmental factors.
Genetic and biochemical studies have indicatedttigatophan (Trp) is a main precursor for
IAA in plants (Woodward & Bartel, 2005; Zhao, 2018} least four different pathways for
Trp-dependent biosynthesis of IAA in plants haverbproposed: theUCCA(YUC) pathway,
the indole-3-pyruvic acid (IPA) pathway, the ind@ecetic amide (IAM) pathway, and the
indole-3-acetaldoxime (IAOx) pathway (Tivendade al, 2010; Mashiguchet al, 2011).
Among the pathways, théUC pathway has been reported as a common IAA biosgigthe
pathway in various plants (Chergal, 2006; Yamamotet al, 2007). In pea, tw¥UCgenes,
YUClandYUC2 have been reported (Tivendateal, 2010; Liet al, 2012).

High R:FR (ratio of red to far-red light) acts hretblocking of the transcription of I1AA-
biosynthesis genes through phosphorylating PIFstidption factors and the inactive form of
PHYB (Pfr) in the nucleus, whereas low R:FR actsmnopposite manner (lat al, 2012).
Moreover, high irradiance of white light photo-oiziels IAA and inhibits cell growth im vitro
culture and seed germination in pea (Fukuyama & &dioy 964). It has also been shown that
plants exposed to R light also have lower mobdityAA in the cell because of the lower rate
of biosynthesis and thus lower IAA levels (lino,829. IAA is well known to regulate
phototropism in the plant. However, exposure ohigdo UV-B radiation partially results in
loss of their responses to phototropism (Ros & Mievi995). Such loss of phototropism
response might be related to the UV-B—induced digian of IAA. UV-induced IAA
degradation might be related to the ability of I#&Aabsorb the UV wavelengths from 270 to
300 nm (Ros & Tevini, 1995; Krize&t al, 1997). Moreover, UV-B radiation has been shown
to lower the concentration of IAA in various plaspecies such as frond$pjrodela
oligorbiza), cucumberCucumis sativuk), rice Oryza sativa..) andA. thaliana(Witztum et
al., 1978; Huanget al, 1997; Krizeket al, 1997; Hectoret al, 2012)
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1.5.3 ABA and ABA metabolites

The plant hormone ABA serves as an endogenous ngessthat plays a key role in the growth
and development of plants in response to envirommhstimuli (Raghavendrat al, 2010). In
addition to its growth regulatory role, ABA is camsred as essential messenger involved in
the adaptive responses of plants against abioticbégtic stresses (Umezaved al, 2006;
Danquakhet al, 2014). In green plants, ABA biosynthesis staiith vsopentenyl diphosphate
(IPP) and occurs via the carotenoid violaxanthia£ & Zeiger, 2010). Environmental factors
such as drought stress, flooding, UV radiation, smhe other biotic factors all play a role in
regulating the ABA content in the plant (Zabad&74; Atkinson & Urwin, 2012). Studies of
the effects of light quality indicate that grapeinskreated with R light has a higher
concentration of ABA in the skin than those treatetth B light or the control grape fruit skin
(Kondoet al, 2014). Moreover, irradiation of maizga may4.) leaves with 3.3 W mi UV-

B radiation for 4 h increased the level of ABA by Bg g' fresh weight compared to control
(Tossiet al, 2009).

1.6 The role of UV in horticultural industry

Currently, there is an increasing interest in ttenipulation of UV radiation in glasshouses,
polythene tunnels, and other protected horticultera&ironments. Most horticultural glazing
materials block UV-B and UV-A wavelengths shorteart 360 nm (Paul & Gwynn-Jones,
2003). The absence of such wavelengths might resaitthanced shoot elongation and reduced
branching, which are undesirable commercially. E§fdhave been made to regulate plant
growth and developmental traits such as stem etmrgabranch number, flower or foliage
color, fruit maturity, diseases, and content of tpbigemicals by using supplementary UV
radiation or UV-screening systems. (Oren-Shamir &vitNissim, 1997; Baccét al, 1999;
Paul & Gwynn-Jones, 2003). Although there is vasiatn the intensity of UV radiation in the
different growing regions, spectral modificationings different cladding material has a
significant effect on the regulation of plant grawiorphology, and the cell composition in a

range of plant species (Gautegral, 2005; Stamps, 2009).
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1.6.1 Control of morphology

Control of morphology is important in commercialegnhouse production. High quality
compact plants are easy to handle and transpartnane plants can be produced per unit area
of greenhouse space. Regulation of stem lengthplnd shape without application of plant
growth retardants is an important goal in an emritentally friendly horticultural greenhouse
industry. Temperature has been one important tval, the diurnal temperature alternations
have strong effects on the morphology of many glghtoe & Heins, 1989; Myster & Moe,
1995; Torre & Moe, 1998). Further, many plant speare sensitive to a short temperature
drop during the 24 h daily growth cycle. Temperatdrop has been used successfully to
control stem elongation of ornamentals such assediia in periods when the temperature
outdoors is low enough to reduce the greenhouspdrature substantially. However, in warm
periods and warm areas, the outdoor temperattwe isigh to create a steep temperature drop,
and some plant species are not sensitive to tetyperdrop (Myster & Moe, 1995) .

Light climate such as irradiance, photoperiod, lagid quality can also be used actively
to control plant morphology. Atrtificial lighting syems such as light emitting diodes (LED),
inter-lighting, and light spectrum filtering teclynies such as colored covering materials are
some of the techniques used to regulate the lijimate in plant canopies (Mortensen &
Stremme, 1987; Oyaeet al, 1999; Liet al, 2000). Recently, the use of LEDs with a high
proportion of B light as supplementary lighting vamwn to inhibit shoot elongation in roses
and poinsettia compared to the traditional higispuee sodium lamps (Islagnal, 2012; Terfa
et al, 2013). Also, other studies have shown that plametsted with B light have a reduced
plant height as compared with natural light (Mosiem & Stramme, 1987). Although reduction
in shoot height, internode length, and leaf sizéentJV radiation have been observed in many
different plant species (Kataria & Guruprasad, 200&faet al, 2014; Zhanget al, 2014),
not much work has yet been done with UV-B as a tooégulate morphology in commercial
plant production. Torreet al, (2012) reported that both UV-B and UV-A radia$ are
efficient as a tool to modulate plant morphologyegetables, bedding, and pot plants. In a
pot-rose study (Terfat al, 2014), 30—40% reduction in shoot height and k&l were
reported under UV-transmitting plastic films. Moveo, plant treated with UV-B combined
with high day temperature and low night temperatueee the shortest with the smallest leaf
area and the lowest number of nodes as compagadrits not exposed to UV-B (Singih al,

2014). The reduction in plant height under UV-Bnainly a result of a reduction in internode
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length rather than fewer internodes (Kakeinal, 2003). Leaves are one of the most important
morphological parameters that influence the shawpkaachitecture of the plant canopy. Any
change in the quantity and quality of UV may béraportant factor regulating the growth and
development of leaves (Dillenbugg al, 1995). Various studies have shown that removing
UV-B radiation generally increases leaf area comgdo UV treated leaves (Noguésal,
1998; Zhacet al, 2003; Terfeet al, 2014),

1.6.2 Control of pest and diseases

In most greenhouse conditions, pesticides andrdiiteagrochemicals have been used for the
eradication of plant pathogens. However, becaudauofan health and environment-related
issues, such chemicals are not currently recomneer{tleng, 1997). Manipulation of
environmental condition including day length andapal quality of the light may provide an
alternative strategy to protect plants from pestsdiseases in greenhouse production systems
(Raviv & Antignus, 2004; Suthaparaet al, 2010). Application of UV-radiation in the
greenhouse may be used to inhibit the germinatimhdevelopment of the fungal pathogen.
Also, UV radiation may help pollinator insects toiemt and locate flowers (Jones &
Buchmann, 1974; Willocquet al, 1996; Suthaparaet al, 2012).

The cladding material that blocks UV radiation affethe reproduction and direction
of insects in greenhouse. Changing the light quaiithe UV range of the spectrum mainly
affects arthropod pests (Raviv & Antignus, 2004aD& Fereres, 2007). Furthermore, several
reports have indicated that UV-A radiation is agssary stimulus for white flies, aphids, and
thrips to differentiate between their host plard #re environment, so the lack of UV-A affects
orientation and dispersal activities (Antignetsal, 2001; Chyziket al, 2003; Lamnatou &
Chemisana, 2013Db).

Some studies have also revealed that UV-absorbasjip film that blocks near-UV
light radiation (300—400 nm) in greenhouse culitwatan be effective in preventing different
types of pests from entering the greenhouse (Lawnn&t Chemisana, 2013a; Shimoda &
Honda, 2013). However, care should be taken becedigcing UV radiation appears to
increase susceptibility to herbivores (Paul & Gwagames, 2003; Gols, 2014). The plants
exposed to elevated UV-B levels have more tanmadignin than the plants grown under low

level of UV-B, and these secondary metabolites fmawvecological importance in influencing
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the palatability and digestibility of plants andeafting herbivore and other plant—-animal
relationship (Gehrket al, 1995; Rozemat al, 1997).

1.7 Greenhouse crop production in Ethiopia

Agriculture is an important sector in Ethiopia awain source of food for the population and
serves as a main contributing sector in the natiec@ahomy. Crop production occurs in rain-
fed farming systems in most parts of the countng this accounts for more than 95% of the
land cultivated annually (Deressa, 2007). Howewewide range of both biotic and abiotic
stresses affects crop productivity in the countByeenhouse crop production systems in
Ethiopia are a young agricultural industry, butyttege rapidly growing. Among all crops
produced in Ethiopia, including the flower industcyt rose production is rapidly expanding
as compared to other African countries (Getu, 2009)

Greenhouse production systems help growers toaldht# climate, diseases, and pests
for improvement of yield and quality of a produd eompared to open field production
systems. The most common greenhouse type is a penhouse with steel construction
covered with plastic films (mainly polyethylene)ithvfixed or adjustable single roof vents or
side screens.

As the horticulture industry is intensified and Retrcompetition is increasing, growers
are becoming more and more dependent on agrochieraca relatively reliable method for
the improvement of yield, regulation of plant graw&nd control of plant pathogens. However,
because of the perceived risks to humans and thament, the use of some agrochemicals,
including plant growth regulators, are not recomdeshin agricultural crop production system
(Rajapakse & Kelly, 1992; Ecobichon, 2001; Hougdl4®). Therefore, application of different
techniques such as the manipulation of light asdniteraction with the background climate
are important in Ethiopian conditions to gain knedde on how to produce high quality
products for export.

In Ethiopia, most of the ornamental crops and legphants are grown under relatively
warm and sunny climatic condition, where photogele@and shade nets are required to screen
the light spectrum and decrease the light inten3itye use of such photoselective filters and
shade materials in Ethiopia is a new technologgrefore, knowledge of the radiation

transmittance characteristics of shade materiaisnrtant when assessing the potential
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benefits of different materials. It is well knowrat small differences in solar transmittance can
have a significant effect on crop growth (Cocksletlal, 1992).

Ethiopia is located near the equator and about 808te total land is characterized as
a mountainous region with elevation higher thanOlB@ters above sea level (masl) (Zeleke,
2010). Since UV levels depend, among other factmmsthe distance sunlight has to travel
through the atmosphere, and thus the altitudeyéh areas relatively high levels of UV-B can
be found at ground levels (Sullivat al, 1992). Therefore, plants that naturally occusuch
high UV-B radiation environments may have evolveddfic adaptations that protect them
from the deleterious effects of UV-B radiation (Romet al, 1997). Few studies on cultural

plants have been performed in areas with suchrmagiral UV radiation.

2 Aims of the present study

The main objective of this study was to improve thlerstanding of the impact of UV
radiation on plant growth and development and the of the background climate. Also, the
study aimed to shed light on the UV-B signalingpea since information from other species
thanA. thalianais limited. The experimental work was carried bath in controlled growth-
chambers, with the use of UV-B lamps, and at fadditions using a plastic film to screen

solar UV radiation as well as different shade materThe specific objectives were as follows:

Paper I: UV-B inhibition of stem elongation and leaf expimsin pea is associated with
altered GA metabolism in apical stem tissue aretadt GA and IAA metabolism in

young leaves.
Using pea as a model plant in this study, we aiategl/aluating the effect of UV-B on shoot

elongation when provided separately or in combamativith a diurnal temperature-drop

treatment, to shed light on the involvement of hame physiology in this respect.
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Paper II: UV-B signaling in pea involvesONGlandLIP1, homologs ofArabidopsis
thalianaHY5andCOP1

To extend the knowledge on UV-B-signaling to plasiter tharA. thaliang we evaluated the
involvement of the pedlY5 andCOPXhomologued ONG andLIP1 in UV-B responses in
pea focusing on UV-B induced DNA damage, UV-B—pctitey flavonoids and shoot

elongation. We also aimed to shed further lightreneffect of GA in these UV-B responses.

Paper Ill: The impact of UV radiation at high altitudes cldeethe equator on morphology

and productivity of peaRisum sativunecv. Cascadia) in different seasons.

Using an approach with UV-transmitting and UV-bloakfilms, the aim of this study was to
evaluate the effect of UV in different seasons (@ng wet) on vegetative growth, flowering,
and productivity of pea plants grown at two differéigh altitudes (1700 and 2800 masl) in
Ethiopia.

Paper IV: Effect of UV radiation on the growth and posthatveharacteristics of three pot-

rose cultivars grown at different altitudes.

The aim of this study was to test the role of raltlevels of UV radiation at different altitudes

in Ethiopia in growth responses such as morphoboyy flowering, postharvest water usage,
and shelf life of different cultivars of pot-roseBhese pot-roses were grown under UV-
transmitting and UV-blocking films at differentialtdes.

Paper V: Growth and morphology of pe®i6um sativuntv. Oregon sugar pod IlI) grown

under different shading screens in Ethiopian cienabnditions.

The aim was to assess the plant growth and pradhyadif pea under three different coverings

and to evaluate their potential under Ethiopiamgng conditions.
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3 Materials and methods

3.1 Plant materials

The experiments were carried out in the growth-dbens at Norwegian University of Life
Sciences (NMBU, Norway) and in field conditiondHgtwassa University (HU: Ethiopia) and
Hagresalam (Ethiopia). For the experiments, whigrenconducted in Norway, (Bisum
sativumL. (cv. Torsdag) as wild type (WT) and (2) four tawts (ongl, lipl la cry-sandle)
with “Torsdag” background were used. Pea has pusiydoeen widely used as a model plant
for scientific purpose to investigate its respotséhermoperiodic stem elongation, diurnal
temperature change, hormone regulation (Grietlal, 1998; Stavangt al, 2005; Stavangt
al., 2007; Stavangt al, 2009) and productivity. Also, many mutants arailable to study
hormonal and light signal transduction. Tlengl mutant is not able to deactivate the
conversion of GAto GAs by PsGA2o0x2Fig. 3.) (Welleret al, 2009) and are included in
Paper Il to evaluate the role of LONG1 (the pea dlogn of theA. thalianaHY5) in UV-B-
signaling with respect to morphology, sensititiyJUV-B radiation and production of UV-B-
protecting flavonoids. LIGHT INDEPENDENT PHOTOMORBKEENESIS 1 (LIP1)
accumulates a lower level of GAecause of an up-regulation@A2o0x2andGA2ox1relative

to the WT (Welleret al, 2009). Thdipl mutant was also studied in Paper Il to evaluage th
role of LIP1 in UV-B-signaling . Furthermore, the mutant mutated in th&A3ox1gene
(Lesteret al, 1997) and théa cry-s GA singaling mutant, which behaves like beingGA
saturated (Reidt al, 1992), was used to evaluate role of GA levets @A signaling in UV-

B responses (Paper II).

In addition, for the pea experiments conducted thidpia, two commercial pea
cultivars were used®isum sativuni cv. Cascadia anBisum sativuntv. Oregon sugar pod
Il. Pea is an annual plant in the legume famigl{aceag and is one major economically
important pulse crop which is used as food for humansumption and as feed for animals.
The pea pod has also become an important produekfmrtation for many different African
countries including Ethiopia. Three different pose cultivars (Rosa x hybrid “Cygein,”
“Tom-Tom,” and “Snow white”) were used as models ¢ot roses because they are fast

growing.
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3.2 UV-tubes

The spectral distribution of the UV tubes usedhiis study is shown in Fig. 5. Three UV-B
fluorescent tubes in (paper I) and two or three B/Wibes in (paper 1) (UVB-313, Q-panel)
were used in each UV-B treatments. A 0.13 mm tluiekulose diacetate film was used to
screen wavelengths shorter than 290 nm (Fig. 5)ifradiance from the UV-B tube was
measured on the top of the plants with a broadhBAd sensor (SKU340, Skye Instruments).
In Papers | based on a calibration factor fromexspradiometer (Optronic OL-756, Optronic
Laboratories, Oraldo, FL, USA), the absolute UVrdiation of 0.45 W m was used as the
set point. In paper Il different levels rangingrfr®.25 W n¥ was used. However, during the
temperature drop, the UV-B level was reduced by@pmately 25% because of the reduced
efficiency of the lamps at low temperature. Thiduetion was measured 2 h after temperature
reduction. In paper | the growth chambers had U¥eB-reflecting walls, whereas in paper Il

the chamber walls were UV-B-reflecting.
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Fig. 5. UV-B spectrum transmittance (%) of new (dottea)imnd old (dash line) cellulose
diacetate foil (A) and UV-B tube (Q-panel UV313)atéve irradiance under new cellulose

diacetate (B) used in the growth-chamber experir@91t1-2014) at NMBU, As, Norway.

18



3.3 Real time PCR

In Paper |, real time RT-PCR with gene-specifier@ars and probes to monitor effects of UV-
B and temperature-drop treatments on transcrigl$eof genes involved in GA and auxin-
metabolism was analyzed. The methodology aftergdiget al, (2005) was followed. The
relative transcription level of 5 GA-biosynthesings (S, LH, NA GA200x1 andGA30x)
and two GA-deactivation geneSA2ox1landGA20x3 in pea and two IAA-biosynthesis genes
(YUC1andYUC2 (papers | and Il) were measured.

3.4 Field experiment

At field condition in Ethiopia, the impact of coweg materials, altitude, and season on the
growth and performance of commercially produced guae pot-roses were evaluated (paper
[, IV and V). The plants were grown at a highitalle (2800 masl) and a low altitude (1700
masl) under different plastic coverings transmiftihvV-A and UV-B (+UV) or blocking UV-

B and short UV-A (-UV). In the second experimeng eompared the impact of imported and
locally produced covering materials on the growtid groductivity of commercial pea
cultivarsPisum sativunecv. Oregon sugar pod Il (Paper V). In these stjdie evaluated the
performance of cultivars in terms of growth morglgyl, stomata conductance, stomata

morphology, dry matter accumulation, and pod prdigityg.
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blocking

Ambient condition :

Fig. 6. Experimental layout established to evaluate theach of UV-transmitting and UV-
blocking films on the growth and productivity oframercial peaRisum sativunev. Cascadia)
at higher (2800 masl) and lower (1700 masl) algtoél southern parts of Ethiopia during the
dry (January — April) and wet (April — June) seaspg012.
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4 Main results and discussion

4.1 Effect of UV radiation on shoot elongation

It is well documented that shoot elongation is et#e by different environmental factors
including light quality, temperature, and UV-B ration (Warringtoret al, 1976; Smith, 1982;
Teramura & Sullivan, 1994; Stavaeg al, 2005). In this study, the effect of UV radiation
shoot elongation was investigated in different aliim regimes, in growth-chambers with the
use of UV lamps, and in fields close to equatownirm naturally high UV levels. In all
experiments, UV radiation caused reduced shoogakion (Papers I, Il, Ill, and 1V). Growth
inhibition as a typical UV-B response is also réedrin a wide range of other species such as
petunia Petunia x hybrida cucumberCucumis sativysred leaf lettucelfactuca sativarice
(Oryza sativy, cotton Gossypium hirsuturh.), mung bean\(igna radiatg, and sunflower
(Helianthus annuys(Finckhet al, 1995; Ros & Tevini, 1995; Zhaet al, 2003; Amudhaet
al., 2005; Jayalakshnat al, 2011).

In the growth-chambers, plants were grown both @irestant temperature and with a
temperature drop with or without UV-B radiation fea | and Il). It was observed that a 6 h
daily UV-B radiation combined with temperature-dropatment from 2L to 13C (mean
daily temperature of 2Q) inhibited stem elongation substantially by 30 $campared to
temperature drop only and 40% as compared to auntgmperature (2Q) (Fig. 7). These
results suggest that shoot reduction was strondgemwplants were exposed to combined
stresses (UV-B and temperature drop) comparediage stress (UV-B alone or temperature
drop alone). Similarly, in a study by (Renal, 2007), a stronger synergetic effect of drought
and UV-B radiation was found in the reduction afmilheight, total leaf area, and specific leaf
mass ofPopulus kangdingensendP.cathayanaspecies as compared to individual stresses.

In the field experiment performed in Ethiopia, st@ot reduction induced by UV in
pea was almost similar, irrespective of the tenmtpeea(Paper IIl). The experiments in the field
were performed with the use of UV-transmitting aud-blocking films at a higher (1794—
2800 masl) and lower (1700 masl) altitude. Theltesinowed that, regardless of altitude and
season, UV-B and some UV-A radiation from the sefactrum reduced the shoot elongation
of pea plants by about 15-19% as compared to thiéeved solar spectrum (Paper lll). On the
other hand, in the experiment with roses, perforatdie same field sites as the pea, the effect

of UV radiation on shoot length was more prominahtthe lower altitude (with higher
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temperature). The reduction in shoot length wasl20% higher than at the higher altitude,
despite the higher UV-B level at the higher alteéugvith lower temperature) (Paper 1V). In
another study, the UV-B—induced reduction in thediag growth of maize and sun flower
was alleviated by a 4°C increase in temperatuma f28°C to 32°C (Mark and Tevini, 1996).
Thus, the interactive effect of temperature and dVstem elongation probably varies with

time, temperature range, and plant species.

20°C 20°C 21—13°C 21-313°C
UvB UVEB

Fig. 7. Pea exposed daily to a UV-B radiation of 0.45 ¥, wliurnal temperature drop (Z1
to 13C), or the combination for 6 h in the middle of ligleriod as compared to control. Daily

average temperature was’@0n all cases.

4.2 Effects of UV-B radiation on other morphologicakciyes

In addition to reduction in shoot elongation, ttiees morphological responses commonly seen
in plants exposed to UV radiation are reduced dpigainance, increased auxiliary branching
or tillering, reduced leaf area, change in SLA, aotbr changes (Janset al, 1998). Pea

plants exposed to UV radiation in the field in thtady showed an increase in the number of
branches (Paper Ill). Reduced apical dominancestimilated branching is a characteristic

growth pattern found in plants exposed to UV (Janp2802). However, the plants exposed to
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UV-B in the growth-chambers did not show any insgem the number of branches (Paper I).
It could be that plants have to be exposed to UibBmore hours per day to induce more
branches or for a longer period of time. More bres were observed in poinsettia exposed to
UV-B for 1.5 h during the night (Torret al, 2012). However, the poinsettia experiment run
for several weeks. The pea plants in the chambkeseronly exposed to UV-B for ten days.
Leaves are photosynthetic organs, and thus, #fealea and number of leaves are
important in the growth and performance of plaiiteese parameters are commonly affected
by various environmental signals. The growth-changg@eriments also clearly showed that
UV-B exposure reduced the leaf area (Paper I). fEdection in leaf area is considered an
adaptive strategy under non-optimal growth conditibhe PAR light in the chambers was
only 100 pumol ¥ s which is very low compared to natural PAR levels.the field
experiments (Papers lll and 1V), the leaf area matssignificantly affected by UV radiation
but by altitude. As the altitude increased from@#® 2800 masl, the temperature dropped on
an average by 0.7°C for every 100 m whereas the ¥&ideased with the altitude. The lower
leaf area (12—-64%) and the lower numbers of leq24s44%) corresponded to higher
temperatures and lower RH (higher VPD), especialthe dry season as compared to the wet
season (Paper Ill). A low VPD commonly increaseslirweight and leaf area of various plant
species (Mortensen, 2000). Thus, the strong dezirdbe numbers of leaves and the total leaf

area at the lower altitude during the dry seasampvabably related to a very high VPD.

4.3 UV-B-induced regulation of GA in apical stem andflassue

In order to study the involvement of GA in respots&JV-B radiation with respect to shoot
elongation, GAwas applied to the apex or a fully developed téahe WT plant in a growth

chamber experiment. Exogenous application o Gdunteracted the inhibitory effect of UV-

B radiation on stem elongation, and this indicatddV-B alteration of the GA metabolism

(Paper I). It was also observed that the conte@Af was significantly reduced in the stem
and the leaves under UV-B and UV-B combined wittngerature drop (59% and 54%
reduction in apical stem tissue and 69% and 64¢bimg leaves) (Paper ). However, earlier
studies have demonstrated a reduction in the lefelisoactive GA in apical stem tissue in
response to temperature-drop treatment or lowethizy night temperature, including in pea
(Grindal et al, 1998; Stavanget al, 2005; Stavangt al, 2007), we could not detect a
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significant effect of temperature drop only on (3ével in apical stem tissue. Since there is a
gradient of bioactive GAin shoot apices and the highest level is foundha part of the
subapical meristem showing the largest degreelbflisgsion and cell extension (Olsest al,
1995), it cannot be excluded that differences irvésted tissue in the previous and present
studies might be a reason for the lack of effe¢enfperature drop on GAevel in the present
study. In the previous study of pea where GA waantjied under temperature drop,
elongating petioles were also analyzed togethdr thig shoot tips (Stavang et al. 2007).

The precursor of the bioactive GA and its inactiatunder the UV-B and temperature
combination was studied. The results indicatedttiatevel of GA4, GA1g, and GAo and the
first inactivation product GAwere reduced in the apical stem in response tailg dV-B
treatment, irrespective of the temperature (Papdnlthe leaves there was a 55% and 40%
reduction in GA under a constant temperature and a temperatuge despectively, in
response to UV-B. These observations might sugt@stGA biosynthesis as well as GA
inactivation is affected by UV-B . This was confgthby that the ratios of the GA inactivation
products GA and GAg to their precursors, GAand GAo, respectively, showed an increasing
trend in the stem and the leaves in response t@WRaper I).

In pea, the largest effect of temperature drop Arlével in regulation of shoot length
was through modulation of the level GA20x2andGA20x1 (Stavang et al., 2007; Olsen et
al., 2009) Both an increase in the level of @and GA9 might have been expected to have a
higher expression dbA2oxland GA2ox2under UV-B treatment in the stem and the young
leaves (Paper I), but this was not the case foraghieal stem. Although not statistically
significant at p< .05, the trends of increased transcript levelthef GA inactivation genes
GA2o0x2andGA2ox1support increased GA inactivation in response\eBJin leaves (Paper
). Like several GA metabolism genes expressio@ARox1landGA2ox2is known to exhibit
a diurnal variation s, Stavameg al.(2005), and it might thus well be that samplingther time
points during the diurnal cycle would have shovaigaficant effect on the transcript levels of
these genes.

However, exposure to a temperature drop signifigantreased only the transcript
level of GA2ox2by about 3-fold in apical stem tissue (3 h intotdr@perature-drop treatment)
as compared to constant temperature at the samyentlzan temperature. Such an increase is
consistent with earlier studies of pea exposed teenmgerature drop or lower day than night
temperature (Stavangt al, 2005; Stavangt al, 2007). Collectively, these results and the
increased ratios of the GA inactivation productssGihd GAs to their precursors GA

(bioactive) and G4y (precursor of GA), respectively, in the apical stem tissue in thesent
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study might imply a general role of GA inactivation adjusting growth under conditions
unfavorable for extensive shoot elongation.

However, in line with the current view on UV-B, $uadjustment of GA levels, and
accordingly, reduced shoot elongation in respoosertbient UV-B levels can be considered
as part of the adaptive behavior of plants to thdrenment (Hectorgt al, 2007). Thus, the
trends of increase in transcript levelsgGA2ox1as well assA20x2in response to daily UV-B
exposure is consistent with the increased ratidSAs to GAo and GA to GAu. This is also
consistent with the previously demonstrated inareéadranscript levels dBA2ox1in leaves
of A. thalianaexposed to UV-B (Hayest al, 2014b) (Fig 4).

4.4 Effects of UV-B on IAA and ABA content in apicalesh and leaf tissue

To further understand the impact of the combinéelcebf UV-B radiation and temperature on

IAA, we analyzed the content of IAA and IAA conjuga in the stem and leaf of the pea plant
(WT). However, no effect of UV-B on IAA levels oAA conjugates (IAA-Asp and IAA-Glu)

in the apical stem tissue was observed in the peaspfrom the two temperature regimes
(Paper 1).

In contrast to the effect on the apical stem tisse level of IAA decreased in the
young leaves of pea in response to the daily UVkBosure (significant at g 0.05 under
constant temperature, and showed a trend of dectester temperature drop (Paper 1). The
significant effect of UV-B on the ratio of the 1Aéonjugates recorded (IAA-Asp and IAA-
Glu) to IAA in the young leaves in the present gtgolper ) indicates that the reduced IAA
levels are at least partly due to enhanced corijpmgalthough an effect of other IAA
biosynthesis cannot be excluded.

Furthermore, the transcript levels YC1andYUC2were not significantly affected
by UV-B or temperature-drop exposure, except a iplesslight trend of reducedUC1
transcript level under UV-B (paper ). It should heted that althoughfUC genes have been
suggested to be involved in IAA biosynthesis aredadfected by light quality and temperature,
their role as rate-limiting in IAA biosynthesisdarrently debatable (Taet al, 2008; Stavang
et al, 2009; Rost al, 2011; Tivendalet al, 2014).

The endogenous ABA has many roles in the growthdewdlopment of plants. The

results indicated that the content of ABA and tiectivation products of DPA and neo-PA in
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the apical stem tissue were significantly lowetha UV-B—treated plants as compared to the
control plants (Paper I). In young leaves, thereeve¢so trends of decrease in ABA in response
to UV-B, and the inactivation product DPA was sfgaintly reduced (Paper 1). Such a trend
of an UV-B—induced decrease in ABA differs from talier published results from the leaves
of species such as maize and grape wine, wheiadrease in ABA in response to UV-B was
shown to stimulate production of UV-B—protectingrquunds (Berlet al, 2010; Tosset al,
2014). The reason for this difference remains e&jsbut nevertheless, the levels of certain
flavonoids known to protect against UV-B increaseresponse to UV-B also in the pea plants

of the current study (Paper II).

4.5 Genotype sensitivity to UV-B radiation and UV-Brsiding

Plant sensitivity to UV-B can be explained eithreterms of the visual damage or by a number
of changes in agronomic characteristics such ast giaight, leaf area, and dry matter
accumulation. However, response to UV-B varies fepecies to species. Plants grown under
enhanced UV-B radiation showed unusual growth peateand developed different visible
stress symptoms including formation of necrotictspnd color on the leaves or the stem
(Caasi-Litet al, 1997) or enhanced the accumulation of UV-B—ahbagrbubstances (Smith
et al, 2000). Ultraviolet-B radiation has a significanhibitory effect on the growth and
biological yield of several crops (ELV & JMG, 1998rizek et al, 1998).

In this study, aiming at shedding light on the U\&i8naling in pea, we evaluated the
sensitivity of WT,longl, lipl, le, and la cry-® UV-B radiation under a constant temperature
and a temperature drop in terms of shoot elongatiiA damage and level of UV-B
absorbing substances.AnthalianaHY5 and COPL1 are known to be important playetd\fa
B signaling, enhancing formation of UV-B protectingmpounds and resulting in reduced
shoot elongation and decreased leaf area. We hggiatd that in pea the HY5 and COP1
homologs, denoted LONGL1 and LIP1 (Wekral, 2009), respectively, play similar roles.

In this study (paper Il) it was observed that wiies WT showed a certain degree of
visual damage such as leaf edge curling in resptmse daily 6 h UV-B radiation under
constant temperature for 10 days, lipd, le andla cry-s mutants showed no or less such
damage. In contrast, a daily 30-minute UV-B radiatinder constant temperature resulted in

more leaf curling inonglthan WT (paper Il). This suggests thatlip&, le andla cry-swere
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stronger in resisting deleterious effect of UV-Bliedion as compared to WT, wherdasgl
was the most sensitive to UV-B radiation. Leaf ieiglis a photomorphogenic response that
might be used by the plant to reduce the leaf eaxpased to the UV-B radiation (Greenberg
et al, 1997; Janseat al, 1998). Leaf curling and twisting of shoot tipdong1 genotype is

in accordance with previous observations of theRMypersensitivélySmutant inA. thaliana
(Brown et al, 2005; Gerhardet al, 2005; Jenkins, 2009). It is well known that pé&lacking
UV-B—protective compounds are hypersensitive to B¥adiation and oxidative damage, and
this was shown to be the case ligb mutant (Landryet al, 1995).

4.6 UV-B signaling related to effect of UV-B radiation DNA damage

It is well known that high levels of UV-B radiationduces DNA damage in plants (Hollosy,
2002). The most common DNA photoproducts are cydknte-type pyrimidine dimers (CPD)
and the pyrimidine (6,4) pyrimidine dimer(6,4-PP¢)o et al, 2005). In our study, we
evaluated UV-B—induced DNA damage in different geaotypes by measuring the level of
CPD which was commonly reported as the highestgtamm of UV-B—induced DNA damage
(Britt, 1995; Hollosy, 2002). Under a 6 h UV-B idiation, the WT grown under constant
temperature had higher CPD than lip&, le andla cry mutants (Paper Il). Thus, in line with
their lower degree of visible UV-B-related damatie lipl, le and thela cry-s mutant both
showed lower CPD levels than the WT. This indica@éefanced protection mechanisms
towards UV-B-related damage in these mutants coaaarthe WT. Interestingly, higher UV-
B resistance in thig1 mutant is actually opposite to the situation shéevrthecop1-4mutant,
which is more sensitive to UV-B related damage tthenWT (Oraveczt al, 2006). On the
contrary, thdongl mutant had higher CPD content than the WT. Thinatestrates that the
longl mutant, like thehy5 mutant inA. thaliang has a less developed UV-B protective
mechanism (Browet al, 2005; Gerhardét al, 2005; Jenkins, 2009).

4.7 UV-B-signaling related to effect of UV-B on shodbregation

In pea, the light induced interaction of LIP1 (LIGHNDPENDENT
PHOTOMORPHOGENESIS 1) and LONG, the pea ortholog.ahalianaCOP1 and HY5,
respectively, are important to regulate the expoessf the GA catabolism ger@@A2ox2and
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the levels of the active GA, GAWelleret al, 2009; Li & Huang, 2011). It was demonstrated
that light reduced the length of etiolated peatslamd the content of bioactive @i the WT
but in thelongl mutant light didn’t affect GA levels (Well@t al, 2009).

In our study, it was observed that a daily 6 h UVaBiation, either provided alone or
in combination with temperature drop significamiduced shoot elongation in WT and the
lipl mutant. Thus, LIP1 is apparently not involved in B¥signaling resulting in reduced
elongation growth. Thdongl mutant did not respond to UV-B at all, and alsd twm
temperature drop exposure. This demonstrates tiG1l is an important signaling
component involved in UV-B-inhibition of shoot elgation. The lack of response is probably
associated with lack of ability of thenglmutant to down-regulate its levels of bioactive:GA
under UV-B like upon transfer of etiolated seeddirtg light (Weller et al., 2009). Such a
situation has also previously been observed uraepérature drop and lower day than night
temperature (Wendedit al, unpublished, PhD thesis Wendell, NMBU 2013). Tehenutant
did not respond to UV-B under constant temperatueshowed a slight response of reduced
shoot elongation under the combined treatment.|dkey-smutant did not respond neither to
UV-B or temperature drop treatment and was elongatdependently of the environmental
conditions provided (paper Il). These observatgungoort that regulation of the GA levels or
the GA response (signaling) is required for UV-Beliaded down-regulation of shoot
elongation.

UV-B-related reduction of shoot reduction appea&dnger ( WT= 46%tipl= 51%
andle = 20%) under the combined treatments (6 h dailyBJsadiation and temperature drop
in the middle of the light period) as compareddateol plants (paper Il). Under a short UV-
B irradiation (30 min), shoot reduction in WT wasluced under the combined treatment (UV-
B and temperature drop) in contrast to plants growder constant temperature. The higher
shoot reduction under the combined treatment nioghelated to that the UV-B-temperature-

drop conditions together are perceived as moredtrethan either condition alone.

UV-B—-induced shoot length reduction in WT dipd as well as the slight response of
le under UV-B-temperature drop exposure, might bateel to reduction in the content of GA
and IAA (Paper 1). Moreover, tissue damage resglfiom high levels of UV-B radiation
results from inhibition of the photosynthetic presgdegradation of proteins and DNA, and an
increase in oxidative stress that leads to loweiopmance of plants (Stapleton, 1992; Sttd

al., 1994). A reduction in the biomass accumulatiothéscumulative effect of tissue damage

28



or inhibited physiological function; therefore, aMer biomass accumulation is a reliable
indication of a plant’s sensitivity to UV-B radiati (Smithet al, 2000). In this study, we
observed that genotypes treated with UV-B treatsbatl a lower accumulation of dry matter
but with a higher level of total phenolic compourekcept inlongl genotype (data not
presented). This might be related to an adaptietes}y to allocate more metabolic output for
production of phytochemicals for defense rathentgeowth. A report indicated that plants
have the ability to balance efficient substrate fmsedifferent physiological processes and
developmental states based on the environmentaltigroonditions (Thornley & Cannell,
2000).

4.8 UV-B signaling related to effect of UV-B radiation levels of phenolic
compounds

Plants exposed to UV radiation accumulate diffesetondary metabolites as a protective
mechanism to absorb UV radiation and prevent @lldamage from incoming UV radiation
(Janseret al, 2008; Zhang & Bjorn, 2009). Plants with a higkencentration of flavonoids
are less sensitive to UV-B radiation than genotypesated in their flavonoid biosynthesis
(Landryet al, 1995). Such differences in flavonoids and ofitegnolic compounds between
UV-B sensitive and the UV-B tolerant genotypes hdeen reported by a number of
investigators (Ormrocet al, 1995; Caasi-Litet al, 1997). The accumulation of phenolic
compounds in the epidermal layers of leaves is #usmportant mechanism to avoid the
damaging effect of high levels of UV-B radiation.

In our study, eighteen different phenolic compoundse detected in pea leaves by HPLC
analysis (paper Il). However, in our discussionfa@ised on three major flavonol glycosides,
quercetin, kaempferol and myricetin as well as twajor flavones, luteolin and apigenin.
Following 10 days of 6 h daily UV-B irradiation,alipl andle mutants had higher levels of
quercetin, kaempferol, and apigenin glycosides tatal phenolic compounds than the WT.
Thus, the lower levels of damage and CPD levetberipl andle mutant than the WT, can
probably be ascribed to the higher levels of tHes@noids in these mutants. On the other
handlonglhad lower accumulation of these UV-screening suizsts than the WT in response

to 30 min daily UV-B exposure (paper Il). Accordingthe more visual damage/leaf curling
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and DNA damage itonglthan the WT might be thus well be related to thedr content of
these UV-screening substances (paper Il). Thi®issistent with several reports demonstrating
that plantdacking flavonoid compounds are more sensitive Y6RJradiation than the wild
type (Liet al, 1993); Jenkins, 2014).

4.9 Stomata conductance and SLA depends largely obatleground climatic
conditions such as temperature and VPD and lesf/oradiation

Stomata conductance has been shown to increashsineiteasing altitude (KoErner &
Cochrane, 1985). However, stomata responses toadMtion in different plants vary based
on the background climatic factors and the oridithe plants. Plants originating from a higher
altitude or a higher UV-B regions are less sensitivenhanced UV-B than those from a low
UV-B location (ChalkeiScott & Scott, 2004). The results from the highiétuale indicated
that the pea plant exposed to UV radiation haddrigitomatal conductance than the plants
grown without UV exposure (Paper lll), whereas W radiation did not affect stomata
conductance in all pot-rose cultivars which origgtefrom higher altitude (Paper V). The fact
that UV radiation increased stomatal opening aigadr altitude but not at a lower altitude
indicates interplay with other climatic factors. Mover, the effect of UV-B on stomata
behavior is dependent on the UV-B fluence rategdneral, a very low UV-B fluence rate
stimulates the stomatal opening whereas a highes dwuces closure (Noguésal, 1999;
Jansen & Van Den Noort, 2000; Eisinggr al, 2003; Heet al, 2005; Heet al, 2013).
However, the different stomatal response to UVhm present study is rather an effect of the
background climate than the UV-B dose. Increasiogata conductance, stomata frequency,
and leaf thickness are found in many plant spewiéls increasing elevation (Korneat al,
1986). Such changes in leaf characteristics wighalitude might be because of fluctuations
in temperature and the amount of light intercejgthe leaf.

Plants can adapt to their light environment througbdulation in the biomass
distribution to the different parts of the plantiorough changing the plant anatomy including
leaf area and specific leaf area (Evans & Poo@d.1). A given amount of biomass can be
spread over a large or small area. The SLA is d&e#é per unit leaf biomass. Plants grown
under high light intensity generally have thickeaves with a lower SLA (Poorter & Van der
Werf, 1998). A higher PAR in the dry season gemg(alkcept for at +UV at highest altitude)

correlated with a decreased SLA (Paper lll). Instudy also, the significant difference in the
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irradiance levels (PAR) in the different seasong altitudes had probably affected the SLA
more than the effect of UV-B radiation. This copesds with the investigation of (Meziane
& Shipley, 1999) in which a strong negative coriela was observed between the SLA of
different herbaceous plants and the levels of iarack. Under natural growing conditions with
UV present, various reports have shown that the 8akes with the leaf age (Reidh al,
1992; Colemaret al, 1994; Reichet al, 1999), altitude, and length of the growing season
(Korner, 2007). A report from (Mosest al, 2007) indicated that the average SLA was
significantly different at different altitudes, Wiup to 40% higher SLA at the lowest altitude
(1050 masl) as compared to highest altitude (2388I)m

4.10 Chlorophyll fluorescence

Chlorophyll fluorescence has been shown to be ful®l in the detection of environmental
stress such as UV and light-induced photoinhibifirause & Weis, 1984; Larkum & Wood,
1993). In the growth-chamber experiment (Papena)significant difference was found in
maximal photosystem Il efficiency (Fv/Fm) betwedanps from different temperature regimes
(constant temperature and temperature drop) otgleaith or without UV-B exposure (results
not shown). However, in the field experiments (Papd, IV, and V), the Fv/Fm was
significantly different between treatments for jpe& not roses. The Fv/Fm value measured in
roses was similar irrespective of the UV exposuet the value was within the range common
for healthy sun-adapted plants at both the highdrlawer altitudes (0.8+0.05) (Schiefthaler
et al, 1999). On the other hand, the Fv/Fm value medsuaréhe pea plants was lower in the
dry season at the higher altitude. The lowest FwWRighest stress, Fv/Fm= 0.66) was found
with solar UV present at the higher altitude durihg dry season (Paper lll ). The significant
decrease in the pea plant height at the higheu@étiduring the dry season might be because
of the higher UV and/or PAR levels caused photdiititin which reduced the Fv/Fm (Paper
[II). Moreover, other reports have indicated a niegacorrelation between the irradiance and
the Fv/Fm ratio in plant species grown in field f@@an & Dennison, 1996). Thus, not only
UV-B but probably also the combined effect of highels of PAR and high air temperature in
the dry season reduced the Fv/Fm value of the jaew @t the higher altitude. However, there

was no clear relationship between the number o$ podi the value of Fv/Fm.
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4.11 UV radiation affects time of flowering in pea amges but has no effect on
pea pod production

It is well known that flowering time is affected bypvironmental factors including temperature,
photoperiod, and light quality. Controlling the &rof transition from vegetative growth phase
to reproductive growth stage and synchronizing @omg with environmental factors is
important for successful agriculture and horticidticrop production. In this study, the
combined effect of the altitude, UV exposure, aedsen on plant productivity and days to
appearance of the first flower bud were observedgupea and pot-roses as model plants
(Papers Il and 1V). Although flowering time in niqdant species varies with genetic as well
as environmental factors, flowering in pea has begorted to commonly start about 40-50
days after planting in the field (McKast al, 2003). However, in these studies it was found
that the flowering time for pea and pot-roses growrder UV-transmitting film was
significantly delayed by 2.5 to 4.8 days and 7 @odays, respectively. Both species had the
earliest flowering when UV-B and the shortest waweths regions of UV-A were excluded
from the solar spectrum.

UV-B-induced delay in flowering has also been régmbin other species such as maize
(Zea maypand petunia (Staxén & Bornman, 1994; SMierk et al, 1996; Caldwellet al,
1998; Terfaet al, 2014). In roses, it was suggested that the deldlipwering might be an
indirect effect of UV radiation because of the reell leaf area, resulting in lower light
capturing and lower dry matter accumulation. Sugaesmportant both as specific signals for
the activation of some genes and as energy soarcafbon metabolism in the development
of flowers (Schiefthaleet al, 1999). In pea, no difference in the total leafaawas found
between +UV and -UV as in the roses; thus, theygel@dlowering under +UV might be stress
related. Although flowering time was affected i study, the number of pods was not affected
much by the UV-radiation. Rather, the results of study revealed that the number of pods
per plant at the end of the experiments was styoaiiécted by the number of leaves and the
SLA.

4.12 Effect of UV-B on postharvest performance of pose®

In this study, the postharvest life of three rosiivars was tested and found to be significantly

affected by the altitude and not by the UV radatifaper IV ). Leaf wilting and leaf drying
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are typical postharvest characteristics for waterssed plants (Torre & Fjeld, 2001). Hence,
plants grown at the lower altitude showed a higiegcentage of leaf drying and wilting when
moved to a test room. Further, the postharvesspigation was also found to be higher in
plants developed at lower altitude as comparethdset developed at a higher altitude. They
had twice as high water usage as the high altiplaiets when transferred to the postharvest
room (VPD of 1.2 KPa). It has been questioned fanynyears whether the UV radiation has
a positive influence on postharvest life of rogéss study shows that the UV radiation has no
effect on postharvest performance of pot-rosesaoiolably not on cut roses. The main reason
for a shorter postharvest life of cut roses is eated to stomata function and water usage and
UV radiation did not have any effect on these patens.

4.13 Effect of three different covering materials — theap locally produced can
be used for pea production

Controlled plant production systems offer the pafisy of providing high quality crops with
higher productivity. High quality and higher prodiuity of horticultural crops can be achieved
within efficient, cost effective, and well-strucéal greenhouses (Giacomelli & Roberts, 1993).
Many reports have indicated that the selectioh@fiovering material has significant influence
on the crop quality and productivity (Shahetkal, 2004a; Shahakt al, 2004b; Espet al,
2006).

In this study (Paper V), three different coveringterials were used to evaluate their
effects on the growth and development of peas énBthiopian climate. The microclimate
measured inside the “greenhouses” did not showfiignt differences in temperature or air
humidity but the light climate was different (Pajpé). The total PAR transmitted through the
Svensson covering material was 50% less than tHe ®&nsmitted through the two other
plastic films. The reduction in PAR under the Swemsscreen material might be related to the
effect of dust and the amount of light diffusedtigh the covering material. A larger tent size
probably gives more diffused light than a smakenttsize.

Moreover, colored shade nets have a tendency tedse light scattering, depending
on the concentration of the dye and the desigheofiet, and an increase in light diffusion may
influence plant development and growth (Fadtkal, 2008; Shahakt al, 2008). The changes
in the PAR that we observed between the white @lidw plastic films can be explained by
the dye intensity and light-scattering nature @f film. As it was reported by (Tatineet al,
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2000) that changing the dye concentration of tlhstp film had a major role in changing the
light spectrum beneath the plastic films. Lightfukion is important in a greenhouse
production system as it improves the overall lighstribution throughout the plant canopy.
Previous reports have confirmed that the plante/gronder diffused light intercept more light
than the plants grown under direct light, and the&f material with diffused light results in a
lower leaf temperature and the optimal photosyrnighethus increasing the final yield (Pollet
et al, 2000; Hemminget al, 2005; Hemminggt al, 2007).

4.14 Effect of covering material on stomata conductafe#f-m, and pod
production in pea

Environmental stress including light radiation, pemature and UV-B radiation has a
significant effect on plant growth and developmem®smoval of UV-B from the growth
environment has been a common strategy to avoiddlted stress in plants. However, the
stress response to UV-B radiation can be crop aedspecific (Allenet al, 1999;
Randriamananat al, 2015). Maximal PSII efficiency (Fv/Fm) measurenseare used as
diagnostic tools that help in assessing the plantatje caused by environmental stresses such
as high PAR, UV-B radiation, and drought (R&i&et al, 2008). Fv/Fm ratios near 0.83
indicate unstressed plants (Bongi & Loreto, 1988k®et al, 2001). In our experiment, the
lowest Fv/Fm (0.77) value was recorded on pea glgnawn under the locally produced yellow
covering material. This may be related to the higaeel of PAR and UV radiation received
under yellow plastic film than the other two immattcovering materials. It is well known from
other studies that high light intensity may resalian energy imbalance that often leads to
photo inhibition or inactivation of PSII (Apel & Hj 2004; Chave®t al, 2008). A higher
Fv/Fm (0.83) value was measured from those plamsvry under the Svensson film as
compared to the white and yellow plastic films.

Further, the stomata aperture, stomata area, staroatiuctance, and transpiration rate
of pea plants was reduced more under the yelloverooy material than under the two the
imported covering materials. The lowest Fv/Fm alsvaprresponds to the lower stomata
conductance (Prietet al, 2009) and this report coincides with our invesign under the
yellow plastic film. However, there was no signéfit difference between the Svensson and

white plastic films (Paper V). The reduction inrstatal aperture and conductance helps to
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control the transpirational water loss and giveomtimal plant growth without affecting
productivity.

Therefore, any agronomical techniqgues used to nieimwater loss through
modulation of plant morphology and physiology m#gwa farmers to produce crops such as
pea under yellow plastic film with optimum prodwity under a water stress condition.
Modification of growth parameters such as plant digaf area, and stomata conductance using

climatic factors for control might be a good methodptimize water use efficiency.

5 Conclusions and future prospective

5.1 Conclusions

* UV-B radiation has a stronger reducing effect coosthength and leaf area of pea plants
when provided together with a daily temperatureggdi@atment as compared to a
constant temperature

» This inhibition of shoot elongation and leaf expgansin pea is associated with the
modulation of the GA metabolism in the shoot apiaed altered metabolism of GA
and IAA in young leaves. Ability to adjust the Gévkls or GA response was shown to
be required for the UV-B induced reduction of shelongation.

» Reduced level of the bioactive G response to UV-B is apparently due to increased
GA inactivation in both tissues and probably deseelabiosynthesis, at least in the
leaves. Reduced level of IAA in leaves appear®tadsociated with an increased IAA-
conjugation.

* Like HY5 in A. thaliang LONGL1 is an important UV-B signaling componentpiea
with respect to flavonoid production, protectionvémds UV-B-related damage, and
inhibition of shoot elongation, as judged from ktiygpersensitivity of théongl mutant
to DNA-damage, low levels of specific flavonoidsdamo effect of UV-B on shoot
elongation.

* Mutation in LIP1 makes the plants more UV-B resistaith higher flavonoid levels.
In these respects LIP1 does accordingly seem togmisite toA. thalianaCOP1 in
UV-B signaling. The similar UV-B-induced inhibitioof shoot elongation in thigpl

mutant and the WT indicates that LIP1 is not inedlvn signaling in this respect.

35



The GA deficitle mutant and the GA signaling mutdatcry-swere less sensitive to
UV-B-related damage compared to WT, probably dubigter flavonoid levels, as
shown inle. Thus, GA levels or GA-response do not affect spsbility to UV-B-
related damage.

UV radiation either at a higher or lower altitudehibited elongation growth and
delayed the flowering both in pea and rose culsvart had no significant effect on pea
productivity or postharvest behavior of roses. Thother climatic factors (PAR,
temperature, and VPD) have a stronger effect thamadiation.

Pea is robust to light quality and the three déférscreening materials tested in this
study did not result in differences in yield. Thtig cheap locally produced screening
materials is of current interest as an alternatorepea production in the Ethiopian

climate.
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5.2 Further perspective

Exploring the use of UV radiation for horticultugalrposes is of future interest. To manipulate
UV radiation in natural light is relatively easyttithe use of screening materials and in
controlled environment by adding artificial UV.dan be used both in the field and inside
greenhouses. The UV lamp technology (UV-LEDs)s®&merging and is expected to be more
efficient and less expensive within the next 10rgea

In many different countries, the use of plant gtowdtardants will disappear in a few
years, and the growers will need alternative sgrateto control elongation growth. The use of
temperature as a tool is a relevant method in Seawié. However, in periods when the
temperature outside is too high, it is difficultdbtain an effective temperature drop inside the
greenhouse. In these periods, UV exposure can dxt tasinduce growth inhibition, maybe
together with temperature manipulation. The workthis thesis clearly shows that the
combined effect of temperature drop and UV-B expessi an efficient tool to control shoot
elongation. However, to use this method in comna¢greenhouses, great care must be taken
to avoid UV-related damage not only to plants b o the workers in the greenhouse. More
knowledge on the effects of artificial UV on insed also needed because biological control
is commonly used in greenhouse systems of todahtNime exposure could be an alternative
to avoid problems for the workers in the greenholi$es has been tested by (Suthapartin
al., 2013; Suthaparaet al, 2014) and shows that night-time exposure is @ffecbut plants
are more sensitive as compared to daytime. The wof8uthaparaet al, 2013; Suthaparan
et al, 2014) also shows that the short wavelength ofBJig-efficient in controlling powdery
mildew in roses, cucumber and strawberry. To comhiisease control and stem elongation
control is an interesting thought. Since the effectUV also varies with the background
climate, as shown in Papers -1V, further studies required to understand the interaction
between the UV-B radiation and the other climadictérs on different plant species.

It is well known that enhanced UV-B radiation atfe¢he biomass and content of
secondary metabolites in plant tissue. In Papeeltdemonstrated that 6 h daily application of
UV-B radiation-induced the accumulation of phytoeheals including glycoside forms of
flavonols, quercetin, kaempferol, and myricetimadl as major flavones, luteolin and apigenin
in pea leaves. Information from this study can keful for the regulation of secondary

metabolites production in plant products with sugreguality under controlled environmental
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condition. However, further study is required tdamae the metabolic cost used in biomass
accumulation and the biosynthesis of secondarymétes.

Pea pods are an important product for export t@ir To grow the pea pods in the
highlands with naturally high levels of UV might be important future venture. However,
there is a need to document the quality and theldenf secondary metabolites in pods from
the highlands. Further, UV radiation also has argfreffect on the development of plant
pigments including anthocyanin, carotenoid, andghyll in fruits, flowers, and leaves.
Moreover, it has been tested as a postharvestregatto improve the color and nutritional
benefits of different fruits and vegetables. Howearther study is required to determine
whether the dosage of UV-B radiation, time of expescultivar, and storage climate have an
impact on the physiology and nutritional compositaf stored horticultural products. UV-C
can also be an alternative in postharvest treasnémgthiopia, this can be a useful method to
control postharvest diseases as this is a hugdepnolor many tubers, vegetable, and fruits.
Exposure prior to storage or during storage musg$ted. Further, to gain a deeper knowledge
into this area further studies are required towatal plant pathogen—host interaction, sensitivity
of plant genotypes, and physiological changes uadkeanced UV-B radiation.

Moreover, the experiments in this thesis revediatl stomatal responses to UV varied
with the background climate. Especially, it seembe an interaction between UV and VPD.
More knowledge on the regulation of UV on stomdiahavior is required. In Ethiopia,
shortage of water is a main problem in additioexoessive light (and high temperatures). To
find screening materials that reduce water consiomut at the same time give a high yield
is extremely important for the future food prodoatin Ethiopia.
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Summary

UV-B radiation typically reduces plant size and la@a. InArabidopsis thalianahis is associated
with reduced indole-3-acetic acid (IAA) levels amadthough GA levels have not been reported,
there are indications of altered gibberellin (GAgtabolism. However, information on the impact
of UV-B on hormones controlling different aspectplant morphology including stem elongation
in other plant species is limited. The aim of thigdy was to assess the effect of non-damaging
levels of UV-B on metabolism of hormones contr@lstem elongation and leaf expansion in pea
(Pisum sativum Six hour daily UV-B exposure (non-damaging Igviel 10 days reduced shoot
elongation by 9% and 30%, respectively, when predidnder constant temperature (20°C) and

together with a daily temperature drop (21°C toCl3%aily mean temperature 20°C), a regime



commonly used to control shoot elongation in teraferone greenhouse industry. Thus, the
results indicate a stronger effect of UV-B undevdoed temperature and such treatment is thus
potentially an efficient elongation-controlling foV-B reduced leaf area by 35% and 18% in the
two temperature regimes respectively. These moggfncdl changes were associated with reduced
levels of bioactive gibberellin GAby 54-69%) in apical stem tissue and young leaapgarently
due to increased GA inactivation, and possibly ceduGA biosynthesis, at least in leaves.
Consistent with this, exogenous &gounteracted UV-B-induced inhibition of shoot ejation.
UV-B reduced the IAA levels in young leaves only{25%) under both temperature regimes,
apparently through increased conjugation. Furtheem@®BA and some ABA metabolites
decreased in response to UV-B but the significascanclear. In conclusion, UV-B-induced
inhibition of shoot elongation and leaf expansionpea is associated with modulation of GA

metabolism in shoot apices and altered metabolisG®oand IAA in young leaves.

Key words; Abscisic acid, auxin, gibberelliRisum sativumtemperature drop, UV-B



Introduction

The ultraviolet (UV) radiation of the solar radai has three different regions: UV-C (220-280
nm), UV-B (280-315 nm) and UV-A (315-400 nm), of iafn UV-C and UV-B are the most
energetic radiation (Rozereaal, 1997). However, all the UV-C radiation and mdghe shortest
wavelength region of UV-B are filtered out by thenaspheric ozone layer before it reaches the
earth’s surface, while solar UV-A passes almositared through the atmosphere. The ambient
levels of UV-B and UV-A are variable and affectgddititude, latitude, season and time of the day
as well as cloud patterns (Madroniehal, 1998; Hermaret al, 1999). Thus, the UV climate

changes as one move from the equator to the potef@m sea level to high mountains.

Although high UV-B levels may trigger non-specifiathways in plants resulting in general stress
responses, most plants raised under natural UM«8dere well protected from UV-radiation and
little damage occurs under such conditions (Jads&ornman, 2012; ROBSONt al, 2014).
Thus, in contrast to earlier focus on UV-B as a agimy agent, a novel vision has emerged,
emphasizing the regulatory properties of low, egidally relevant doses of UV-B radiation, and
the important role that these play at the cell ptaht level. In this respect, UV-B acts as an
environmental signal stimulating the expressiomy@fies involved in UV-B protection of plants
and UV-B-specific photomorphogenesis signallinghpatys (Jenkins, 2009; ROBSO&#t al,

2014).

Light quality is sensed by different photorecepiarplants. Phytochromes mediate the responses
to red (R) and far-red (FR) light, whereas cryptoahes and phototropins are important sensors of

UV-A and blue (B) light. Recently UV RESISTANT LOCGJ8 (UVR8) was shown to act as an



UV-B sensor (Rizzinet al, 2011). Light-induced changes in plant growth dedelopment are
complex and known to be regulated through multiplthways. UVRS8 interaction with
CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) leads tp-regulation ofHY5/HYH,

which encodéranscription factors known to be involved in photrphogenesis (Heijde & Ulm,

2012).

Several reports have demonstrated that ambienislefdJV-B affects plant morphology e.g. by
reducing leaf expansion, hypocotyl and shoot elbagas well as apical dominance (e.g. Jansen,
2002, Jenkins, 2009; Robsenal, 2014). In young leaves @éfrabidopsis thalianand expanded
leaves of rice Qryza sativa the levels of the auxin indole-3-acetic acid ([Adecreased in
response to UV-B exposure (Huaegal, 1997; Hectoret al, 2012). InA. thalianaUV-B has
also been shown to influence genes involved inrabiosynthesis, conjugation and transport as
well as auxin-responsive genes (Hectetrsl, 2007). In rice the UV-B-induced decrease in I1AA
levels in leaves was associated with increased é&lase activity (Huangt al, 1997). Thus,
similar to different light qualities in the photoghetic active part of the spectrum such as R,d an
FR light (Behringer & Davies, 1992; Steindlet al, 1999; Islamet al, 2014) UV-B affects
extension growth at least in leaves through aatioAA physiology. However, information on

effects of UV-B on IAA content in stems is limited.

Several pathways for biosynthesis of IAA have bdemonstrated in a range of plant species (e.g.
Tivendaleet al, 2014). When first described M thaliang YUCCA(YUC) genes were suggested
to be rate-limiting in auxin biosynthesis (Zhabal, 2001). The roles oYUC genes have been
debated lately, among others since small changgsroiAA levels have been observed YitUC

overexpressing plants although IAA metabolites eased (Rosst al, 2011; Tivendaleet al,



2014). NeverthelessyUCoverexpressing plants show high-auxin phenotypes, YUC gene
expression have been shown to be affected by emaeatal conditions such as light quality and
temperature (Taet al, 2008; Stavangt al, 2009; Tivendalet al, 2014). In pea twdUC genes
PsYUC1 PsYUC2have been identified and have been shown to beegsg@d in different tissues

like apical shoot tissue, mature leaves and deugjogeeds (Tivendalet al, 2010).

Gibberellins (GAs) are diterpenoid acids actingpkast growth regulators by affecting a range of
developmental processes in higher plants such awation growth, germination, dormancy,
flowering and sex expression. Although GA is welblwvn to control shoot elongation and leaf
expansion (Chandler & Robertson, 1999; Richatlal, 2001; Yamaguchi, 2008), information
about involvement of GA in UV-B-responses is limiteThe GA biosynthesis inhibitor
paclobutrazol was shown to enhance tolerance tvatd UV-B levels with respect to
photosynthesis effectivity in soybeaalycine mak (Krauset al, 1995). Paclobutrazol treatment
also increases the thickness of the leaves anepibaticular wax layers compared to in untreated
control plants, changes which are commonly als@esl in response to UV-B (Jansen, 2002).
Recently it was demonstrated that in young seesll{@gdays old) oA. thalianatranscript levels

of the GA inactivation gen&A2-oxidase {GA20x) increased in response to UV-B exposure
(Hayeset al, 2014). Also, although the type of gene withinfegene family was not specified and
each gene family consists of several genes, irtessefA. thaliang GA biosynthesis genes of the
GAS3-oxidasg(GA30% and GA20-oxidasg GA2003 types were generally down-regulated under
UV-B, whereas &A2oxwas down-regulated and up-regulated in UV-B-adhptants and plants
exposed to acute UV-B, respectively (Hectetsal, 2007). However, the information on

interaction of UV-B with GA metabolism with respeotstem elongation is scarce.



A key role of GAs in stem elongation is evidentnfrobserving GA deficient mutants, which are
much shorter than the corresponding wild types.uAld@86 GAs are identified and characterized
so far in higher plants, fungi and bacteria (hipvw.plant-hormones.info/gibberellins.htm). Most
of these are precursors or inactive forms, and ély GAs are bioactive, i.e. GAGAs, GA4,
GAs, GAs,and GA (Hedden & Phillips, 2000; Bottimat al, 2004; Yamaguchi, 2008). Biosynthesis
of GA differs with tissue type and developmentalgst In vegetative tissues of different species
commonly either the early 13-hydroxylation pathwar the non-13-hydroxylation pathway
dominates, resulting in the bioactive G#&nd GA, respectively. In pea the early 13-hydroxylation
pathway is the main pathway in which G& synthesized by conversion of @Ay aGA30x
encoded by theE gene (Campell & Bonner, 1986; Lesttal, 1997; Wellert al, 2009; Reinecke

et al, 2013) (Fig. 1). Increasing the expression of@#ebiosynthesis gengsA20o0xandGA30x

or the GA inactivation gene§A20x can increase or decrease shoot growth, respectivel
(Yamaguchi, 2008; Kurepin & Pharis, 2014). A widage of studies have demonstrated that the
GA levels are regulated through transcriptional apeown-regulation of GA metabolism genes
(Kamiya & Garca-Martnez, 1999; Hedden & Phillips, 2000; Yamaguchi, 2088rthermore, GA
metabolism is subjected to feedback and feed-fatwesponses to GAs. Specifically, feedback-
regulation with respect t6A20oxand GA3oxand feed-forward regulation &A2-oxidasegene
expression have been demonstrated (Hedden & RhiBi@00; Ofret al, 2006; Zhao, XYet al,

2007).

In addition to the aforementioned effect of UV-B GA\ metabolism genes iA. thaliang GA
biosynthesis and metabolism are known to be affiebie environmental conditions like light
quality and temperature. Several studies have dstradad significant reduction in the level of the

active GA after exposure of plants, including pea, to B Rrigyht and increase in GA in response



to FR light (Gil & GarciaMartinez, 2000; Hedden & Phillips, 2000; Olsen é&ttila, 2002; Reid
et al, 2002; Zhao, Xet al, 2007; Islamet al, 2014). In pea B light was shown to down-regulate

GA20oxandGA3oxand up-regulat&A2ox(Reidet al, 2002).

Abscisic acid (ABA) levels in leaves have been shdwincrease in response to UV-B radiation,
like in maize Zea maypsand grape vineMitis viniferg, and was shown to enhance formation of
UV-B protecting compounds(Tosst al, 2009; Berliet al, 2010). Furthermore, ABA was shown
to act in protection against UV-B through interantiwith nitric-oxide-mediated signalling (Tossi
et al, 2009). Although the significance of this is uragleABA levels were also found to be affected
by light qualities affecting shoot elongation sugh R and FR light, with lower ABA levels
correlating with reduced plant height (Weatheretal, 1996; Kurepiret al, 2007; Islamet al,

2014).

In the greenhouse industry control of shoot elangaind plant morphology is essential since small
and compact ornamental plants and transplantsreetgss space during cultivation, are easier to
handle and transport, and are generally preferygddconsumers. Compact plants are commonly
obtained by using plant growth regulators (growghardants). However, due to their potential
negative effects on human health and the environrfize Castroet al, 2004; Sgrenseet al,
2009) several studies have addressed use of ligtityjand temperature for manipulation of plant
morphology in greenhouse-grown plants (Hickman gl @winet al, 1991; Myster & Moe, 1995;
Stavanget al, 2005; van leperen, 2012; Islaehal, 2014). In temperate areas exposure to lower
day than night temperature or a temperature dnop few hours, obtained by opening greenhouse
vents, are commonly used to produce compact orn@inglants and transplants without a delay

in production time (Myster & Moe, 1995; Stavaetgal, 2007). Thus, thermoperiodic responses of



plants, defined as all effects of a temperaturéeihtial between light and dark periods on
responses of plants (Went, 1944), are exploitetthi;irespect. However, in warmer periods and
areas, sufficient temperature reduction for efficieegulation of shoot elongation is not possible
to obtain by opening greenhouse vents, and growtjulators are still extensively used.
Thermoperiodic control of stem elongation is assea with alterations in hormone contents. In
A. thalianalAA was found to be reduced under lower day thghtntemperature compared to the
opposite temperature regime (THINGNAESal, 2003). Furthermore, temperature alteration in
light affects GA levels, particularly through action GA inactivation genes, such@#20x2in
pea andGA2ox1lin A. thaliana(Grindal et al, 1998; Stavangt al, 2005; Stavangt al, 2007,
Yamaguchi, 2008; Stavaret al, 2009). In pea a temperature drop in light orwaeloday than
night temperature, which reduce elongation growith @A: contents, increase transcript levels of
PsGA2oxZompared to a temperature drop during the nightigiter day than night temperature
(Grindal et al, 1998; Stavangt al, 2005; Stavangt al, 2007; Stavangt al, 2010). Thus, the

thermoperiodic response is apparently meditatexuitiir affecting GA deactivation.

Although UV-B has been shown to affect the levdlsauxin and ABA in leaves (Huangt al,
1997; Tosskt al, 2009; Berliet al, 2010; Hector®t al, 2012), information on effects of UV-B
on hormone contents and metabolism, particularlth wespect to GAs, in relation to stem
elongation and leaf expansion is still limited. fsipea as a model plant we aimed at evaluating
the effect of UV-B on metabolism of GA, IAA and AB#&s related to stem elongation and leaf
expansion. Also, since the combination of a daperature drop treatment and UV-B might be
interesting as a tool for controlling plant morpbgy in greenhouses, in addition to effects of UV-

B under constant temperature, effects of UV-B duardaily temperature drop was investigated.



Materials and methods

Plant materials and pre-growing conditions

Seeds of peaPfsum sativunL.), cv Torsdag) were sown in 11 cm pots contajrénstandard
fertilized sphagnum peat (Tjerbo Torvabrikk, Raklkds Norway) and perilite (3:1 w/w). The pre-
treatment cultivation (except in the gibberellinA)Gapplication experiment) was done in a
greenhouse compartment at The Centre of Plant Résea Controlled Climate (SKP), at
Norwegian university of life sciences (NMBU), Aspiway (59°39'47”N 10°47’38”E). During
the pre-cultivation period a temperature of@and relative humidity at 70% and both natural and
supplemental light during a photoperiod of 16 h waed. The supplemental light from high
pressure sodium (HPS) lamps (Osram NAV T-400W, MionGermany) was turned on when the
natural light was below 200 umoths?. The supplemental irradiance was 100 (£10) undkm
measured with a quantum sensor (Model L1-185, LRG@c, Lincoln, NE, USA). In the GA-
application experiments, the pre-treatment culibratvas done in growth chambers (manufactured
by SKP). Light was then provided by fluorescentesilvith a photosynthetic photon flux density
(PPFD) of 100umol nm? s! (MASTER TL-D Super 80 36W/840 Philips, Eindhoverhe
Netherlands), and a red: far-red (R:FR) ratio @f Was achieved through addition of light from
incandescent lamps (Osram). The plants were exptwsedl12 h photoperiod and a constant
temperature of 20°C. Air humidity was increasedtiays with water was placed beneath the
perforated chamber floors (Stavangakt 2005). In all cases, the pre-treatment cultivagaded

after 6 days when the plant had 1-1.5 cm long shoot



Experimental conditions

At day 6 after sowing uniformly sized seedlings evénransferred to the aforementioned growth
chambers with light conditions as described abawe, subjected to UV-B and temperature drop
treatments. During this experiment all plants wgn@wvn at the same daily mean temperature of
20°C but under two different temperature regimes; eitmstant temperature (CT) at’@®r a
daily temperature drop (TD) treatment fron?@1013C for 6 h in the middle of the 12 h light
photoperiod and otherwise Z1 For each of these two temperature regimes, a&sobplants was
exposed to UV-B for 6 h and another subset sergambatrol plants not exposed to UV-B. Three
UV-B fluorescent tubes (UVB-313, Q-Panel Co., Cland, OH, USA) were used in each UV-B
treatment. The UV-B treatment was applied for 6 the middle of the light period simultaneously
with the TD. A 0.13 mm thick cellulose diacetatd {dirgen Rachow, Hamburg, Germany) was
used to filter the shortest part of the UV-wavelbsgi.e. wavelengths below 290 nm. The cellulose
acetate film was put 10 cm under the UV-B lampse Tinadiance from the UV-B tube was
measured on the top of the plant once simultangauish a broadband UV-B sensor (SKU340,
Skye Instruments, Powys, UK) and an Optronic modg6 spectroradiometer (Optronic
laboratories, Orlando, FL, USA). Based on the catibn factor from this comparison, the absolute
UV-B irradiation in the chamber measured with thedolband sensor was 0.45 W-.nburing the
temperature drop the UV-B level was reduced withragpimately 25% due to reduced efficiency

of the lamps at low temperature.
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Recording of morphological parameters

Plant growth and morphology were monitored by cmgnthe number of leaves, measuring plant
height and internode length as well as calculatotgl and specific leaf area (SLA). From each
chamber 6 plants were used for the measuremehesétparameters. The total shoot length was
measured from the base of the plant to the shamt apday 0, 3, 6 and 10 after the start of the
treatments. The distance between alternating leasss measured to determine the length of
internodes. All fully opened and mature leaves warented. At the end of the experiment (day
10) fully expanded, mature leaves from 6 plantsevwsmilected and the leaf area determined using
a leaf area meter (Model LI-3100, Li-Cor, LincolRE, USA). Fresh weight of leaves was
measured, and the dry weight determined after griyiran oven at 7Q for 5 days. SLA (crhg?)

was calculated according to (Vikt al, 2005) as the ratio between the leaf area andveight
(DW) of the 29 leaf as counted from the basis of each plant. linelependent, repeated

experiments with 6 plants in each were performed.

Exogenous application of GA

To evaluate if exogenously applied gibberellic aghs) could counteract the impact of UV-B
either when provided separately or in combinatioith viemperature drop treatment, in one
experiment GA (Sigma-Aldrich, St. Louis, MO, USA) was applied ttte shoot apex, and in
another independent experiment £3&as applied to the first unfolded leaf. For apppleation
10 pg GAin 1 pl 96% ethanol or 1 pl of 96% ethanol onlyogk treatment) were used for each

of ten plants. For leaf application 10 pg &ger 10 pl 96% ethanol or 10 pl 96% ethanol only
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(mock treatment) were applied to each of ten plad#fs and ethanol application was done at the
start of the UV-B treatment for apex applicationd dor leaf application on the second day of the
UV-B exposure, when the first leaf had unfolde@rPresponse was monitored during the growth

period for eight days by measuring plant heightfthe base of the plant to the apex.

Plant hormone analysis

At day 10 of the daily UV-B treatment, the uppesha@longating 5-10 cm of the shoot tip was
harvested into liquid nitrogen in the middle of tight period. This corresponded to three hours
into the daily UV-B treatment (and three hours itite temperature drop exposure in the case of
temperature drop). At harvest, leaves and stemetisluding the apical meristem were separated
and put into different tubes. For each tissue thpee repeated samples each consisting of 6 plants

were collected from each treatment, freeze drieblstored in -8€C before freeze drying.

Chemicals and calibration curves

A number of compounds, namely dihydrophaseic abigA), phaseic acid (PA), ABA glucose
ester (ABA-GE), 7'- OH-ABA, neoPArans-abscisic acidtansABA) and indole-3-acetic acid-
glucose conjugate (IAA-Glu) were synthesized areppred at the Plant Biotechnology Institute
of the National Research Council of Canada (PBI-N&GSkatoon, SK, Canada). ABA, IAA-Leu,
IAA-Ala, IAA-Asp and IAA were purchased from Sign#ddrich. Gibberellic acid (GA) 1, 3, 4,

7, 8, 9, 19, 20, 24, 29, 44, and 53 were purchdsed the Research School of Chemistry,
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Australian National University (Canberra, AustraliBeuterated (d) forms of the hormones were
used as internal standards-DPA, d-ABA-GE, is-PA, di-7'-OH-ABA, t-neoPA, d-ABA, ds-
transABA, ds-IAA-Leu, ds-IAA-Ala, dz-IAA-Asp, d:-IAA-Glu and °Cs-IBA were synthesized
and prepared at PBI-NRC according to (Abrahal, 2003) and (Zahariat al, 2005). d5-1AA
was purchased from Cambridge Isotope Laboratofinddqver, MA, USA) and §GAs 1, 3, 4, 7,

8, 9, 19, 20, 24, 29, 34, 44, 51 and 53 were pgexdhdrom the Research School of Chemistry,
Australian National University. The deuterated ferwf selected hormones used as recovery
(external) standards,e&BA and ¢-ABA-GE, were prepared and synthesized at PBI-NRC.
Calibration curves were created for all compourfdaterest. Quality control samples (QCs) were

run along with the tissue samples.

Hormone quantification by HPLC-ESI-MS/MS

The procedure for quantification of multiple hornesnand metabolites, including auxin and
metabolites (IAA, IAA-Asp and IAA-Glu), ABA and mabolites (ABA, PA, DPA, 7'-OH-ABA,
neoPA and ABA-GE) and different GAs has been dbedrin detail by (Chiwochat al, 2003;
Chiwochaet al, 2005). Also, levels of cytokinins and cytokiniretabolites were analysed as
described by these authors and Isktral. (2014), but since these compounds could be detatte

a few cases only, results were inconclusive and tiai included here. For the hormone analyses,
50 mg of each sample was weighed, extracted arifigqopufalso described in Islaet al, 2014).
The purified extracts were then injected onto a&€3enC18 HPLC column (100 x 2.1 mmyu,
Chromatographic Specialties, Brockville, ON, Canadal separated by a gradient elution of water

against an increasing percentage of acetonitréde tontained 0.04% acetic acid. Briefly, the
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analysis utilized the Multiple Reaction Monitori(ldRM) function of the MassLynx v4.1 (Waters
Inc) control software. The resulting chromatograpliaces were quantified off-line by the
QuanLynx v4.1 software (Waters, Mississauga, ONyada) wherein each trace was integrated
and the resulting ratio of signals (non-deuteratedterated internal standard) was compared with
a previously constructed calibration curve to yigld amount of analyte present (ng per sample).
Calibration curves were generated from the MRM algmbtained from standard solutions based
on the ratio of the chromatographic peak areadohenalyte to that of the corresponding internal
standard, as described by (Re$sl, 2004). The quality control (QC) samples, interstandard

blanks and solvent blanks were also prepared aalgsad along each batch of tissue samples.

Analysis of transcripts of hormone metabolism

At day 10 of daily UV-B treatment, three hours afi&art of the UV-B exposure (= the middle of
the light period), three repeated samples, eachistomg of the elongating part of the shoot tips
(about 5-10 cm) from 6 plants from each treatmemrte collected and their leaves and stem were
put in separate tubes. The samples were immediftegn in liquid nitrogen and stored at 280

until the RNA was extracted.

Total RNA were extracted from 100 mg of homogenitiedue per sample using RNeasy Plant
Mini Kit (Qiagen, D-40724, Hilden, Germany). RNA nification were carried out with Pure
Link™ RNA Mini Kit (Life technologies, Carlsbad, CA, U$AAny remaining DNA was removed
with TURBO DNA-fredM Kit (Applied Biosystems, Foster City, CA, USA). &lconcentration of

total RNA was analysed with a NanoDrop ND-1000 $mghotometer (Termo Scientific,
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Wilmington, DE, USA) and integrity analysed with aglient 2100 bioanalyzer (Aglient

Technologies, Palo Alto, CA, USA). 1000 ng of toRINA from each sample was reverse-
transcribed using SuperScript 11l First-Strand &wsis SuperMix for gPCR (Invitrogen, Carlsbad,
CA, USA). However, for analysin@A20x2 YUC1andYUC2total RNA samples was reverse-

transcribed using VILO kit (Invitrogen).

Primers and gene-specific TAMRA probes for GA metamn genes were as described by
(Stavanget al, 2005). Primers for the auxin biosynthesis gefld€landYUC2(Tivendaleet al,
2010) were designed wusing Primer 3 software (ipav.bioinformatics.nl/cgi-
bin/primer3/primer3_www.cgi). Primers and Probes lésted in Table 2 and 3. Transcript levels
were analyzed using 7500 Fast Real-Time PCR Sy&plied Biosystems). All chemicals used
in the gRT-PCR reactions followed the recommendedi® specified in TagMan Gene Expression
Master Mix protocol (Applied Biosystems) for the G#etabolism genes, and SYBR Select master
Mix protocol (Life, USA) for the auxin biosynthegienes. However, for TagMan gene expression,
instead of using a 50 pl reaction volume in each, we used a 25 pl reaction volume. The primer
concentration used for TagMan gene expression sisadytubulin, Ls, Lh, Na, GA2ox1, GA20x2,
GA200x1 GA3ox1l)was 900 nM, and the probe concentration 200 nM Ierah. The primer
concentration used for SYBR gene expressidd(1, YUC2 was 250 nM (Table 3). Relative
transcript levels were determined using the metbbdPfaffl, 2001). a-tubulin was used as
endogenous reference gene since its transcripelslewere stable under the experimental
conditions. For each gene, all samples were retatdte sample with constant temperature without
UV-B treatment. gRT-PCR reactions were conductettiplicate for each sample and a minus

reverse transcriptase reaction was included tatlatey remains of genomic DNA.
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Statistical Analysis

To test for effects of the different treatmentsnfcol, UV-B, temperature drop, UV-B under
temperature drop), a one-way analysis of variaAMQVA) was performed for each tissue type
using a completely randomized design, followed bigdy’s test (Minitab software versions 16.1.1,
State College, Pennsylvania, USA). Differences witkk 0.05 were considered significantly

different.

Results

Effect of UV-B radiation on plant morphology

A 6 h daily period of UV-B exposure (0.45 W3nin the middle of the light period reduced shoot
elongation significantly ( 0.05) by on average 9%, compared to untreatedalqiants (Fig. 2).
However, there was no significant effect on inteledength (Table 3). Also, UV-B significantly
reduced total leaf area of the plants by 35%. Hawngthere was no significant effect on the number
of leaves (Table 3). There was no significant UNABuced reduction in specific leaf area (SLA).
This level of UV-B did not result in any visible miage. However, exposure to UV-B at the same
irradiance for 7 h or higher irradiances resultedeiaf curling and tissue damage (results not

shown).
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When UV-B was provided together with a daily tengtere drop from 21 to 13°C, both for 6 h in
the middle of the light period, shoot elongationswggnificantly reduced by on average 30%
compared to the temperature drop only and 40% coedpa control plant grown under constant
temperature without UV-B treatment (Fig. 2, Table Bhus, although the UV-B levels under
constant temperature and temperature drop coultdendirectly compared since the UV-B lamp
efficiency decreased during the temperature drojp@é25% decrease), UV-B apparently affects
stem elongation more strongly under the temperatirap treatment than under constant
temperature. The exposure to UV-B radiation untertemperature drop treatment resulted in
significant reduction in internode length by 26%l &1%, respectively, compared to temperature
drop only and constant temperature without UV-Baflarea was not significantly reduced by UV-
B and temperature drop compared to temperature ainbp(only a trend with on average 18%
reduction) but compared to constant temperatureonitUV-B a 25% reduction in leaf area was
observed. SLA was not significantly affected by B\provided together with the temperature drop

exposure.

Effect of GAs on shoot elongation in UV-B exposed plants

To evaluate if exogenously applied gibberellic aG&sz could counteract the impact of UV-B on
shoot elongation, GAwas applied either to the shoot apex or the tindolded leaf. In both cases,
GAs application resulted in strongly stimulated elainga growth under UV-B compared to the
mock control or un-applied plants (Fig. 3). Applion of GA counteracted the UV-B-induced
inhibition of shoot elongation both when UV-B wasyided under constant temperature and

together with a daily temperature drop treatment.
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Effect of UV-B on gibberellins

To assess whether the effect of UV-B on shoot elbag and plant morphology was associated
with modulation of GA metabolism, GA levels wereabsed in apical stem tissue and young
leaves harvested at day 10 of the UV-B exposure.érly 13-hydroxylation pathway is known
to be the dominating one in pea (Ingratral, 1984; Roset al, 1989; Grindakt al, 1998; Stavang
et al, 2005) (Fig. 1) and in accordance with this, n@Akydroxylated GAs were hardly detected
with a few exceptions (GA and GA1) only in a few samples. The analyses demonstrated
significant effect of the UV-B exposure on GA meildm in both plant tissues£p.05) (Figs. 4
and 5). UV-B significantly reduced levels of th@&ctive GA by about 59% and 69% in apical
stem tissue and young leaves, respectively, cordgareontrol plants not exposed to UV-B (Fig.
4). Also, the levels of the inactivation product §&fecreased by 29% (trend of decrease only) and
55% (p<0.05) in young stem and leaf tissue, respectivelg.(4). The ratio of GAto GA
increased significantly from 4.1 to 7.2 in stensuis (<0.05) and showed a trend of increase from
5.8 to 8.7 in leaves (Fig. 5), suggesting highee od inactivation in plants exposed to UV-B than
in the control plants. Also GA and GAo, which are the precursors of the bioactive:Gas
affected by UV-B. GAe showed a significant 39% decrease in apical siesnd, whereas GA
decreased by 63% and 55%, respectively in youmy gte 0.05) and leaf tissue (trend of decrease
only) (Fig. 4). The ratio of GA to GAuws also decreased significantly from 21.3 to 4.3 auryg
leaves, indicating reduced GA biosynthesis (Fig.(&)u4s, the precursor of GA, also decreased
significantly by 38% in young stem tissue but redves (Fig. 4). The precursor of @AGAs3

could be detected in a few stem tissue samplesdiut all in leaves, but values were too few to
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evaluate possible differences. g@Awhich is formed by an inactivation side step fr@Azo,
increased significantly by 55% in leaves under U\&posure (Fig. 4), and the ratio of &40
GAzo increased significantly in leaves (from 1.2 t@)4as well as stem tissue (from 1.5 to 4.5)

(Fig. 5), indicating increased activity of this ati@ation side step under UV-B.

Compared to the constant temperature control, utedeperature drop treatment (6 h) levels of
GA: showed a trend of decrease (23%) in apical steswdi(Fig. 4). When UV-B was provided
for 6 h together with the temperature drop treatinéye levels of the bioactive GAlecreased by
54% and 64%, respectively, in apical stem tissg®.@b) and young leaves (trend of decrease)
compared to the temperature drop treatment, and &58066% for stem and leaves, (both at
p<0.05) respectively, compared to the constant teatpey (Fig. 4). Under the combined UV-B
and temperature drop treatment, the levels of tlaetivation product GAwere significantly
reduced by 39% and 40%, respectively, in young stathleaf tissue compared to temperature
drop only and as compared to constant temperatyré18 and 60% in stem and leaves,
respectively. Furthermore, compared to temperattop only, the level of GA was significantly
reduced by the combined UV-B-temperature drop ex@s.e. by 37% in young stem tissue. In
leaves there were no significant difference ini&hfevels between temperature drop-UV-B
treatment and drop only or constant temperature. [€hels of GAo in young leaves showed a
significant decrease by 60% in response to UV-Beanemperature drop and a trend of decrease
(61%) in apical stem tissue. The ratio of 580 GAw in leaves decreased significantly from 19.2
under temperature drop to 6.0 when combined withB)¥ut there was no such difference in stem
tissue (Fig. 5). Under temperature drop UV-B deseeahe contents of GAsignificantly in apical
stem tissue by 41% (Fig. 4). Furthermore, exposutdV-B under the temperature drop resulted

in increasing trends in the ratio of @Ao GAo, i.e. from 1.7 to 3.5 in the stem tissue (sigmifit
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at p<0.05) and from 0.9-2.6 in the young leaves (trehtharease) (Fig. 5), indicating increased

GAzo inactivation by the side step.

Effect of UV-B on IAA and IAA metabolites

Effects of the 6 h daily UV-B exposure on IAA andA-metabolites (Figs. 1 and 6) was also
investigated. UV-B provided under constant tempeeatesulted in a significant decrease (35%)
of IAA in young leaves compared to control plantevgn without UV-B (Fig. 6). However, in
apical stem tissue there was no significant diffeegin IAA levels. For plants grown under constant
temperature there were no statistically significafifiect of UV-B treatment on the individual IAA
conjugates IAA-Asp and IAA-Glu, but in leaves thevas a significant increase in ratio of total
IAA-conjugates to IAA (4.9 to 8.5), indicating ireased IAA-conjugation (IAA-Asp and IAA-

Glu) under UV-B treatment.

Under the temperature drop treatment, there wasgmficant reduction in 1AA levels in apical

stem tissue or young leaves after daily UV-B expesanly a slight trend of decrease (27%) in
young leaves (Fig. 6). There was no significan¢&ffof combined UV-B and temperature drop
exposure on the IAA-conjugates IAA-Asp and IAA-Ghut in leaves an increasing trend in ratio
of the sum of these I1AA-conjugates to 1AA (5.9 t®)7was observed between the combined

treatment and temperature drop only.
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Effect of UV-B on ABA and ABA metabolites

Under constant temperature ABA levels showed afsignt decrease in apical stem tissue (42%)
and a trend of decrease only in young leaves (36%@sponse to the daily UV-B treatment (Fig.
7). There was no significant effect(p05) of UV-B on the ABA inactivation product PAIgs.

1 and 7). However, the levels of DPA, which is fedrfrom PA, decreased significantly in the
young leaves (56%) and showed a trend of decreaggidal stem tissue (37%) in response to UV-
B exposure. Another inactivation product neo-PArdased significantly in apical stem tissue
(60%) of UV-B treated plants, whereas still anothactivation product, 7°-hydroxy-ABA, showed
trends of decrease only in young stem tissue (@&?d)leaves (57%). The ABA-conjugate ABA-
GE could be detected in some of the samples omlis ho conclusive results as to the effect of

UV-B on its content were obtained.

When UV-B was provided daily under a temperatumpdreatment, a significant decrease in ABA
was observed in apical stem tissue (20%) (Fig=a%)the recorded inactivation products there were
no statistically significant differences betweea tiombined UV-B-temperature drop treatment and
temperature drop only, only trends of decreasegldesimilar to the effects of UV-B under constant

temperature.

Effect of UV-B on hormone metabolism genes

To further investigate the regulation of GA metasol by UV-B when provided under constant

temperature or during a daily temperature drognmeat, transcript levels of GA metabolism genes
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in apical stem tissue and young leaves of pealaate analysed by real-time quantitative PCR
in samples harvested three hours into the temperdtop or combined treatment after 10 days of
daily exposure. Under constant temperature no stami effect of UV-B was observed for
transcript levels oks, Lh andNa, which encode enzymes acting early in GA biosysithé-igs. 1
and 8). Also, under this temperature regime ncistent effect of UV-B on the transcript levels
of GA biosynthesis genes acting later in the pathv@A20oxland GA3ox1could be detected
(Figs. 1 and 8). Furthermore, under constant teatpex there was generally no statistically
significant effect (g0.05) of UV-B on transcripts levels of the GA inaation gene$sA2oxland

GA20x2 only trends of increase in the young leaves.

Also for UV-B provided under the daily temperatuep there were generally no statistically
significant effects on transcript levels of the gerarly in the GA biosynthesis pathway, except
for a significant increase £0.05) forNa in apical stem tissue (Fig. 8). Furthermore, theas a
slight, but significant increase in transcript Ilsvef GA200x1in the young stem tissue under the
combined UV-B-temperature drop treatment compacedemperature drop only, whereas no
significant differences were found f@A3ox1 For the two GA inactivation genésA2oxland
GA2ox2increasing trends only were observed in leaveshié-B was given under the daily

temperature drop treatment.

To investigate whether there was an effect of UdrBrUC genes, which have been suggested to
play a role in biosynthesis of IAA, we analysed ttanscript levels o¥UClandYUC2genes in
apical stem tissue and young leaves of pea plaptssed to UV-B under constant temperature and

daily temperature drop treatment. There were gwifstant differences in transcript levels of any
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of the twoYUC genes in any of the two tissues, except a possilgat trend of reducedUC1
transcript level under UV-B (Fig. 9).

Discussion

In this study we have demonstrated that UV-B-indug#ibition of stem elongation and leaf
expansion in pea are associated with alteratioti®iG A metabolism, resulting in decreased levels
of active GA (GA) in apical stem tissue and young leaves. The deerkGAlevels are apparently

a consequence of increased GA inactivation andaiigbalso reduced GA biosynthesis. UV-B
exposure was also found to result in decreased d&¢VAA in young leaves but not in apical stem

tissue.

Effect of UV-B radiation on plant morphology

Significant inhibition of shoot elongation (9%) atehf expansion (35%) in pea exposed to 6 h
daily UV-B levels not resulting in visual damagdg(F 2; Table 3), is consistent with UV-B
responses reported for a wide range of plant spediensen, 2002; ROBSO&t al, 2014).
Although not recorded in the present study, thesephological responses must obviously be
associated with differences in cell number or sglé or a combination of both. It is well known
that unlike extension of hypocotyls and cotyledaiengation of proper stems also involves cell
division in the subapical (rib) meristem, and lexppansion involves substantial cell division
activity (Sachs, 1965; Donnelst al, 1999). Indeed, UV-B-induced reduction of planighé and
leaf area has previously been attributed to redndti cell length (Ballarét al, 1991; Ballaréet

al., 1995; Liuet al, 1995; Gonzaleert al, 1998; Kimet al, 1998; Kakanet al, 2003; Hectoret
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al., 2010) . UV-B has also been shown to inhibit dellsion through action on cell cycle progress
(Dickson & Caldwell, 1978; Noguést al, 1998; Wargenet al, 2009; Jianget al, 2011; Biever

et al, 2014). Unlike the situation in a range of studimst like that of others (ALENIUS®t al,
1995; Johansost al, 1995; Jansen, 2002) specific leaf area (leakti@ss) was not affected by
UV-B in our study (Table 3). Nevertheless, takegetber, like demonstrated in a range of species,

UV-B exposure reduces the surface area of peasplant

When UV-B was provided together with a daily 6 mperature drop treatment from 21 to 13°C
(mean daily temperature of 20°C like for constamhgerature treatment), stem elongation was
inhibited substantially, i.e. 30% compared to terapge drop only and 40% compared to constant
temperature (Fig. 2). Thus, although the UV-B Iswekre not identical in the two temperature
treatments due to about 25 % reduced efficienthefJV-B tubes after two hours of temperature
drop treatment, the larger UV-B-induced inhibitioinstem elongation in the combined treatment,
indicates a synergistic effect of UV-B and loweteghperature. A daily temperature drop treatment
or lower day than night temperature is well knowmeduce shoot elongation in a range of species
including pea, and are commonly used as toolsdatrolling shoot elongation in greenhouses in
northern areas (Moet al, 1992; Myster & Moe, 1995). Although the combineflect of
temperature drop and UV-B apparently may be intergsas a tool to efficiently control shoot
elongation in greenhouses without using chemieaitggrowth regulators, great care must be taken
to avoid UV-related damage. It is well known thag activity of the enzyme photolyase, which is
involved in repair of UV-induced DNA damage, isagifed by temperature with decreasing activity

with decrease in temperature (Pang & Hays, 1991).
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UV-B reduces the bioactive GAut not the IAA content in apical stem tissue

The fact that application of GAounteracted the inhibitory effect of UV-B on stetongation in
pea strongly indicates a UV-B-induced alteratiorisé metabolism (Fig. 3). This was confirmed
by measurement of the endogenous GA levels (FidJdder both temperature regimes, the levels
of the bioactive GA decreased significantly in apical stem tissueesponse to 6 h daily UV-B
exposure. Consistent with the differences in sktmigation, there was a slight trend of loweriGA
level under the combined treatment with UV-B armtigerature drop (65% reduction) compared
to UV-B treatment under constant temperature (58&8tiction). GA is well known to affect stem
elongation by acting on cell division and cell gation in the subapical meristem (Sachs, 1965;
Jones & Kaufman, 1983; Sauttral, 1995; Hanseet al, 1999). Since quite large parts of shoot
tips were harvested (5-10 cm), i.e. all interncstélselongating to a larger or smaller degreegéar
differences in GAlevels might have been observed if the analyses mere targeted to the region
of maximal cell division and cell elongation. A drant of GA in shoot apices has been observed
with highest GA levels in the region of highest cell division fusicy just beneath the shoot tip
(Olsenet al, 1995; Hansemrt al, 1999). In pea (Yangt al, 1993) reported the largest effect of
GA in internodes less than 25% expanded. Althouglh elongation and cell division in the
subapical meristem were not recorded in the predadyy, action of UV-B on cell elongation and
cell division in shoot tips of pea plants like ither species (Liet al, 1995; Kimet al, 1998;
Kakaniet al, 2003; Wargenet al, 2009; Hectorst al, 2010; Jianget al, 2011; Bieveret al,
2014), is apparently mediated through reductiaiheicontent of the bioactive GAEarlier studies

have demonstrated reduction in levels of bioacté#& in apical stem tissue in response to
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temperature drop treatment or lower day than riigimperature, including in pea (Grindglal,
1998; Stavanet al, 2005; Stavangt al, 2007). Here such a trend was also observed,sasttd
above, UV-B decreased the @levels further when provided under the 6 h daypperature drop

period.

Significantly reduced levels of the precursorshaf bioactive GA, i.e. GA GA1, GA2o, and the
first inactivation product G4 in apical stem tissue in response to daily UV¥Batment,
independently of temperature (Figs. 1 and 4), migdiicate that GA biosynthesis as well as GA
inactivation are affected by UV-B. Inspection of tfatio of GAua, GA1g or GAxo to their immediate
precursors (Fig. 5) and the transcript levels ef @A biosynthesis genes (Figs. 1 and 8) did not
reveal any consistent effect of UV-B on any GA piubetic step that could easily explain the
decrease of G&, GAw9 and GAo in apical stem tissue. On the other hand, thesaif the GA
inactivation products GAand G/Aes to their precursors, GAand GAo, respectively, increased
significantly in response to UV-B (Fig. 5). Thispgorts that GA inactivation is enhanced by UV-
B. Increased transcript levels of any of the GAthation gene§A2o0x1andGA20x2in the apical
stem tissue should then also be expected, butdhis not be detected (Fig. 8). However, exposure
to temperature drop only significantly increased titanscript level o6A20x2by about 3-fold in
apical stem tissue (3 h into the temperature dregtrinent) compared to constant temperature at
the same daily mean temperature. Such an increasasistent with earlier studies of pea exposed
to temperature drop or lower day than night tentpeegStavangt al, 2005; Stavangt al, 2007).
Also, transfer ofA. thalianaseedlings from 20 to 29°C under constant lightilted in decreased
transcript levels of &A20x i.e. AtGA20x1(Stavang et al., 2009l should be noted that several
GA metabolism genes exhibit diurnal variation ieithexpression, and that of the two pea GA-

inactivation genes studied, particulaRgGA2o0xshows a prominent diurnal variation (Stavatg
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al., 2005). After twelve days under lower day thanhhigemperatureGA2ox2transcript levels
were very high during the first half of a 12 h pdpm#riod compared to under higher day than night
temperature or constant temperature, all at thee shaity mean temperature (Stavaial, 2005).
However, later in the day, there were no differsnage levels of this transcript in the three
temperature regimes. In light of such diurnal #oig it cannot be excluded that transcript levels
of the GA inactivation genes could be more cleaffgected by UV-B at other time points than
three hours into the 6 h daily UV-B exposure. Femihore, although GA metabolism occurs in
shoot apices, parts of the GAs present in apieah sissue might also result from transport from
leaves or other plant parts (Kirg al, 2008; Yamaguchi, 2008). Accordingly, the level<GAs
and transcripts of GA metabolism genes in a spepléint part do not necessarily strictly correlate.
Also, it cannot be excluded that different develepmal stages of the harvested internodes might

have masked any differences during specific devatogal stages.

In addition to the effect of lowered temperatureimy the light phase o®A2oxgenes, &5A20x
(GA20x7) gene was previously shown to be induced by sass inA. thaliana(Magome et al.,
2008. Collectively, these results and the increasadgsatf the GA inactivation products GAnd
GAz9 to their precursors GAbioactive) and Ghv(precursor of GA), respectively, in apical stem
tissue in the present study might imply a genexial of GA inactivation in adjusting growth under
conditions unfavourable for extensive shoot eloiegatHowever, in line with the current view on
UV-B, such adjustment of GA levels and accordingdguced shoot elongation in response to
ambient UV-B levels can be considered part of thepéive behaviour of plants to the environment,

rather than stressful (Hectagsal, 2007).
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Unlike demonstrated for IAA in leaves at leasAirthalianaand rice (Huangt al, 1997; Hectors
et al, 2012), no effect of UV-B on IAA levels or the orded IAA conjugates (IAA-Asp and I1AA-
Glu) in apical stem tissue was observed in thepbaats from the two temperature regimes (Fig.
6). Thus, although stem elongation like leaf expamsvolve both cell division and cell extension,
and IAA is known to enhance stem elongation in Ipgatimulating cell extension (Sachs, 1965;
Yanget al, 1993; Yanget al, 1996; Donnellyet al, 1999), the obvious physiological differences
between the two organ types may involve differemeé®rmonal regulation in response to specific
environmental factors. Furthermore, the transdentls ofYUClandYUC2were not significantly
affected by UV-B or temperature drop exposure, pkeepossible slight trend of reduc¥dC1
transcript level under UV-B (Fig. 9). Is should beted that althouglyUC genes have been
suggested to be involved in IAA biosynthesis arel affected by light quality and temperature,
their role in specific steps of IAA biosynthesiscisrrently debated (Taet al, 2008; Stavan@t

al., 2009; Roset al, 2011; Tivendalet al, 2014).

UV-B reduces contents of bioactive G&nd IAA in young leaves

The level of bioactive GAIn young leaves was reduced by a 6 h daily UV-Bosxire in the middle
of the light period when provided under constantperature (59%,<0.05) and temperature drop
treatment (23%, trend only) (Fig. 4). GA is welldwn to act in stimulation of leaf and petiole
expansion (Jones & Kaufman, 1983; Chandler & Rabert 1999; Richardst al, 2001). The
initial phases of leaf expansion involve cell dietsin addition to cell expansion, whereas in the
late phase only cell expansion occur (Tsegeal, 1996; Donnellyet al, 1999). The earlier

demonstrated effects of UV-B on these basic growtitesses (references above, reviewed in
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Robsonret al, 2014) is thus likely to be at least partly meelihby the decreased content of GA
Significantly reduced contents of the first inaation product GAunder both temperature regimes
(55% under constant temperature, 40% under temperatrop) in response to UV-B, and
significantly increased GA level (55%) under constant temperature, suggasiGA inactivation

is affected by UV-B in young leaves like in apishbot tissue. This is supported by the increased
ratio of GApg to GApo (significant at g0.05 under constant temperature, trend of increager
temperature drop) and a trend of increase in tdt®As to GA: in young leaves of UV-B-exposed
plants (Fig. 5). Although not statistically sigedint at g0.05, the trends of increased transcript
levels of the GA inactivation gen€dA2ox2and GA2ox1support increased GA inactivation in
response to UV-B (Fig. 8). Whereas the GA20x1 ereymetabolise G& to GAx and further to
GA29 catabolite as well as GAo GAs, GA2ox2has a strong preference for &#s substrate rather
than GAo (Reidet al, 1992; Lesteet al, 1999). Thus, trends of increase in transcripéleof
GA2o0x1las well asGA20x2in response to daily UV-B exposure is consisteitl Whe increased
ratios of GAg to GAp and GA to GAw. This is also consistent with previously demoristta
increase in transcript levels GA2ox1in leaves ofA. thalianaexposed to UV-B (Hayest al,
2014). Furthermore, the trend of decreased leeB”ao (Fig. 4) and the significant reduction in
the ratio of GAop to its precursor GA in both temperature regimes (Fig. 5), indicates (BA
biosynthesis in young leaves also is also affebied)V-B. However, there were no consistent
trends in the transcript levels of the GA biosysthegenes, which could explain reduced GA
biosynthesis (Fig. 8). Like discussed above, trartsif GAs from other plant parts might also have
contributed to the GA content of the young leawas] lack of correlation between GAs and
transcript levels of GA metabolism genes. Alsogsitranscript levels of several GA metabolism
genes commonly fluctuate on a diurnal basis, inoate excluded that analyses of other time

points would have revealed such trends.
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In contrast to in apical stem tissue, the levélat decreased in the young leaves of pea in regpons
to the daily UV-B exposure (significant at@05 under constant temperature, trend only under
temperature drop; Fig. 6). This is consistent wetbults from previous studies Af thalianaand
rice (Huanget al, 1997; Hectorset al, 2012). Although the reduction in IAA content walatively
limited in our study, even small changes in IAAdis/can alter leaf extension, and regions with
high cell division activity typically have high 1Adevels, and areas of cell expansion lower IAA
content (Ljunget al, 2001). The reduced IAA level is consistent with teduced cell division and
cell expansion observed in leaves of UV-B expodeadtp (Robsoret al, 2014 and references
therein). The significant effect of UV-B on theicadf the IAA conjugates recorded (IAA-Asp and
IAA-Glu) to IAA in the young leaves in the presestudy (Fig. 6) indicates that the reduced IAA
levels are due to enhanced conjugation. Indeeckff@ct of UV-B on up-regulation of genes

encoding IAA conjugation enzymes has been demdestiaA. thaliana(Hectorset al, 2007).

Levels of ABA and some ABA inactivation productg affected by UV-B

The content of ABA and the inactivation productdDéfA and neo-PA in apical stem tissue were
significantly lower in the UV-B-treated comparedth@ control plants (Fig. 7). Although reduced
levels of ABA and ABA inactivation products in shadgps were also reported earlier in plants
exposed to light quality (R light) reducing plamtight (Weatherwaset al, 1996; Kurepiret al,
2007; Islamet al, 2014) the significance of such a reduction idegnc In young leaves there were
also trends of decrease in ABA in response to U\aBd the inactivation product DPA was
significantly reduced (Fig. 7). Such a trend of@y-B induced decrease in ABA differs from

earlier published results from leaves of speclesnnaize and grape wine, where increase in ABA
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in response to UV-B was shown to stimulate productf UV-B protecting compounds (Bedt
al., 2010; Tosset al, 2014). The reason for this difference remainsieq but nevertheless, levels
of certain flavonoids known to protect against UY#Bcreased in response to UV-B also in the

pea plants of the current study (unpublished rgkult

Conclusions

In this study UV-B-exposure was shown to reduceosteongation in pea plants more when
provided under a daily temperature drop treatntert inder constant temperature. UV-B-induced
inhibition of shoot elongation and leaf expansiopéa was generally shown to be associated with
modulation of GA metabolism in shoot apices andrall metabolism of GA and IAA in young
leaves. Reduced level of the bioactive :GAresponse to UV-B is apparently due to incredsad
inactivation in both tissues, and probably alsorel@sed biosynthesis, at least in leaves. Reduced

level of IAA in leaves appears to be associatet witreased IAA-conjugation.
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Fig. 2. Impact of 6 h daily UV-B exposure (+UV:BUV-B: control plants not exposed to UV-B)
in the middle of a 12 h photoperiod at two diffdrégmperature regimes; constant temperature
(CT; 20°C) and a 6 h daily temperature drop (TD;-213°C; same daily mean temperature as CT)
on shoot elongation of pea plants. The resultsre@n + SE of 6 individual plants in each of three
repeated experiments (n=18). Different lettersdatk significance differences at p.05 (One-

way ANOVA followed by Tukey's test).
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Fig. 3. Effect of application of gibberellic aci@fz) on shoot elongation of pea plants exposed to
6 h daily UV-B exposure (+UV-B= with UV-B; -UV-B ;o UV-B) in the middle of a 12 h
photoperiod under a constant temperature (20°C)Ay under a 6 h daily temperature drop (TD;
21 —13°C; daily mean temperature 20°C; B, D). 10 ugz:@#dled circle) was applied in two
separate experiments per plants, either in 1ul 88%nol to apex (A, B) or 10 pl 96% ethanol to
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are the mean £ SE of 10 plants in each case.
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Fig. 4. Effect of 6 h daily UV-B treatment (+UV-®) the middle of the light period for 10 days
on gibberellin levels (GA) in pea plants under t@mperature regimes (constant temperature (CT
= 20°C); and during a 6 h daily temperature drdp €21—13°C)). Results are the mean = SE of
three repeated samples, each consisting of 6 pRrfterent letters indicate significant difference

at p< 0.05 (One-way ANOVA followed by Tukey's test).
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41



3000

2500 1

2000 +

1500 +

1000 +

500 +

¢]

2500 +

ng mg'lDW

500 +

60 T

40 +

<o

10 1

Total Conjugated IAA : TAA
o)}

Fig. 6. Effect of 6 h daily UV-B treatment (+UV-®) the middle of the light period for 10 days
on levels of indole-3-acetic acid (IAA) and the 1AAnjugates IAA-Aspartate (IAA-Asp) and
IAA-Glutamate (IAA-Glu) in pea plants under two tperature regimes (constant temperature (CT
= 20°C); and during a 6 h daily temperature drdp €121—13°C). Results are mean * SE of three

repeated samples, each consisting of 6 plantsei@ift letters indicate significant difference gt p

2000 +

1500 +

1000 +

Leaf Stem
I |AAI ‘IA/\
a
a & a
a
€ be &
! } ' ! |
IAA-Asp IAA- Asp
a . 4 a a
a
a
= =
a
‘ ' " IAA-Glu ' IAA-Glu
a
a a b I T ab
a il 3
a . =
a 1
" ab
sl
a
a a a
1 = =
S G® a® <O Y Ga® G® <O
o o v o

Treatment

Treatment

0.05 (One-way ANOVA followed by Tukey's test).

42




180

160 +
140 +
120 +
100 +

Total ABA metabolite : ABA

Fig. 7. Effect of 6 h daily UV-B treatment (+UV-®) the middle of the light period for 10 days
on levels of abscisic acid (ABA) and ABA metabdlita pea plants under two temperature regimes
(constant temperature (CT = 20°C); and during adaily temperature drop (TD = 2113°C)).

PA: Phaseic acid; DPA: Dihydrophaseic acid. Resalésmean = SE of three repeated samples,

each consisting of 6 plants. Different letters @ade significant difference a&.05 (One-way

Leaf Stem
I I ‘ABA ABA
a
T a
| ab
a a b
PA PA
a
-4 a
| a 1
a a
7 ﬁ 7 ’%‘a a I
' ' DIPA ' ' ' DPA
ab -
ab {
- a
| b
ab =
| : ’}‘
a
a
a == T U

Cﬁq i’)q <0
’KX P

Treatment

’( DX O

CXd 321y - K

GX%*O
reatment

ANOVA followed by Tukey's test).

80

60 T

43

Leal %tenq
7OH ABA 70H -ABA
il
a
: ﬁ ’_:l_‘ ’}‘
neo-PA nco-PA
a
a a 1 .
a
a T a
’J[‘ | b FE‘
S By B <D g o O
i T ® < CEIRN-Y S
AL
C’(X O o %50
Treatment Treatment




Leaf Stem Leaf Stem

2.0 u i u i y : y = 70 —it ——+ bt
s 1S GA200x! GA200x1

60 T T T

a a

1.5 + T T 50 1

a a 2 40 1

a

a 4 1
1.0 + a T T 30 + .
a
0.5 T T T 10 + ﬁ ﬂ b h b 2 b
| ; ; | smma [ o
g GA3oxd! GA3ox!
0.0 + t t t } : + } 1 1 1

a

ﬁﬁ%ﬁ;%aﬁﬁ“

W

t
<

Relative transcript level

(=T S O T = =

Relative transcript level
o o=
< S S W (=] — 9] W
P - .
= S S—
8
[ (=] —
iy
=

>
&

L

HH

[

1 T GAZ2ox2 GAZ0x2
0.5 + ﬁ T
a
PP KB ® ﬁ" 1T a T “ 1
CVRYT VRO
T T 1 [ 2peb?
reatment reatment
o Bl & &
‘&\\ ® «,\3 S q R «0
Treatment Treatment

Fig. 8. Effect of 6 h daily UV-B treatment (+UV-®) the middle of the light period for 10 days
on transcript levels of earhL§ LH, NA) and late stage gibberellin (GA) metabolism genes
(GA200x1 GA30x1 GA2oxlandGA20x3 in pea plants under two temperature regimes {aans
temperature (CT = 20°C) and during a 6 h daily terafre drop (TD = 23:13°C)). The transcript
levels, normalized against-tubulin, are shown as mean + SE of fold changetixa to CT in
apical stem tissue. Three repeated samples, easlsting of 6 plants, were analyzed in each case.
Different letters indicate significant differencepa 0.05 (One-way ANOVA followed by Tukey's

test).
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Fig. 9. Effect of 6 h daily UV-B treatment (+UV-B) the middle of the light period for 10 days
on transcript levels of theUClandYUC2in pea plants under two temperature regimes (aohst
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significant difference at90.05 (One-way ANOVA followed by Tukey's test).

45



Table 1. The genes, their Genebank accession nantberprimers and the probes (TAMRA; Applied b&isyns) used for the gRT-PCR analysis

of transcript levels of GA metabolism genes in pleents.

Gene Primer and Probe sequences (5 to 3") (Gen-Bank
accession number)

a-Tubulin Fw: TGAGGGAGTGCATTTCGATTC u12589
Rw: AGCTCCCAGCAGGCGTTT
P: CATCGGTCAAGCCGGTAT CCGGGTA

GAZ20x1 Fw: CATAGCTCCTTCTTTATCAATGTTGGT AF056935
Rw: TGCCATTTGCCAAAACTCTATGT
P: ACTTTTGAACCTCCCATTAGTCATAACCTGAAGA

GA20x2 Fw: GGT TGA TAA GCC CGT TAT CGA A AF100954
Rw: GGC CCA TGT AAA GGG CCT ATAT
P: TGG TGA CGG CCC ATAGCC CAT G

GAZ200x1 Fw: CAT TCC ATT AGG CCA AAT TTC AAT u70471
Rw: TGC CCT ATG TAAACAACT CTTGTATCT C
P. CAATAT TGG TGA CAC CTT CAT GGC TCT TTC A

GA3ox1 Fw: TTC GAG AAC TCT GGC CTC AAG AF001219
Rw: ATG TTC CTG CTAACT TTT TCA TGG
P: TCATCA TAT TGC ACG ACAATA TCA CAG AAT CTG G
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Na Fw: CTT AAT CAT GGA GTT AGA GCT ATG CAA AF537321
Rw: TTC CTAGCC TTG AGC GCT TTA
P: TCAATG TTC CTG GAT TTG CAT ACT

Ls Fw: TTATTT GAA CAT ATT TGG GTG GTT GA AY245442
Rw: CAATCT TTG ATC TCATGT CGA AAA A
P: CGT CTC GAA CGC CTT GGA ATATCT CGA

Lh Fw: TGG ATA AGC AAC TTG TGG GAA AA uU63652
Rw: CCG CTT GGG CAT ATT TCT CAT
P: CCA GAC CAG TGG ATC CCAGAGAGATTT CTT

Key: Fw, forward primer; Rw, reverse primer; P, lpgsequence (TAMRA,; Applied Biosystem)
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Table 2. The genes, their Genebank accession napdrat the primers sequences used for the qRT-8GHysis of transcript levels of

YUCCAgenes in pea plants.

Gene (GenBank accession number) Primer sequences3h

YUC1(HQ439907.1) Fw: GGTGATGGAAGGTGTGAAGG
Rw: AGCCAACTAGGCACATTGCT
YUC2(HQ439908.1) Fw: ACGATCGGTTACGTCTCCAC

Rw: CGAATTCGGCAT CATTTTTCACT

Key: Fw, forward primer; Rw, reverse primer
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Table 3. Impact of 6 h daily UV-B exposure (+UV-BIV-B: control plants not exposed to UV-B) in thedaile in the light period for 10 days
on morphology of pea plants at two different terapgne regimes (constant temperature(2@nd during a 6 h daily temperature drop{213°C;
same daily mean temperature as CT)). Results ame m8E of 6 individual plants in each of threesapd experiments (n=18). Different letters

in a column indicate significant differences at@05 (One-way ANOVA followed by Tukey's test).

Temperature uv Internode lengthNumber Total leaf area Specific leaf
(cm) of leaves (cnP) area (cmg?)
Constant temperature (20 -Uv-B 4.9+0.1a 5.0+0.0a 81.1+3.1a 700.2+49.8a
+UV-B 4.6x0.1a 4.7+0.2a 52.6+4.6¢ 577.1+97.9a
Temperature drop (2213°C) -Uv-B 4.6+0.0a 4.7+0.2a 74.745.7ab 681.2+13.5a
+UV-B 3.4+0.1b 4.31+0.2a 61.09+2.2bc 634.6+£62.8a
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Abstract

In Arabidopsis thalianaCOP1 and HY5 are central players in UV-B sigmaliasulting in
formation of UV-B-protecting compounds and alteredrphogenesis. However, information
about UV-B signaling in other species is limite@n@pact morphology under UV-B is thought
to contribute to lower susceptibility to UV-B bydécing UV-B interception. In pea, we have
demonstrated a UV-B-induced reduction in contehts@active GA in shoot tips and young
leaves. However, whether GA levels, and thus degfeextension growth, affect the
susceptibility to UV-B, are unclear. We here aimtednvestigate the roles of the HY5 and
COP1 homologs LONG1 and LIP1 in pea in protectionards UV-B-related damage and
altered morphogenesis under UV-B as well as threcetif GA in these responses. Consistent

with LONG1 and LIP1 as UV-B signaling compoundspea, thelongl and lipl mutants



exhibited hypersensitivity and higher resistanc&6B compared to the WT, respectively,
probably due to their lower and higher levels &afic flavonoid glycosides. The dwarfésl
GA biosynthesis mutant and the elongdtedry-s GA signaling mutant, which behaves like
being GA saturated, were both more resistant toBJMlated damage than the WT, probably
due to higher levels of specific flavonoid glycassdas shown ite. GAz application did not
affect the sensitivity to UV-B-related damage. Téwegl, cry-sandle mutants did not exhibit
UV-B reduction in elongation growth, except a stigieight reduction in thie mutant when
UV-B was combined with temperature drop. Tip& mutant behaved similar to the WT. These
studies demonstrate that LONG1 and LIP are es$&htid signaling components in pea, and
that GA content and degree of extension growth atoaffect susceptibility to UV-B-related
damage. However, ability to adjust the GA levelsl @A response is required for UV-B-

induced reduction of elongation growth.

Key words: Flavonoids, Gibberellin, LIP1, LONGPjsum sativumUV-B, UV-B signaling



1. Introduction

Plants are well known to modify their moleculaddnochemical processes as well as their
morphology to adjust themselves to environmentalddmns like UV-B radiation, high
irradiance and low temperature (Havaux & Klopplte2001; Santost al, 2004). The UV
spectrum is divided into three regions dependintherwavelengths and energy; UV-<C280
nm), UV-B (280 -315 nm) and UV-A (315- 350 nmhwhich UV-C and UV-B are the most
energetic (Rozemat al, 1997). However, all the shortest wavelengthsuidiclg the UV-C
region and most of the shortest wavelength regidsv-B, are filtered out by the atmospheric
ozone before it reaches the earth’s surface, gbiler UV-A passes almost unaltered through
the atmosphere. At natural conditions, the levélsd-A and UV-B radiation reaching the
ground surface, are affected by different factoxduding altitude, latitude, season, cloud

pattern and time of the day (Madroniehal, 1998; McKenzieet al, 2001).

Plant responses to UV-B and UV-A vary betweemfpipecies and background light quality,
and negative effects of UV-B on DNA can be ametiedeby a UV-A and blue light-activated
DNA repair mechanism through the enzyme photoly@gison et al, 2001; Ibdahet al,
2002). UV-B radiation is also well known to induttee biosynthesis of UV-B protecting
phenolic compounds such as flavonoids, which ash#dding components and antioxidants
in the defense against high levels of reactive erygpecies (ROS), formed among others in

response to UV radiation (Day, 1993; Baial, 1997; Jenkins, 2009).

Although high UV-B levels may cause general stnesponses, plants are generally well
protected towards UV-B in nature. However, soméwated species or cultivars may be more

sensitive towards UV-B due to breeding which hatuced the contents of UV-protecting



compounds such as flavonoids (Bareésl, 1988; Liet al, 1993; Jenkins, 2009). There are
also differences in the sensitivity to UV-B amonfiedent plant species. It has been reported
that plants distributed along low latitudes or haititudes where UV-B levels are the highest,
have more pronounced adaptive mechanisms thanspfesrnh higher latitudes or lower
elevations (Sullivaret al, 1992; Turunen & Latola, 2005). Moreover, variapiin UV-B
sensitivity between different crop species has breported (Barnest al, 1990; Daiet al,

1994)

Light-induced changes in plant growth and developmae complex and known to be
regulated through multiple pathways. Plants haversge of photoreceptors perceiving
different parts of the light spectrum; the red &ared-light perceiving phytochrome system,
the blue light UV-A- perceiving cryptochromes, pbinbpins and Zeitlupe family members as
well as the UV-B-sensor UVR8 (UV RESISTANCE LOCU} &hich so far has only been
identified inArabidopsis thaliangKliebensteinet al, 2002; Brown & Jenkins, 2008; Rizzini
et al, 2011). A range of reports has indicated that @ieaeptor localization is mainly affected
by the light quantity and quality (Nag al, 2000; Kircheret al, 2002; Baueet al, 2004). In
dark-grown seedlings of\. thaliang phytochrome A (phyA) is localized in the cytosol,
whereas phy B to phy E are predominantly localirettie cell compartment. Similarly, it was
observed that i\. thaliang the UVR8 protein is localized in the cytoplasmvedl as the
nucleus, and that UV-B irradiation enhances itauaudation in the nucleus (Browet al,

2005; Kaiserli & Jenkins, 2007).

In the nucleus the dimeric UVR8 forms monomerssponse to UV-B, and the monomer then
interacts with CONSTITUTVELY PHOTOMORPHOGENIC 1 (®&Q) (Favoryet al, 2009;

Rizzini et al, 2011, Cloixet al, 2012; Jenkins, 2014). COP1 appears to affectdh®e genes



as UV-B, indicating that UVR8 and COPL1 act togetimlJV-B responses (Favorgt al,
2009). InA. thalianaCOP1 has been shown to be part of an E3 ubidigise complex, which
in dark-grown seedlings targets positive regulatafs photomorphogenesis like the
transcription factors ELONGATED HYPOCOTYL 5 (HY5haédHY5 HOMOLOGUE (HY5)
for destruction (Osterlundt al, 2000; Lau & Deng, 2012). Opposite to this, inp@sse to
UV-B, COP1 promotes expressiontd¥5in addition to a wide range of other genes (Oravec
et al, 2006). Thus, although COP1 has been shown to ascta repressor of
photomorphogenesis, it apparently acts positivelyV-B-related photomorphogenesis (Lau
& Deng, 2012; Jenkins, 2014). This may be assatiaf¢h inactivation of the E3 ubiquitin
ligase activity of COP1 upon interaction of COP1thWiVR8, by which HY5 is stabilized and
protected from degradation under UV-B (Huat@l, 2012). On the other hand, as mentioned
above, when UV-B is not present, the UVR8-COP1 demjs not formed and COPL1 targets
HY5 for degradation. However, the mode of actionUd-B on HY5 appears to be more
complex since more degradation of HY5 was obsemvedpl mutants than in the wild type
(WT) after UV-exposure (Jenkins, 2014). Furthermdi#®5 has been shown to stimulate

expression o€OP1hby binding to its promoter (Huareg al, 2012).

Flavonoids, which accumulate in the epidermal armdegpidermal cell layers, act in protection
against UV-B, and plants lacking flavonoids aresthighly UV-B sensitive (Liet al, 1993;
Landry et al, 1995; Janseert al, 1998; Tilbrooket al, 2013). HY5 is known to stimulate
expression of genes involved in the productionafdnoids (Browret al, 2005; Tilbrooket
al., 2013). Consistent with thiky5 mutant plants are hypersensitive to UV-B (Broeiral,
2005; Brown & Jenkins, 2008). Flavonoid biosyntBess largely regulated at the
transcriptional level, and UV-B has been shown rianmpte expression of theHALCONE

SYNTHASHCHS and FLAVONOL SYNTHASHEFLS) genes, which are involved in the



biosynthesis of all flavonoids and the specifizdiaoid group denoted flavonols, respectively

(Lepiniecet al, 2006; Jenkins, 2008; Strackeal, 2010).

In visible light-related photomorphogenesis HY5 agmtly acts in light signaling through
crosstalk with plant hormones (Alabatial, 2008; Cheret al, 2008; Welleret al, 2009; Li

& Huang, 2011a). Elongated hypocotyls and lategalts in hy5 mutants also support the
involvement of hormone-related genes in the HY Julatgry network (Li & Huang, 2011b; Li
etal, 2012). Homologs dEOPlandHY5genes, denotddP1 andLONG1 respectively, have
been described in pea, and LONG1 was shown to smmbé involved in up-regulation of the
GA inactivation gené&sA2-oxidase ZGA2o0x2)after transfer of dark-germinated seedlings to

light (Welleret al, 2009).

In the greenhouse industry control of shoot elangadf ornamental plants and transplants of
vegetables is essential since more compact platispy less space in the greenhouse, are
easier to handle and transport and might have highmamental value. To obtain compact
plants, chemical growth regulators are commonlydubait due to their potentially negative
effects on human health and the environment (Dér€as al, 2004; Sgrenseet al, 2009),
alternative methods are highly interesting. In terape areas daily temperature drop treatments
or lower day than night temperature are commongdus control shoot elongation since such
conditions can be obtained by opening the greerthoests (reviewed in Myster & Moe,
1995). In pea such treatments decrease the levddiazfctive GA through enhanced
inactivation due to increasdslA2o0x2expression (Grindadt al, 1998; Stavangt al, 2005;
Stavanget al, 2007; Stavangt al, 2010). However, during warmer periods or in warareas
such treatments are not feasible without coolirggesys. Since non-damaging levels of UV-B

are well known to reduce elongation growth (asulised above), exploiting this response,



possibly in combination with a daily temperaturemltreatment, might be interesting as a tool
to control shoot elongation in greenhouses. Howesiace high levels of UV-B might result
in damage such as DNA-damage to plants (e.g. Hol2802), great care must be taken to

avoid this.

GAs are well known to control shoot elongation lants and has been shown to act through
inhibition of DELLA inhibitors (Yamaguchi, 2008)nIpea reduced shoot elongation and leaf
area under non-damaging levels of UV-B was showetassociated with reduced levels of
the bioactive GA apparently as a consequence of reduced inactivatid possible reduced
biosynthesis (Roret al.,Paper I). Although the susceptibility loy5 mutants to UV-B-related
damage was ascribed to reduced flavonoid cont@&rtsmh et al, 2005; Brown & Jenkins,
2008), it might also be hypothesized that theingaied phenotype due to high levels of

bioactive GA, as shown in pea (Welkdral, 2009), adds to the UV-B susceptibility.

To our knowledge, involvement of HY5 and COP1 in -BVsignalling has so far been
demonstrated ii\. thalianaand information in other species is scarce. Thugxtend the

knowledge on UV-B signaling to other plants thanthaliang we aimed to evaluate the
involvement of the HY5 and COP1-homologs in peaNiGand LIP1, respectively, in UV-B

responses in pea. To shed light on this, effect$6B on shoot elongation, flavonoid contents
and DNA damage in pea plants mutated in LONG1 difd Las compared to the WT, were
studied. Furthermore, to test the hypothesis tigth IGA levels might make plants more
susceptible to UV-B-related damage, we also studiéelcts of mutation in the pea GA
biosynthesis genkE (Lesteret al, 1997), application of GA and mutation in the two GA

signalingDELLA genes described in pdah andCRY ,which act as negative regulators of GA

action (Westoret al, 2008). Since a combination of UV-B and a dailynperature drop



treatment might potentially be interesting as d to@ontrol shoot elongation in greenhouses,
the effects of UV-B on shoot elongation under cansttemperature and under a daily

temperature drop exposure were studied.

2. Materials and methods

2.1. Plant materials and pre-growing conditions

Seeds of wild-type of pe@isum sativuni.., cv Torsdag) and the pea mutatasgl, lipl, le
andla cry-swere sown in 11 cm pots containing a standardlifexti sphagnum peat (Tjerbo
Torvabrikk, Rakkestad, Norway) and perlite (3:Wv/The pre-treatment cultivation was done
in growth chambers (75 x 80 x 80 cm; manufacturgdNlmrwegian University of Life
Sciences). During the pre-cultivation period thevgh conditions were adjusted to a constant
temperature of 2@, a 12 h photoperiod, a photosynthetic photon élarsity (PPFD) of 100

i mol m? st supplied from fluorescent tubes (MASTER TL-D Sugér36W/840 Philips,
Eindhoven, The Netherlands) and a red: far-redRRr&tio of 1.7, achieved through addition
of incandescent lamps (Osram, Munich, Germanyadlance was measured with a quantum
sensor (Model L1-185 quantum sensor; Li-COR, LingblE, USA). The air humidity in these
chambers could not be precisely controlled, bugstraith water were placed beneath the
bottom plates of the chambers, according to Stawngl, (2005). The pre-treatment

cultivation ended at day 6 after sowing when tt@phad 1-1.5 cm long shoots.



2.2. Experimental conditions

At day six after sowing, plants were transferredifferent treatments: 1) constant temperature
(CT) at 20C and 2) a 6 h UV-B treatment in the middle of tlehllight period under CT 3) a
so-called temperature drop treatment (TD) wheratplavere grown at 2€ except for 6 h in

the middle of the light period when temperature was reduced fronfQ1o 13C for 6 h and

4) a 6 h UV-B treatment provided in the middle lué t12 h light period together with the TD
treatment. The daily mean temperature w&€ 20 all cases and all other conditions and the
growth chambers were as described above. Two ee tbi/-B fluorescent tubes (UVB-313,
Q-Panel Co., Cleveland, OH, USA) were used. A tnib8thick cellulose diacetate foil (Jirgen
Rachow, Hamburg, Germany) put 10 cm under the Usrps, was used to filter the shortest
part of the UV-wavelengths, i.e. wavelengths beR80 nm. Since the chamber walls were
non-reflecting with respect to UV-B, to obtain maeen UV-B distribution in the chambers,
the inner chamber walls were laminated with aluminioil before the start of the UV-B
treatment. The fluence rate of UV-B was measurethatstart of the experiments with a
broadband UV-B sensor (SKU340, Skye Instrumenta)BpUK) at all sides of a tetrahedron
at the top of the plant canopy in the middle ofhreabamber according to (Bjorn, 1995).
Simultaneous measurement with this broadband U\éssr and an Optronic model 756
spectroradiometer (Optronic laboratories, Orlarfela, USA) generated a calibration factor,
which was used for calculation of the absolute U\rRdiation. In different experiments
absolute UV-B was approximately 0.25, 0.35 or 0.51#& about 15 cm above the chamber
floor (see figure legends for details on UV-B lejelThe efficiency of the UV-B tubes was
reduced by 25% under the temperature drop comparadder constant temperature, so the
UV-B levels could not be directly compared underaifl TD. In experiments with genotypes

of different heights, stacks of empty pots wereynder the shortest plants and the height of



the pot stacks were adjusted as the plants greengare the shoot apices were at the same
height. The experiments were performed twice. Fi@rght of 10-15 plants per genotype was

recorded in each of two experiments.

2.3. Application of GA

To evaluate if exogenously applied gibberellic a@&Rs3) affect the susceptibility to UV-B
related damage, GASigma-Aldrich, St. Louis, MO, USA) was appliedfist unfolded leaf.
On the second day of 10 days of UV-B exposure3 %/ m?, when the first leaf had unfolded,
10 pg GAin 10 pl 96% ethanol or 10 pl 96% ethanol only ¢ltreatment) were applied to
each of ten plants. Control plants that did noenex GAs or ethanol under the UV-B exposure

were included for comparison

2.4. Analysis of flavonoids by HPLC

After 10 days of UV-B exposure, the lamina of thied leaf above the soil was collected from
each of 10 plants per genotype. Such leaf matefias 10 plants per genotype were also
collected from control plants not exposed to UVIBe leaves were dried in a drying cabinet
at 30°C for two days and then the middle veinsettbles were removed with a scalpel. The
leaf materials were then weighed on a micro-sddktt{er Toledo, Oslo, Norway) and the leaf
material from individuals plant transferred to widual Precellys vials, each containing one
stainless steel bead of 5 mm diameter. After agldibf 600 pl methanol (MeOH) to each vial,

the samples were homogenized on a Precellys 24 demmer (Bertin Technologies,
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Montigny-le-Bretonneux, France) for 30 sec at 660. The samples were then placed in an
ice bath for 15 min, homogenized again for 15 seafrifuged at 15,000 rpm for 3 min and

the supernatant of each sample poured into a gkeas tube. The residue was added 600 pl
MeOH, homogenized for 30 sec and again centrifugjéd.last procedure was repeated three

times, and the residue was then colorless.

The methanol was evaporated from the test tubdsamiacuum concentrator (Eppendorf AG,
Hamburg, Germany) at 30 for 1 h, and the dried extracts stored in thezZee€-20°C) until
HPLC analysis. The phenolic compounds were analpreain Agilent HPLC (Agilent, Series
1100, Germany), consisting of a binary pump (G1312& thermostated autosampler
(G1329A), a thermostated column oven (G1316A) adide array detector (G1315B). The
phenolic metabolites were separated using an OOfdif C18 (4.6 x 50 mm) HPLC column
(Thermo Scientific, Waltham, Massachusetts, USAEe $amples were re-dissolved in 400 pl
methanol : water (1:1) and eluted (flow rate 2 mih41) using a methanol : water gradient
(Julkunen-Tiitto and Sorsa 2001). The auto inject@lume was 20 ul, and all runs were
performed at +30 °C. The phenolic metabolites vigeatified by comparing their retention

times and UV spectrum with those of commercial déads.

2.5. Extraction of DNA

After 10 days under the different treatments, #miha of leaf number 3 as counted from the
basis of the plant, was harvested into liquid gieno from each of 5 plants per treatment and
genotype and kept in darkness at -80°C until amalyide leaf materials were homogenized

by a Mixer Mill MM 301 (Retsch, Germany) and a DNg&Plant Mini Kit (cat no 69104,
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Qiagen GmbH, Germany) was used to extract total DNDNA extraction took place under
dim yellow light (Strand Filters, number 401 Yellp®trand Lightning Ltd, UK) to avoid

uncontrolled photorepair. The DNA concentration wia$éermined using a NanoDrop ND-
1000 Spectrophotometer (NanoDrop Technologies, W08A). Thereafter the samples were

stored at -20°C for some days until analysis of Did#nage.

2.6. Assay of DNA damage

Cyclobutane pyrimidine dimers (CPDs) were quardifisy enzyme-linked immunosorbent
assay (ELISA) using OxiSelét UV-Induced DNA damage ELISA Kit for CPD
Quantification (Cell Biolabs, Inc., USA) accorditg the manufacturer's instructions. DNA
samples were diluted to 2 pg tbr less in cold phosphate-buffered saline (PB3prbe
converted to single-stranded DNA. According to #ssay protocol, the absorbance of the
reaction mixture was measured on a microplate re@iechrom Asys UVM 340 with KIM,
UK) using 450 nm as the primary wave length. Fehgeeatment and genotype five biological

repeats (plants) were analyzed.

2.7.Statistical Analysis

To test for effects of the different treatmentse amay analysis of variance (ANOVA) was
performed using a completely randomized designguéiinitab software versions 16.1.1,
State College, Pennsylvania, USA), followed by Tyi&eest. Differences with g 0.05 were

considered significantly different.
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3.0.Results and discussion

Roles of COP1 and HY5 in UV-B signaling related farmation of UV-B protecting
compounds and UV-B-related photomorphogenesis teawar knowledge hitherto only been
demonstrated in the rosette plait thaliana Our study extends the knowledge on UV-B
signaling to a species showing an upright growtbithdue to internode elongation, by
demonstrating roles of the HY5 and COP1 homologpea, LONG1 and LIP1, in UV-B
control of shoot elongation and production of U\pBstecting flavonoids. In addition, since
LONG1 is known also to act in light-GA cross-tatkpea (Welleet al, 2009), and GA levels
were shown to decrease in response to UV-B expasyrea plants (Roret al, Paper 1), the
impact of mutation in GA biosynthesis and GA sigmglin the UV-B responses was evaluated.
We show here that adjustment of the GA levels er@A response is required for UV-B-
induced reduction in elongation growth, but thascaptibility to UV-B-related damage is

apparently not affected by GA levels or GA respcenseé degree of shoot elongation.

3.1. The longlandlipl mutants show higher and lower degree of U\eBited damage than

the WT

Under high, stressful UV-B levels leaf curling iswell-known UV-B photomorphogenic
response that reduces the leaf area (Greerddeaty 1997; Janseet al, 1998). Generally,
stressful, high levels of UV-B radiation are accamied by strongly increased production of
reactive oxygen species (ROS), which in turn canlten damage to biomolecules like DNA,
proteins and membranes (Hollosy, 2002). Among tlestrmommon DNA damage products

are cyclobutane pyrimidine dimers (CPD) (e.g. Bi95; Hollosy, 2002; Let al, 2002; Lo
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et al, 2005). In this study we evaluated UV-B inducédifddamage in different pea genotypes

by measuring the level of CPD.

Pre-experiments with different levels and duratiohdV-B showed that thipngl mutant was
highly vulnerable to UV-B-related damage. Evenradt® h daily exposure to 0.5 WhJV-

B for 10 days under a photosynthetic active ragiie(PAR) of 100 pmol Mis?! (same PAR in
all experiments, and UV-B always provided in theldié of the light period), where the WT
showed slight leaf curling only, tHengl mutant exhibited severe damage with leaf rolling,
chlorotic and necrotic spots, twisted tip and larittem. A UV-B level/duration that resulted
in quite severe leaf curling in the WT was letlmthelongl mutant, like 0.5 W m for 6 h
daily. Exposure to 30 min of about 0.25 WA iffrig. 1) or 0.35 W i (data not shown) UV-B,
resulted in a little or no leaf curling in the WAyt considerably more leaf curling in tlengl
mutant (Fig. 1). More UV-B-related visible damagetihe longl mutant than the WT was
associated with more than 5-fold higher CPD-levethielongl mutant (analysed in"Bleaf
from basis) after 30 min daily exposure to 0.25 Wimthe middle of the light period for 10
days (Fig. 2a). This is in accordance with theieareported higher susceptibility to UV-B of
the hy5 mutant than in the WT plants & thaliana(Brown et al, 2005; Brown & Jenkins,

2008).

Smaller or larger degree of leaf curling/damage whserved in the WT UV-B in the
experiments described here where 25-50 W WV-B was used in chambers with UV-B
reflecting walls (as measured from different sidesording to (Bjorn, 1995), using a “flat”
sensor). However, in an earlier study of pea whtiezehamber walls were not UV-B reflecting
and the absolute UV-B level (as measured from ghovas 0.45 W m, visible damage was

not observed in the WT (Rost al, Paper I). In this former experiment, plants weegrown
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in a greenhouse compartment (As, Norway, 58%39N 10°4738 °E) in May-July 2011,
when irradiance from natural light is normally hidihus, the higher PPFD during pre-growth
might have contributed to make these plants moreBUYblerant than in the present
experiments where plants were pre-grown in the graleambers at a PPFD of 100 pmol m
2. More damage when the plants were exposed to U8 all sides due to UV-B reflection
from the chamber walls could probably also be ascrito considerably lower UV-B screening
in the lower than the upper leaf surface, and theeper penetration of UV-B into the lower
leaf surface. IVicia fabaleaves UV-B screening was shown to be 2-4 fold évigi the upper
than the lower leaf surface (Markstadétral, 2001). In experiments where tlomngl mutant
was pre-grown in a greenhouse compartment in My20l 1, and thereafter exposed to 0.45
W m? in growth chambers with UV-B non-reflecting waltbe longl mutant exhibited leaf
curling/damage in contrast to the WT (results maiven forlongl, WT results in Roret al,
Paper I). This supports the hypersensitivity of libregl mutant to UV-B under conditions

where the WT was not visibly damaged.

Compared to the WT, tHg1l mutant in pea showed considerably less leaf auitirresponse
to 6 h daily U-B exposure at 0.25 W4tFig. 1) and 0.5 W i (data not shown) in the middle
of the light period for 10 days. Less damage watiguoed by the significantly lower CPD
levels in thdipl mutant (about 60%;8leaf from basis) than the WT after the UV-B expesu
at 25 W n?. Higher UV-B resistance in tHg1 mutant in pea than in the WT is opposite to
the situation reported for theopl-4mutant inA. thaliana(Oraveczet al, 2006). Thus, it
appears that the pea COP1 homolog LIP1 acts diffigriEom COP1 with respect to a role in
signaling leading to protection towards UV-B rethtdgamage. IPA. thalianait has been
reported that HY5 is stabilized and protected frdegradation when COPL1 interacts with

UVRS since the E3 ubiquitin ligase activity of CORXhen inactivated (Huargt al, 2012).
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Without this E3 ubiquitin ligase activity of CORY5 is not targeted for destruction, and thus
stabilized. | then follows that when UV-B is notepent, the UVR8-COP1 complex is not
formed and COPL1 targets HY5 for degradation. Howete situation appears more complex,
since more degradation of HY5 was observed irAthiaalianacoplmutants than in the wild
type (WT) after UV-exposure (Jenkins, 2014). If LIkh pea acts through the pea HY5
homolog LONG1 in UV-B responses, higher UV-B reaigte in thdipl mutant is consistent
with a situation with higher levels of the HY5 holog LONGL1 in thdipl mutant. Although
this remains to be quantified with respect to U\&iBraling, the previous study of visible
light-related photomorphogenesis has demonstratadtig interaction between LONG1 and
LIP1 (Welleret al, 2009). Thus, the involvement of LIP1 in UV-Bsi#ding seems to resemble
the situation described for visible-light-relatedoppmorphogenesis iA. thalianaand pea

(Osterlundet al, 2002; Weller et al. 2009).

3.2. The le GA biosynthesis mutant and la cry-ss@Aaling mutant show less UV-B related

damage than the WT

In addition to showing lower degree of UV-B relatimmage than the WT (Fig. 1-2), tijzl
mutant is dwarfed like tha. thalianacoplmutant. In accordance with being dwarfed,libe
mutant was shown to contain lower levels of bio&c®A than the WT (Welleet al, 2009).

In addition to the higher degree of UV-B relatedndage shown here in thengl mutant (Fig.
1-2), thelongl mutant is elongated like they5 A. thalianamutant. Thdongl mutant was
shown to contain higher levels of bioactive G#an the WT (Welleret al, 2009).
Furthermore, treatment with the GA biosynthesisikittbr paclobutrazol was reported to
enhance tolerance to elevated UV-B levels, at ledtht respect to photosynthesis efficiency

in soybeanGlycine ma¥ (Krauset al, 1995). Thus, we asked the question whether leigéi |
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of bioactive GA, and accordingly high degree of@helongation, might make plants more
susceptible to UV-B-related damage. In accordante such an idea, compared to the WT,
the le mutant showed less visible damage in responsentddly UV-B exposure at 0.25 W
m? (Fig. 1) and 0.35 W rhiUVB (data not shown) for 10 days. After the 0.25nW UV-B
treatment, thée mutant showed about 53% lower CPD level in tHdeaf from basis than the

WT (Fig. 2).

If it is true that low GA levels make plants moesistant to UV-B-related damage, it might be
expected that an elongated GA signaling mutantwsiyp a saturated GA response
independently of environmental conditions, wouldi@re susceptible to UV-related damage.
To test this hypothesis we investigated the eféé¢tV-B on visible damage and CPD levels
in thela cry-smutant of pea, which is mutated in the #BLLA inhibitor genesl(A andCRY)
described in pea (Westemnal, 2008). However, this mutant did not exhibit arsible damage
or leaf curling in response to the 10 days dailyr80 UV-B exposure at 0.25 W-fnor no or
only slight leaf curling (less than the WT) in respe to the 6 h daily exposure at this UV-B
level (Fig. 1). Correspondingly, after the 6 h gailV-B treatment théa cry-smutant showed
significantly lower CPD levels (80% less at 6 h B\exposure) compared to the WT (Fig 2).
Accordingly, the saturated GA response in the edted) slendea cry-sGA signaling mutant
does not increase the susceptibility to UV-B-relad@mage, but instead increases the UV-B

resistance.

3.3. Application of GAdoes not result in higher susceptibility to UV-@ated damage

To further shed light on the effect of GA on susitelity to UV-B-related damage, GAwas

applied to the lamina of the first leaf from thesiseof WT plants exposed to UV-B at 0.35 W
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m. As reported earlier (Roet al, Paper 1), GAapplication counteracted the inhibitory effect
of UV-B on shoot elongation (data not shown). Hoareafter 10 days of the UV-B exposure
no difference in leaf damage was observed betwémmtspwith a GA-applied leaf, mock
treatment with ethanol only or unapplied leaves.(B). Analysis of CPDs in thé“deaf from
the basis did also not reveal any significant ¢ftddhe G/ treatment on the levels of this
UV-B related DNA damage product (Fig. 2). AlthougAs undoubtedly reached the apex and
enhanced shoot elongation under UV-B, it might bhestjoned how much of the GAhat
reached the'8leaf. However, that the leaf curling was similail leaves (as shown for leaf
1, 3 and 4 in Fig. 3), including the youngest ofdesta not shown), which are known to be
strong sinks, irrespective of GApplication, mock treatment (ethanol only) or pplaation,

indicate that susceptibility to DNA-related damagaot dependent on GA content.

3.4. Lower and higher sensitivity to UV-B-relateahthge correspond with higher and lower

levels of specific flavonoids

Flavonoids and related phenolic compounds absoohglly in the UV region of the spectrum,
and cultivars and genotypes with high levels othscompounds are better protected against
damaging effects of UV-B radiation than plants watver levels (Murali & Teramura, 1986;
Cen & Bornman, 1993; Ormroet al, 1995; Gonzaleet al, 1996; Caasi-Liet al, 1997).
Consistent with this, mutants lacking UV-protectingmponents are highly sensitive to
ambient levels of UV-B radiation (Landeg al, 1995). To further evaluate the roles of LONG1
and LIP1 as a signaling component in formation B protecting phenolic compounds in
pea, the content of such compounds were analyzedRiC. Eighteen different phenolic
compounds were detected (Table 1). These includiéeraht glycosides of the flavonols

guercetin, kaempferol and myricetin as well asftéones luteolin and apigenin. These were
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previously shown to be major flavonoid compoundpea and a wide range of plant species,
e.g. vegetables like broccoBi@assica oleracer french beanRhaseolus vulgarjsand broad
bean Vicia fabg (Justesert al, 1998; Sultana & Anwar, 2008). The different glgittes of
a specific flavonoid followed very similar pattermsresponse to UV-B and with respect to

differences between genotypes (data not shownjvamnel accordingly grouped.

In the WT, the amounts of the glycosides of thedtels kaempferol and quercetin increased
significantly by 135% and 520%, respectively, ispense to a 30 min daily UV-B exposure
(0.35 W n?) for 10 days, whereas there were no such signifidifferences in théongl
mutant (Fig. 4). The generally lower level of topddenolic compounds in tHengl mutant
than in the WT and after UV-B exposure, comparean@xposed control plants, can to a large
extent be explained by the patterns of the glyassidf the flavones apigenin and luteolin,
which were present in the highest amounts of treeriecorded groups of flavonoid glycosides
(Fig. 4). Although the contents of the glycosidésgigenin were generally about 70% lower
in the longl mutant than in the WT, apigenin as well as luteajlycosides decreased
significantly in response to UV-B in the WT (65%0a®9% decrease, respectively) as well as
the longl mutant (62% and 78%, respectively) (Fig. 4). Thiisis plausible that the
hypersensitivity to UV-B related damage in tbagl mutant (Fig. 1-2) is rather associated
with its lack of induction of kaempferol and qudmeglycosides under UV-B. These
observations are consistent with an important cdleONGL1 in pea in the UV-B signaling
leading to formation of these UV-B protecting comapds, similar to HY5 inA. thaliana

(Jenkins, 2014).

In response to a 6 h daily UV-B treatment at 0.5"&/for 10 days, thdéipl mutant and the

WT both showed a large increase in the levels efikaferol glycosides, with close to 360%
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increase in both cases, as compared to contraisphan exposed to UV-B (Fig. 5). Also, under
UV-B, thelipl mutant contained about twice the levels of kaengpfglycosides as the WT
(Fig. 5). Furthermore, whereas no significant iase2in quercitin glycosides was observed in
the WT (only a trend of increase), the content vérgitin glycosides in théipl mutant
increased significantly by 155% in response to U\FB). 5). Also, the levels of quercetin
glycosides were generally 6-7-fold higher in thl mutant than the WT, independently of
UV-B-treatment or not. For myricetin glycosides ttentent was significantly higher in the
lipl mutant (5-fold) as well as the WT (16-fold) aftee 10 days of UV-B exposure, compared
to their respective control plants (Fig. 5). Howeke level of myricetin glycosides in thpl
mutant was 47% lower than that of the WT in the BAéxposed plants. Furthermore, apigenin
glycoside levels were generally significantly higlre thelipl mutant than the WT, both in
UV-B exposed (73%) and unexposed control plantgi4d2(Fig. 5). However, no UV-B
induction of the apigenin glycosides occurred, whéreas WT the level was unchanged, a 26
% decrease was observed under UV-B in Ith& mutant. The high content of apigenin
glycosides, compared to the other phenolic compsuoduld to a large extent explain the
pattern of the total phenolic compounds (Fig. 5akdn together, larger induction of
kaempferol and quercetin glycosides in lip& mutant than the WT under UV-B, might well
be important for explaining the higher resistarmeards UV-B-related damage of thpl

mutant compared to the WT (Fig. 1-2).

The high degree of resistance towards UV-B inlighte mutant is consistent with a role of the
COP1 pea homolog LIP1 in UV-B signaling in pea. ldoer, whereas thgl mutant is more

resistant to UV-B-related damage and has higheldeaf specific flavonoid glycosides than
the WT (Fig. 1, 3, 5), theopl-4mutant inA. thalianais impaired in its UV-B tolerance and

to a large extent blocked in its flavonoid accurtiala(Oraveczt al, 2006). Thus, although
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the exact mechanisms by which COP1 acts in the U¥dponse is still not well understood,
in A. thalianaCOP1 has been shown to act positively in UV-Bieglgphotomorphogenesis by
promoting expression ¢1Y5.Also, interaction of COP1 with UVRS8 results in iti@ation of
the E3 ubiquitin ligase activity of COP1, resultingtabilization of HY5 (Oraveacat al, 2006;
Lau & Deng, 2012; Jenkins, 2014). On the other hamd visible light-induced
photomorphogenesis . thaliang COP1 acts as a repressor due to its role inttaggelY5

for degradation in darkness (Osterlugtdal, 2000). As discussed above, the response of the
lipl mutant of pea demonstrated here, is consistehtsuith a situation rather than a role of
LIP1 as a positive regulator of UV-B-induced flawioh production. The lack of LIP1 in pea
may then result in stabilization of LONG1 and thershanced formation of flavonoids in
response to UV-B. However, further studies of tbeoa of LIP1 in pea are required to shed

light on its mechanism of action in UV-B responses.

Thele GA biosynthesis mutant, which was shown here ttebg susceptible to UV-B-related
damage than the WT (Fig. 1-2), showed significaduction (188% increase) of kaempferol
glycosides in response to UV (Fig. 6). Although ttentents of kaempferol glycosides
increased significantly also in the WT (165% inseSeunder UV-B, th&e mutant accumulated
higher levels (117%) compared to the WT. Furtheandhe le mutant generally had
significantly higher (17-fold and 5-fold for contrand UV-B treated plants, respectively)
levels of quercetin glycosides than the WT, althongt significantly induced by UV-B in any
case. The levels of the flavone glycosides (luteahd apigenin) were also higher in the
muant than the WT (except apigenin glycosidesenctntrol), but these decreased under UV-
B. Thus, higher accumulation of flavonol glycosides plausible reason for higher UV-B-

resistance in thke mutant compared to the WT.
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Of the quantified flavonoid glycosides, kaempfegbicosides were consistently induced by
UV-B in the more UV-B resistaté (Fig. 6) andip1 mutants (Fig. 5), i.e. to higher levels than
in the less UV-B resistant WT, whereas there wassnoh induction in the UV-B-
hypersensitivdongl mutant (Fig. 4). Thdipl andle mutants also had consistently higher
levels of quercetin glycosides than the WT, anddahgl mutant had lower. Collectively, these
observations might indicate that the increasedtaste to UV-B-related damage in il
andle mutants, and the hypersensitivity of thegl mutant, could be attributed to the contents
of these specific flavonol glycosides. Although/fiaoid contents in thia cry-smutant awaits

to be analysed, on basis of its higher resistaosmrds UV-B related damage (Fig. 1-2) it
might be expected that this mutant also has hilgivets of these flavonol glycosides than the

WT.

3.5. Presence of LONG1 and adjustment of GA cont@ntesponse are required for UV-B-

induced reduction in shoot extension

Like thehy5mutant inA. thaliana(Osterlundet al, 2000), théongl mutant in pea is elongated
(Weller et al, 2009). When exposed to 0.35 WArior 15 min, 30 min, 1 h or 1.5 h (data not
shown) or 30 min of 0.25 W HUV-B (Fig. 7), all in the middle of the 12 h ligperiod (at a
PAR of 100 pmol m s, like in all other experiments), thengl mutant did not show any
significant difference in shoot elongation compatedvhen not exposed to UV-B. Also, the
long1 mutant did not respond to 30 min of such UV-B timeent when provided in the middle
of a 6 h temperature drop (21°C to 13°C; othen®%%C; daily mean temperature 20°C as in
the other experiments) given in the middle of tlgétl period (Fig. 7). Also, consistent with

our previous studies (Wendell al, unpublished) the temperature drop treatment alahaot
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affect shoot elongation in this mutant (Fig. 7)eTack of reduction in shoot elongation in the
long1 mutant in response to UV-B and/or temperature isgpobably due its generally high
GA: levels (Wellert al, 2009), and inability to adjust these in respdngbese environmental
factors. It was previously shown that after transfedark-germinated seedlings to light, this
mutant does not exhibit normal reduction of shdohgation. This was shown to be due to
high GA. levels as a consequence of lack of up-regulatitimeoGA-inactivation gen&A20x2

in light (Weller et al, 2009). The present results strongly support @ 0dILONG1 in UV-B
signaling resulting in reduced elongation growtthéi' exposed to 4 h UV-B at 0.35 W?m
visible damage in thlongl mutant was severe and elongation growth ceasetioddemage
of the shoot apex, and longer exposure was lethsliits not shown). This confirms tluagl

mutant’s hypersensitivity towards damaging effe€tgV-B.

Although 30 min daily UV-B exposure at 0.25 WPr{Fig. 7) for 10 days did not affect shoot
elongation in the WT significantly under constarhperature (20°C), when provided under a
6 h daily temperature drop (21°C to 13°C) in theldle of the light period, shoot elongation
was reduced by 28% (Fig. 7). This was slightly m(@#&) reduction compared to the inhibitory
effect of temperature drop only. Although the UMe®els during constant temperature and
the temperature drop period are not directly cowriplar due to about 25% decrease in
efficiency of the UV-B lamps under the temperatdrep, this might suggest that the UV-B-
response is affected by temperature regime. Iradieestudy, where plants were exposed to
UV-B from above only in a chamber with non-UV-B{eting walls, stronger inhibitory effect
of 6 h UV-B under 6 h temperature drop (same teatpez conditions as in the present study)
was observed compared to under constant tempe(&areet al, Paper I). In response to 10
days of 6 h UV-B daily at 0.25 W ‘fnin the middle of the light period under constadt,

the WT showed 20% reduction in shoot elongatiog.(8). When such a UV-B treatment was
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provided together with the 6 h daily temperatur@pde6% reduction in shoot elongation was
observed, compared to the control, and 30% reductenpared to temperature drop only (Fig.
8). Only temperature drop resulted in 23% reducimoshoot elongation. Thus, since the UV-
B levels were about 25% lower during the tempeeatlnop period, also this experiment might
suggest that the UV-B response with respect totsklomgation, at least to a certain extent,

depends on the temperature regime.

The lipl mutant showed a similar response to the WT wit8624nd 30% decrease,
respectively, in shoot elongation after 10 day8 bfdaily UV-B exposure at 0.25 W-hor a

6 h daily temperature drop (conditions like for ¥Nd) (Fig. 8). The combined treatment of
UV-B and temperature drop reduced shoot elongatiahe lipl mutant by 51% and 29%
compared to the control not exposed to UV-B and t#raperature drop only (Fig. 8).
Accordingly, although thdipl mutant is dwarfed, this mutation did not alter steoot
elongation response to UV-B compared to the WTsShggests that UV-B acts independently

of LIP1 in modulation of shoot elongation.

The le mutant is GA-deficit due to mutation in tli&A3ox1 which encodes the enzyme
responsible for conversion of Gfto the bioactive GA(Rosset al, 1989). This mutant is not
completely devoid of GA, but contains very low lbveShoot elongation in tHe mutant was
not significantly affected by the 6 h UV-B treatmen 0.25 W n? (Fig. 8). However, a slight
effect of the 6 h temperature drop treatment withldecrease in shoot elongation in ke
mutant was observed (Fig. 8). When UV-B was pravidader the temperature drop, shoot
elongation was reduced by 20% and 10%, respectieeiynpared to the control plants not

exposed to UV-B and the temperature drop only (B)g.Thus, although thie mutant was
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unable to adjust its growth significantly in resperio UV-B under constant temperature, the

response to UV-B appeared to depend on tempernsgirae.

Thela cry-smutant, which is elongated and behaves like b&Agsaturated due to mutation
in the twoDELLA GA signaling genes in pea (Westehal, 2008), was not significantly
affected by UV-B with respect to shoot elongationew exposed to 30 min or 6 h UV-B at
0.25 W n¥ under constant temperature or 6 h temperature weapment (Fig. 7-8). This,
together with the lack of UV-B response in teenutant (at least under constant temperature),
demonstrates that ability to adjust the GA level&A response is required to respond to UV-
B with decreased shoot elongation. The inabilityhafla cry-sDELLA mutant to regulate its
elongation growth may be associated with that DEldc&umulation enhances LONGL1 levels,
as suggested with respect to HY5 in photomorphagisifeisible light) inA. thaliana(Alabadi

et al, 2008). Consistent with the lack of reduced skongation in response to UV-B in the
longl mutant (Fig. 7), LONG1 accumulation is in turnuegd to enhanc&A2ox2expression
and thus decrease GA levels in response to UV-Bl@Met al, 2009). Indeed, independently
of exposure to light or darkness, tlmngl mutant was reported to contain high levels of
bioactive GA due to reduce@A2ox2activity (Welleret al, 2009). Increased GA inactivation
in pea in response to UV-B is consistent with eoent study where UV-B was shown to
reduce the levels of bioactive GAoarticularly through increased GA inactivatioro(Ret al.,

Paper 1).
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4.0.Conclusions

We have shown here that pea plants mutated in ¢hehpmolog of thé\. thalianaHY5,
LONG1, behaves like thhy5 mutant in being hypersensitive to UV-B-related dge and
having low levels of specific flavonoids, and itesonot show reduced shoot elongation in
response to UV-B. Thus, like HY5 i thaliang LONGL1 in pea is as an important player in
UV-B signaling resulting in formation of specificMdB-protecting flavonoids and UV-B-
induced inhibition of shoot elongation. The thaliana COP1 homolog in pea, LIP1, also
appears to play a role in UV-B signaling with respt® production of flavonoids. However,
opposite tAA. thalianaplants mutated i€@OP], thelipl mutant in pea exhibited enhanced UV-
B-resistance and increased production of specif@/ohoids compared to the WT.
Furthermore, LIP1 does not appear to play a roleVaB-induced reduction in elongation
growth, since thdéipl mutant, although dwarfed, showed a similar respanghis respect as
the WT. The dwarfede GA biosynthesis mutant and the elongaledry-s GA signaling
mutant, which behaves like being GA saturated, vt more resistant to UV-B-related
damage than the WT pea, probably due to higheld®fespecific flavonoid glycosides. These
observations, and that GAapplication did not appear to affect the extentUdf-B-related
damage, suggest that susceptibility to UV-B-relatathage is not associated with GA levels
or GA response and degree of elongation growth. é¥ew ability to adjust the GA levels or
GA response is apparently required for UV-B-indueceduction of elongation growth, as
judged from the lack of UV-B induced reduction imost elongation in thée andla cry-s
mutants. This study also supports that the respns®/-B with respect to shoot elongation

in pea, at least to a certain degree, dependswret@ture regime.
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Table 1. Phenolic compounds detected in pea lebyddPLC analysis according to their

appearance in the chromatograms.

Peak number

Detected compound Peak Detected compound

number
1 Tryptophan 11 Kaempferol-glycoside
2 Unknown 12 Myricetin-glycoside
3 Quercetin-glycoside 13 Myricetin-glycoside
4 Kaempferol-glycoside 14 Apegenin-glycoside
5 Luteolin-glycoside 15 Unknown
6 Luteolin-glycoside 16 Phenolic acid
7 Luteolin-7- glycoside 17 Phenolic acid
8 Apigenin-7-glycoside 18 Phenolic acid
9 Luteolin-7-glycoside
10 Apigenin-7-glycoside
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Fig. 1. Effect of a daily 30 min or 6 h UV-B treant (+UV-B) at 0.25 W m under a
photosynthetic active radiation of 100 umof st in the middle of a 12 h light period for 10
days on the morphology of thé®Zind 4" leaf from the plant basis in the wild type (WT)
(‘Torsdag) and mutant plants of pea. The mutated genesL@BIG1 andLIP which are
homologs toHY5 and COP1 in Arabidopsis thalianaLE encoding the gibberellin (GA)
biosynthesis geneaGA3ox]1andLA andCRYencoding the twELLA GA signaling genes

described in pea. -UV-B denotes plants not exptsédV/-B.
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Fig 2. Effect of a daily 30 mirldngl mutant compared to wild type (WT) (A)) or 6lip(, le
andla cry-s mutants, each compared to WT (B-D)) UV-B treatnetiV-B) at 0.25 W ¢
(A-D) under a photosynthetic active radiation 0630mol m? s in the middle of a 12 h light
period for 10 days on levels of the DNA damage pobdyclobutane pyrimidine dimers (CPD)
in the 3¢ leaf from the basis of the plant in WT and mutarftgea (A-D). CPD levels are also
shown for WT pea applied with 10 pug &@n the first unfolded leaf under 6 h daily UV-B
exposure at 0.35 W t(E) (Ethanol = mock treatment, control = UV-B att application;
other conditions like for A-D). Values are mean E 8f 5 plants in each of two repeated

experiments. Different letters indicate statisticalgnificant difference at$0.05.
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1st leaf 3rd leaf 4th leaf

Fig. 3. Effect of application of 10 pg gibbereliwid (GAs, dissolved in 10 ethanol) on
morphology of the % (GAs applied), 3 and & leaf in pea plants'Torsdag) exposed to a
daily 6 h UV-B treatment (+UV-B) at 0.35 W-hunder a photosynthetic active radiation of
100 pmol n? st in the middle of a 12 h light period for 10 dajock treated leaves with

ethanol only and unapplied leaves (Control) arevshimr comparison.
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active radiation of 100 umol fs? in the middle of a 12 h light period for 10 dayslevels
of flavonoid glycosides (A-E) and total contenfobienolic compounds (F) in thé& 8af from
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statistically significant difference at®.05.
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Fig 7. Effect of a daily 30 min UV-B treatment@®5 W m? under a photosynthetic active
radiation of 100 pmol ris? in the middle of a 12 h light period for 10 daysshoot elongation

in the wild type (WT) (Torsdag) (A), thelonglmutant (B) and thia cry-s (C) mutant in pea.
UV-B was provided under constant temperature o€2@ontrol = 20°C without UV-B) or in
the middle of a 6 h temperature drop treatment @DC to 13°C, otherwise 21°C; daily mean
temperature = 20°C), given in the middle of thétigeriod. Values are mean + SE of 10-15

plants in each of two repeated experiments. Diffetetters indicate statistically significant

difference at g 0.05.
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ABSTRACT

Ultraviolet radiation (UV) is well known to affeplant growth and development and to vary
with latitude and altitude. The knowledgbout the effect of high UV levels at high altitsde
close to the equator on plant productivity is seaBy using UV-transmitting and UV-blocking
films, the impact of solar UV on growth and prodantpotential of commercial pe&iéum
sativun) was studied at a high (2800 meter above sea (evastl)) and a lower (1700 masl)
altitude in Ethiopia during the dry (January-Marchnd wet (April-June) season.
Morphological characteristics like plant height anember of branches as well as flowering
time were affected by UV. Compared to the UV-blackiilm, under the UV-transmitting film
plants were 15-19% shorter and produced more besnahboth altitudes and seasons. The
flowering was delayed 2-5 days when exposed to UMobly minor differences was found in
numbers of pods. Numbers of leaves and specificdesa were important for pod number.

These parameters were more affected by altitudesaadon than UV level. Also, stomatal



conductance at lower altitude was affected by seasd was very low (0.06-0.08 mmo#’ra

1) during the dry season compared to wet seasaspiective of UV radiation. At higher
altitude (2800 masl) UV radiation increased stontataductance. Thus, the effect of UV on
conductance depends largely on the interaction ettier environmental conditions. Maximal
PSII efficiency (Fv/Fm) was lowest in the dry seasd both altitudes and the lowest value
(0.66) was measured on plants exposed to UV radiati high altitude. In conclusion, UV
radiation affects plant morphology, flowering tinfey/Fm and leaf conductance, but other
climate factors, like irradiance, temperature aagour pressure deficit (VPD), seems to have

a stronger impact on productivity of pea than Utliation.
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Abbreviations. UV, Ultraviolet radiation; Fv/Fm, Maximal photosgs Il efficiency; gs,
Stomata conductance; PAR, Photosynthetically aatation; RH, Relative air humidity;
masl, meter above sea level; OPF, Open Field; Sipacific leaf area; DAP = Diamonium

phosphate; WUE, Water use efficiency



1. Introduction

The solar ultraviolet radiation (UV) at the eartbigface is an important environmental
factor influencing growth and development of plafitellosy, 2002; Jansen, 2002; Jenkins,
2009). UV is traditionally divided into three waeealgth ranges: UV-C (200-280 nm), which
is extremely harmful to living organisms but noegent in natural solar radiation at ground
level and UV-B (280-315 nm) as well as UV-A (31534m), which represent less than 1%
and about 5% of the total incoming solar radiatrespectively, depending on cloud cover and
atmospheric conditions (Hollosy, 2002). The disttibn of UV on the ground surface is
mainly affected by solar elevation, atmosphericcaimposition and cloudiness of the sky as
well as altitude and latitude (Blumthaletral, 1994; Caldwell and Flint, 1994; Piazena, 1996;
Foyo-Morencet al, 2003). Thus, even at a specific geographic looaind season the amount
of UV reaching the ground varies with the timelo# tlay and day of the year.

Although exposure to high levels of UV-B may résalmolecular and cellular damage
due to the relatively high energy levels of thesve@lengths (Jordan, 1996; Frohnmeyer and
Staiger, 2003) a range of studies have demonsttiaé¢dather than being a damaging stressor
for plants, the UV-B reaching the earth’s surfaxerts a range of regulatory effects (Hidtg
al., 2013). Long-term exposure of plants to UV-B mesult in reduced leaf area, internode
length and plant height (Barnesal, 1990; Antonelliet al, 1997; Krizeket al, 2006). Such
morphogenetic effects can thus modify the waterafieiency (WUE) and structure of the
vegetation. Water use efficiency of plant can deorelated with the rate of gas exchange,
which can be indirectly regulated by the apertdrthe stomata pore, the number of stomata
per leaves and speed of stomata movement (Hethemignd Woodward, 2003). A range of
studies of different plant species have indicatedt t UV-B radiation affects stomatal
movements and rate of opening (Day and Vogelma®®5;1Tossket al, 2014). Furthermore,

UV-B has been shown to affect the production @bséelary metabolites, which due to their



protective functions against UV and a range ofssioes, are of important physiological and

ecological significance (Rozemet al, 1997). Epidermal screening of UV-B through

accumulation of secondary metabolites or redudtideaf area can be a strategy for the plant
to adapt to and escape from potentially harmfulatézh (Blumthaleret al, 1992; Jansert

al., 1998). However, cultural plants may be more spisice to UV-related damage because
the level of UV-protecting compounds has been reduwy intensive breeding.

There are many reports showing an ameliorating ceffef background light
(photosynthetic active radiation (PAR), UV-A andiblliight from UV-B related damage e.g.
in species like soybeaslycine mak and peaPRisum sativumn(Strid et al, 1990; Caldwell
and Flint, 1994; Rozemet al, 1997). Although the combined effects of tempemtand UV-

B on plants are not well documented, it has beparted that an increase in temperature (from
28 to 32°C) can increase the negative effect\¢fBJon some growth parameters of crops
(Teramura and Sullivan, 1994; Mark and Tevini, I9%urthermore, suspension-cultured
tobacco cellsNicotiana tabacumhas less UV-B related DNA-damage at lower thamgtier
temperature (Let al, 2002).

Ethiopia is located near the equator and about 8Défte total land is characterized as a
mountainous region with elevations higher than Im0&bove sea level (masl) (Zeleke, 2010).
Thus, since UV levels depend among others on thdight's distance to travel through the
atmosphere and thus altitude, in such areas higtisleof UV-B prevail at ground level
compared to most other parts of the world wheratplare grown (Sullivaet al, 1992). Pea,
which belongs to theeguminosaéamily, is the second most important pulse crogtimopia
next to faba beanv{cia fabg in terms of area and total production. It growsriost parts of
the country, i.e. in middle (1800 masl) and higitade (3000 masl) areas (between 3° -15°N
and 33° - 48°E). Due to variation in agro-ecoloficanditions productivity of most crop

species varies from region to region. In Ethidpi& wide range of variation in productivity



can be related to differences in climatic factorglifferent altitudes, i.e. such as different
aspects of the light climate including UV, relativeimidity (RH), precipitation and
temperature (Bezabih and Sarr, 2012).

Although there are indications that pea plantslieded with UV for a few hours may show
reduced plant height, fresh and dry weight (Nogetésl, 1998; Alexievaet al, 2001), there
is limited information on how pea productivity i¢fexted by the high UV levels at high
altitudes in areas close to the equator. Furthespaithough plants grown at high altitudes
commonly show a more compact growth form than aeloaltitudes (Went, 1953; Rawson,
1992; Korner, 2007)here is little information about interactive effeon plant morphology
and plant productivity of UV at high altitudes aather environmental factors varying with
altitude.

Using an approach with UV-transmitting and UVdKmg films, the aim of this study
was to evaluate the effect of UV in different sees¢dry and wet) on vegetative growth,
flowering and productivity of pea plants grownabtdifferent high altitudes (1700 and 2800
masl) in Ethiopia. Under the UV-blocking film, UV-8nd the shortest wavelengths of UV-A
(lower than 350 nm) were almost absent. The clirmatbese altitudes differs in temperature,
RH and solar radiation. Thus, this allowed us taleate the interactive effect of high UV-

radiation and other climatic parameters differinthvaltitude and season.



2. Materials and methods

2.1. Plant materials and pre-growth

Seeds of peaP{sum sativuni. cv. Cascade) was obtained from a commercial farm
(Hadia flower and vegetable farm Addis Ababa, Gtfap and sown in pots (15 cm size) filled
with coconut peat (Galuku Lankaexport PVt. Ltd, oegala, Siri-lanka) and fertilized with
28 ppm Diamonium phosphate (DAP; (NHHPQs;, 18% N, 46% PBOs), following the
methodology of (Valenzuela, 1983). The pots weraraged under a shade house (25% shade)
and subjected to similar environmental conditi@egmperature of 20°C + 3°C and 70% RH,
with 12/12 hour light/dark during germination oketseeds. Six days after germination pots
containing plants of uniform size (1-2 cm shootglém) were transferred to the experimental

sites.

2.2. Experimental locations and set-up

The field experiments were conducted at Hawas®aN738°28E) at an altitude of 1700
meter masl and Hagereselam (6°27’N 38°27’E) atlatude of 2800 masl. The experiments
were conducted in the dry season (January-MarcB)28s well as the wet season (April-June
2012). At each site the plants were grown eitheteardV-B-blocking film (Solar EVA- 5
High diffuse opaque film with 0.20 mm thick and 3wide Rovero plastic, Raamsdonksveer,
The Netherlands) with selective cut-off of the sapectrum below 350 nm (UV-B and the
shortest wavelengths of UV-A) or UV-transmittinglyethylene film (0.2 mm polyethylene
sheet, Ethioplastic Pvt L.C, Addis Ababa, Ethiopiahich transmits wavelengths above 250

nm. Transmittance spectra of the two plastic filmese measured at Norwegian University of



life sciences (NMBU) by illuminating the sampletla¢ port of an integrating spheii&P-50-
REFL Ocean Opticcean Optics, Dunedin, Fla., USA) with a 00 thick optical fiber and

a DH2000 (Ocean Optics) halogen light source. Thlet ltransmitted into the sphere was
measured with a 400m fiber connected to an OceanOptics SD2000 speetan(Fig. 1). The
plants were placed under the different filters emgesmall, 2 m high constructions, each of a
total area of 9 M(3 x 3 m). The bottom and top sides of the ergitelosure (15 cm above
ground and 15 cm below roof) were left uncoveredltow ventilation. The structures were
erected in North—-South direction over the treatnmats. This orientation ensured that the
solar radiation reached the plants only after pasgirough the filter as the sun moved from

East to West.

2.3. Climate and radiation at the field sites

Weather data such as temperature, RH and sun dhragon of the last 10 years (2002
to 2011) were collected from the nearest meteoyokigtion (Ethiopian national metrology
agency, Hawassa and Hagereselam Branch). Howexreghine duration was only available
from Hawassa (Table 6). During the study perioshgerature and RH at the experimental sites
(Tablel) were recorded by mini data loggers (Té&st, Version 5.0.2564.18771, Lenzkirch,
Germany) every second week alternating betweetwihisites, starting in Hawassa. Each data
logger was placed inside an open bucket to avaiectisun and hanged close to the plant
canopy (1 m above the ground). For statisticalyamathe mean values of temperature and RH
sampled during the four alternating weeks of mesrment were considered for each site. UV-
B (W m?) and PAR gmol n12 s') were measured every hour from 6.00-18.00 on four

randomly selected clear sky days using Skye spssatise 2 with the sensors SKU 415 (PAR)



and SKU 430 (UV-B) Skye instruments, Llandrindo@&, UK.). For statistical analysis, the
mean values of PAR and UV-B obtained between 18r@D15:00 h were used.

Plants grown under UV-blocking plastic film will feafter be referred to as minus UV (-
UV), those grown under UV-transmitting plastic fikeferred to as plus UV (+UV) and those

grown under unfiltered condition are denoted opeld {OPF).

2.4.Plant growth analysis

During the experimental periods (79 days for eaghegment) plant height, number of
leaves and appearance of flower buds were recdatedix plants every 7 days. In each
treatment, the visible flower buds were countedeweek. At the end of the experiments (day
79) the total number of branches (>1 cm) and thebmrs of pods per plant were counted.
Only pods of a size equal to or longer than 4.5ax@re counted, since this corresponds to the
commercial size of pods (Amurriet al, 1996). From the remaining six plants, leaves were
detached and the total leaf area was measuredawiti8100 leaf area meter (LI-COR, Inc.,
Lincoln, Nebraska, USA). Dry weight was determiaé&er drying the leaves at ZOfor 5 days

and specific leaf area was calculated (SLA= leafialry mass (cfgnm?).

2.5. Chlorophyll fluorescence measurement

To evaluate the performance of the plants, maxjhatosystem Il efficiency (Fv/Fm)

of well-developed leaves at th#,4" and 6th node from randomly selected vegetatiaatpl



(before flower buds appeared) was measured in tkddlenof the day with a HandyEA
fluorimeter (Hansatech, Kings Lynn, UK) followiniget methodology of (Strassetral, 2004).
Before measurement, leaves were dark-adapted itedtfieclip for 15 min. Light was then
provided by an array of three high-intensity ligimitting diodes and adjusted to 15@@ol

m? s to ensure that the photosynthesis was saturatéugdhe measurements.

2.6. Stomata conductance

Stomata conductance (gs) was measured during tiegative stage between the &nd
6" week of the experiment on fully opened intact &=t the 8 node using an open system
LCA-4 ADC portable infrared gas analyzer (Analyti€evelopment Company, Hoddeson,
England). These measurements were done betweefl a8 15:00 h with the following
specifications/adjustments: Leaf surface area w#5 &ntf, ambient carbon dioxide
concentration 340 pmol mgl temperature of the leaf chamber varied from 34%C, leaf
chamber molar gas flow rate was 410 pmblasmbient pressure 828 mbar and photosynthetic
active radiation (PAR) at the leaf surface was mmaxn up to 1500 pumol st Data was
collected every five min for 15 min using threevesa in each of 3 plants per treatment per

experiment.



2.7. Statistical analysis

For each treatment in each experiment and expetahsite, six plants from each plot
were used for analysis (according to the descnptibdata collection above). All statistical
tests were performed in Minitab 16.1.1 (Minitab 11, windows version, State College,
Pennsylvania, USA). Analysis of variance (ANOVA)s@one using a completely randomized
design and significant differences between means wested using normally distributed
general linear model (GLM) and Tukey’s test. Catien between pod, leaf number, total leaf
area, specific leaf area (SLA), branch number dadteight were evaluated using stepwise

regression analysis. Differences with @.05 were considered significantly different.
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3. Results

3.1. Climate data

The last 10 years (2002-2011) temperatures at ititeest altitude (2800 masl), were
lower with in average between 5C%to 20°C throughout the year, while at the lowest altitude
(1700 masl) the temperature varied betweet€-BO°C (Ethiopian National meteorological
station, Hawassa and Hagereselam branch, Ethiopiajing the experimental period
temperature showed similar trends and on averaggemperature at the lowest altitude was
generally about 8°C higher than the temperaturghat highest altitude. The average
temperature in the dry season was 3-4°C higher thahe wet season at both altitudes.
However, there was no statistically significantfeli€énce in temperature under the different
films and there were no significant interactionsasen film, altitude and season. Compared
to the lowest altitude, at the highest altitudeginér RH (lower vapour pressure deficit (VPD))
was measured under the filters both during theathy wet season (Tablel). However, filter
type did not affect RH and there was no significatéraction between film and any of the
other factors (altitude, season or film) (Table 1).

UV- transmitting and a UV-blocking filter removindV-B and the shortest wavelengths
of UV-A (Fig. 1) were used at the two altitudes@&nd 1700 masl). Under each plastic film,
PAR and UV-B at the experimental sites were measdteing four randomly selected days
during the dry and wet season. No significantedéhce in PAR levels at clear days were
measured under the different films, but generalyRPwas slightly higher at the highest
altitude, especially during the dry season (Tapl&Rghtly higher UV-B levels were measured
under the UV-transmitting film at clear days at thghest altitude compared with the lowest
altitude, especially during the dry season (Tapld Be levels of PAR under all films and UV-
B under UV-transmitting films were reduced with appmately 50% compared with ambient

irradiance levels (Fig. 2).
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3.2. Plant growth and morphology

The elongation growth measured from the first weekeatment until week 5 is shown
in Fig. 3 A and B. During the first three weeks #nalifferences in growth between the
treatments were found. However, from week 4 andhés differences between treatments
become clearer (Fig. 3 A and B). At the highestuale, under the UV-transmitting film, shoot
elongation was reduced by about 19% and 15% duhiegiry and wet season, respectively,
compared to under the UV-blocking film (Fig 3). Bhthe reduction was strongest during the
dry season. At the lowest altitude shoot elongatias affected similarly by UV (no significant
interaction between film and altitude), with 16%dakb% reduction in growth when UV was
present in the dry and wet season, respectivety §ri However, in this case there was no
significant difference between the seasons. RenaivdV/ by UV-blocking filter had no effect
on total leaf area and number of leaves per pleattlé 3). However, these parameters differed
significantly between the seasons and there wagndisant interaction between altitude and
season for number of leaves regardless of UV-radigiTable 3). At the highest and lowest
altitude there were 4-5 and 8-9 more leaves pertplaspectively, in the wet compared to the
dry season. Specific leaf area (SLA) was highénéwet compared with the dry season except
at the highest altitude under UV-transmitting fimere the pattern was opposite (Table 3).
Number of branches per plant was significantly eéd by altitude, UV, season and an
interaction between UV and season was found (T@hlélhere was 33% and 40% more
branches at the lowest compared to the highesudsdtiwith and without UV radiation,
respectively (Table 3). Similarly, during the dgason, plant grown under UV transmitting

plastic film had more branches as compared to gieown during the wet season.
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3.3. Chlorophyll fluorescence and stomata conductance

Maximal photosystem Il efficiency (Fv/Fm) was lowrring the dry season than during
the wet season, and the decrease in Fv/Fm wa®greigt UV than without UV at the highest
altitude during the dry season, whereas there wasffiect of season or UV on Fv/Fm at the
lowest altitude. At the highest altitude stomatadictance was significantly higher when
exposed to UV in both the dry and wet season. Atlthwest altitude no such effect was
observed but the conductance was much lower indihieseason compared to wet season,

irrespective of UV (Table 4).

3.4. Flowering time and numbers of pods

There was a larger reduction in time to floweringhie wet compared with the dry season
at the highest altitude than at the lowest altitudlethe lowest altitude, UV delayed time to
visible flower buds with 4.5 and 4.8 days in thg dnd wet season, respectively (Table 3). At
the highest altitude plants showed flower buds &dys later, depending on film and season,
compared to plant growing at the lowest altitudbe Tongest flowering time was found in
plants grown at the highest altitude in the drysseawvith UV present (69 days) (Table 3). At
the highest altitude, in the dry season plants gramder the UV-blocking film had 4.7 more
pods than plants grown under the UV-transmittitigp.fiin the wet season at this altitude the
number of pods was more similar under the diffefiémis (0.5 more with UV present). At the
lowest altitude, compared to the UV-transmittifighfthere were 2.4 and 1.3 more pods under
the UV-blocking film during the wet and dry seasoespectively (Table 3). A correlation
analysis was made with all growth parameters tduewa the relation between growth
parameters and yield of pea. The results showeadotithnumber was best explained by leaf

number, SLA and plant height{R- 0.96; x 0.002, Table 5).
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4, Discussion

4.1. Plant growth and morphology

In areas close to equator such as Ethiopia, comahgriant production is possible at
high altitudes, but studies on the impact of UVia#idn on plant growth and productivity at
such conditions are scarce. In this study we inyat&d the effect of UV radiation at different
altitudes on growth, development and productivifypea plants. The films used in this
experiment have different transmittance in the U\aigl UV-A spectral region. The UV-B
blocking film cuts off all the UV-B spectral regigf315-320 nm) and UV-A with shorter
wavelengths than 350 nm, whereas the UV-transmgittim transmits all solar radiation (Fig.
1). However, also in the transmitting wavelengtiioas of the films the radiation is reduced
by approx. 50% in the field probably due to dusii{fé 2), whereas reduction through clean
films in the lab is only approx. 20% (Fig. 1).

UV-B radiation is one of the solar spectrum compuseregulating plant responses
including plant morphology (Jansehal, 1998; Jenkins, 2009). The results of this studi w
high natural UV levels at high altitudes closette €quator confirmed that plant morphological
characteristics like plant height and number ofnbhes were affected by UV radiation.
Exclusion of UV-B and some UV-A from the solar spem enhanced the shoot elongation of
pea plants by about 15-19% compared to unfilteotat spectrum (Fig. 3). This is similar to a
wide range of species where growth has been showa inhibited by solar UV-B (Caldwell
and Flint, 1994; Krizelet al, 1994; Teramura and Sullivan, 1994; Krizetkal, 1998). Also,
previous reports have demonstrated that supplemyetddd-B radiation for extended periods
of time either in controlled environment or fieloditions result in significantly reduced shoot

length in different plant species including croje lcucumberQucumis sativys mung bean
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(Vigna radiatg, pot rose Rosax hybridg) and spinachSpinacia oleracen(Krizek et al,
1994; Amudheet al, 2005; Kumariet al, 2009; Jayalakshnat al, 2011; Zlatewet al, 2012;
Terfaet al, 2014). The reduction in shoot length and leahamgght be due an effect of UV-
B on slowing down the rate of cell division (Hop&iet al, 2002) and could be an adaptive
mechanism to minimize the exposure area to UMat@mah (Zlatevet al, 2012). On the other
hand, there are also reports on growth stimulatign UV (e.g. in tomato Solanum
lycopersicun or no effect, e.g. in cottorGpssypiu and oat Avena sativa (Caldwell and
Flint, 1994; Krizeket al, 1994; Teramura and Sullivan, 1994; Krizetkal, 1998). Although
the observed differences in responses betweenespeaight be due to species-specific
characteristics, they may also well be due to dspEdhe experimental conditions which can
make comparison of results from different experitaeifficult (Aphalo, 2012).

The plant growth of the different treatments beféreeeks followed a similar growth
pattern and the differences in plant height betwten treatments discussed above were
apparent after 4-5 weeks (Fig. 3 A and B). Thea,dtiortest plants were found at the highest
altitude + UV irrespective of season (Fig. 3 A).eTlevels of PAR and UV-B were slightly
higher at the highest altitude compared with theelst altitude (Table 2). It has been reported
that for every 1000 m increase in elevation, tteba UV-irradiance (in the wavelength range
between 300-320 nm) increases by 11% (Blumthetieal, 1997). In our investigation we
measured an increase of 0.21 W from 1700 to 2800 masl during the dry season @ah!
Thus, plants grown at the highest elevation wepmsad to a higher irradiance and a higher
intensity of UV radiation than plants grown at thevest elevation. At the different altitudes
the difference in temperature between dry and e&$sn was 2-4°C (Table 1) but plant height
were reduced by 10-15% in both seasons at botbdds, indicating that UV suppresses plant

height irrespective of the background temperatétso in a similar study of roses (Teré&
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al., 2014) shoot length was reduced when exposedttoatdJV radiation at the same field
sites as those of the present study, i.e. a highetower altitude

Compared to the unexposed control plants, morechemwere found in plants exposed
to UV (Table 3). Reduced apical dominance and stited branching is a characteristic growth
pattern found in plants exposed to UV (Jansen, pa8@wever, unlike a range of earlier
reports (Barnest al, 1990; Barnegt al, 1996; Krizeket al, 1997), there was no significant
effect of UV on total leaf area or number of leayEable 3). However, these parameters were
significantly affected by season and an interaai¥ect between altitude and season was found
for the number of leaves. The main difference imate between altitudes and seasons, except
for light climate, are temperature and VPD (TableAk expected, the temperature decreased
with increasing altitude (Lippokt al, 2013) with on average a 0.7°C increase everym00
from 1700 to 2800 masl, whereas VPD decreasedalitinde (Table 1). The lower leaf area
(12-64%) and the lower numbers of leaves (21-448fespond with higher temperatures and
lower RH (higher VPD), especially in the dry comgiito the wet season (Table 1 andA3).
low VPD commonly increases fresh weight and leagaf different plant species (Mortensen,
2000). Thus, the strong decrease in number of $eamnd total leaf area at the lowest altitude
during the dry season are probably related towalvigh VPD. At the lowest altitude in the dry
season the VPD was 2.2-2.3 KPa (Table 1 and #)0st plant species, increasing the VPD to
such high values around the leaf results in storlature (Turneet al, 1984). However, at
the highest altitude the VPD was in general sm@llet2-1.02 KPa) and no direct relationship
between VPD and leaf number was fouhtkvertheless, at the highest altitude stomatal
conductance was higher in plants produced with &dfation compared to plants without UV.
The fact that UV radiation increased stomatal opgiait the highest but not the lowest altitude
indicates interplay with other climate factors.\Roesly, contradictory effects of UV radiation

on stomatal movements has been reported. In sesteidies UV-B has been found to induce
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stomata closure and thus reduce stomata conduct@icecki and Teramura, 1984). On the
other hand, UV-B irradiation has also been foundirtorease gas exchange through
enhancement of the stomata openings (Musil and WEGE8; Daiet al, 1995; Zeutheset al,
1997; Keiller and Holmes, 2001; Julkunen-Tiigbal, 2005). The effect of UV-B on stomata
behavior is dependent on fluence rate. In geneeal; low fluence rate stimulates stomatal
opening whereas a higher dose induces closure @éagual, 1999; Jansen and Van Den
Noort, 2000; Eisingeet al, 2003; Heet al, 2005; Heet al, 2013). However, the different
stomatal response to UV in the present study eran effect of the background climate than
the UV-B dose. A wide range of studies have repldtat the stomatal response to UV depends
largely on different environmental factors, suchbaskground light climate and soil water
content (Nogués and Baker, 2000; Eisingieal, 2003).

SLA was affected by the combined effect of UV ardson (Table 3). Variation in SLA
might be due to variation in leaf thickness or ldahsity (Veneklaagt al, 2002). Under
natural growing conditions with UV present, diffeteeports have shown that SLA vary with
leaf age (Reictet al, 1992; Colemaret al, 1994; Reichet al, 1999), altitude and length of
the growing season (Koérner, 2007). However, leaktigment is not necessarily linear, e.g.
(Li et al, 2006) reported that an increase in SLAQuercus aquifolioideplants increased
with increasing altitude until 2800 masl, butfa highest elevation (about 3600 masl) SLA
was reduced by about 45% compared to at 2800 Maséeover, the report by (Moset al,
2007) indicated that the average SlrAforest stands recorded at different altitude35(L
1880, and 2380 masl) was significantly differendliffierent altitudes, with up to 40 % higher
SLA at the lowest (1050 masl) compared to high238Q masl) altitude. In our study also the
significantly different irradiance levels (PAR) time different seasons and altitudes (Table 2),
had probably affected SLA. Higher PAR in the drgsen generally (except for at +UV at the

highest altitude) correlated with decreased SLAb{@& and 3). This corresponds with the
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investigation of (Meziane and Shipley, 1999), iniahha strong negative correlation was
observed between SLA of different herbaceous plandsthe level of irradiance.

Increasing stomata conductance, stomata frequernttyeaf thickness are found in many
plant species with increasing elevation (Korner al, 1986). Such changes in leaf
characteristics with altitude might be due to fliation in temperature and amount of light
intercepted by the leaf. On the other hand, Fv/Fes of the plants measured in the dry
season was lower at the highest altitude undehitifeest VPD. We found the lowest Fv/Fm
(highest stress; Fv/Fm= 0.66) with solar UV presemiie highest altitude during the dry season
(Table 4). It is likely that the high UV and/or PABvels at the highest altitude resulted in
photoinhibition measured as reduced Fv/Fm (TableM®reover, other reports indicated a
negative correlation between irradiance and Fv/Rtorin plant species grown in field
(Dawson and Dennison, 1996). Thus, not only UV-Bgrobably also the combined effect of
high levels of PAR and high air temperature indheseason reduced the Fv/Fm value of pea
plant at high altitude. However, there was no cletationship between number of pods and

Fv/Fm.

4.2. Time to visible flower buds and number of pods

To evaluate the combined effect of altitude, filmdaseason on plant productivity we
also counted the number of days to appearanceadirtt flower bud and the total number of
pods produced per plant at the end of the expetifa¢ay 79; Table 3). Although flowering
time in most plant species vary with genetic ad a&kenvironmental factors, flowering in pea
has been reported to commonly start about 40-58 afigr planting in the field (McKast al,
2003). This was the case also in these experinamtghe first plants flowered after 45 days

(Table 3).Under the UV-transmitting film, time tisible flower buds was significantly delayed
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by 2.5-4.8 days. The earliest flowering was fourttew UV-B and the shortest wavelengths
regions of UV-A was excluded from the solar speatrelay in time to flowering under high
UV-B radiation has previously been reported ineatéint plant species including crops like
maize Zea mayy petuniaand roses (Staxén and Bornman, 1994; 9ddek et al, 1996;
Caldwellet al, 1998; Terfeet al, 2014). In the study of Terfa et al. (2014), watkimilar set-

up as the present study, flowering of roses wasyeel 7-10 days with UV as compared to -
UV radiation at both altitudes (same sites as teegnt study). Terfa et al. (2014) claimed that
the delay in flowering might be an indirect effe€EUV radiation, because of reduced leaf area
resulting in lower light capturing and lower dry thest accumulation. In our study with pea no
differences in total leaf area was found betweel -aldd -UV like in roses. Thus, the delayed
flowering under +UV might be stress related. Astgromegative correlation was found between
flowering time and Fv/Fm value (Pearson correlati®n897, p=0.001) and indicates delayed
flowering with decreased Fv/Fm value.

Variation in yield, flowering and pod production prea due to seasons and temperature
has been reported by different researchers (Riddésie, 1985; French, 1990; McDonald and
Paulsen, 1997). A study of the field-grown tropieglumeCyamopsis teragonoloba var. Pusa
navagar showed that plants grown under ambient UV-B tamliahad delayed onset of
flowering and reduced pod size by 60% as compargibnts grown without UV-B radiation
(Amudhaet al, 2005). Similarly, (Chimphanget al, 2007) reported delayed flowering time
and lower yield in UV-B-exposed soybean. Althoulgiwiering time was affected in our study,
the number of pods was not much affected by UVatiah. Rather, results from our study
revealed that, the number of pods per plant agtigeof the experiments was strongly affected
by season, and only slightly affected by UV. Thestnmportant growth parameters to explain

pod number per plant was leaf number, then SLA@adt height (Table 5). The pod number
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per plant negatively correlated with number of Eg\size of SLA and plant height?@®-0.96,
p<0.002, Table 5).

The fact that plants with more leaves and lower $iadl fewer pods points towards a
competition or a changed balance between vegetatidegenerative growth like shown in
other crops i.e. tomato and fruit trees (Heuvelnkl Buiskool, 1995; Marcelist al, 1998).
High SLA is a trait that is often associated wigthatively high growth rate, development of
young leaves and production of small seed massK@up et al, 2002). Leaves with a lower
SLA are thicker and usually have a higher derwditghlorophyll and protein per unit leaf area
and hence, a greater photosynthesis capacity @oand Evans, 1998; Evans and Poorter,
2001). In this study it was observed that pea leavith lower SLA was more efficient in pod
production than pea plant with higher SLA. Furtheersmaller leaf size results in reduced
boundary layer resistance that helps to maintauoréble leaf temperatures and improve
efficient water usage under high solar radiatiamwISLA has been found to maintain a higher
relative water content in leaves and it is assutodae a way to improve WUE (Craufued
al., 1999; Nautiyakt al, 2002). Water usage was not measured in this stutigroduction of
a higher biomass per unit of water transpired isimportant physiological parameter in
sustainable production of pea pods. Further workdgiired to study effects of UV radiation

on WUE.
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5.  Conclusions

Using an approach with UV-transmitting and UV-bloak filters, this study shows that UV
radiation caused changes in morphology and flowetime but had minor effects on pod
number. Pea plants exposed to UV radiation hadeshstems with more branches and later
flowering irrespective of altitude and season. sty correlation was found between number
of leaves and number of pods. The number of leaassmore affected by altitude and season
than UV radiation. Thus, other climate factors (RABmperature and VPD) may have a

stronger effect on productivity of pea than UV edidin.
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Fig 1. Solar spectrum transmission of polyethylene filmed in the growth experiment with
pea: UV-blocking polyethylene film (-UV) (solid k&) blocks UV-B spectrum (280-315 nm)
and the short wavelengths of UV-A 850) (Solar EVA-5 0.20 mm thick high diffuse opaqu
polyethylene film, Rovera plastic, The Netherlantdby-transmitting (+UV) polyethylene film

(dotted line) transmitting the solar spectrum bey@0 nm (0.2 mm film, Ethioplastic Pvt
LC., Addis Ababa, Ethiopia).The light transmittéddugh the plastic film was measured with

a 400 um fiber connected to an Ocean-optics SD2p66trometer.

Fig 2. UV-B distribution under UV-transmitting (+UV), U¥locking (-UV) film and open
field (OPF) during the dry season (A, B and C; daywApril) and wet season (D; April-June)
on four randomly selected days in 2012 at the fg#els in Ethiopia at a higher (2800 masl)
and lower (1700 masl) altitude. Each point repressére average value of six measurements

taken on randomly selected days.

Fig 3. Plant height from O week to 5 week of growth ({#d&B) were measured in pea plant
grown under UV-transmitting (+UV) and UV-blockingJ)V) plastic films at a higher (2800
masl) and lower (1700 masl) altitude in Ethiopiainlg dry (January —April) (A ) and wet
(April =June) (B ) seasons. At each site and seadata are the mean values + SE of
measurements from six plants. All values sharing same letter are statistically non-

significant at gr0.05.
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Table 1. Climate data sampled under UV-transmittiidgV) or UV-blocking (-UV) films during the dry &huary-February 2012) and
wet (April-June 2012) season at a higher (2800 yvaaml lower (1700 masl) altitude in Ethiopia. Theam temperature {(Ean°C) and
the relative air humidity (RH) were logged evepcond week alternating between the two sitesrggart Hawassa by a mini data

logger (Testo 174) at the top of plant canopy. Rmavater vapor pressure deficit (VPD) was caltetabased on the recorded

temperature and relative air humidity.

Altitude  Plastic film Season thean(°C) RH (%) VPD (KPa)
+UV Dry 19.5+3.0bc* 56.5+2.2bc 1.02+0.24bc
Wet 16.5+0.1c 77.7+0.5a 0.42+0.01c
High Mean 18 67.1 0.72
-Uv Dry 20.2+2.6abc 55.5+0.5¢ 1.1+0.18bc
Wet 16.6+0.4c 76.7+0.6a 0.44+0.02c
Mean 18.4 66.1 0.77
+UV Dry 27.5+0.0ab 40.6x2.6d 2.2+0.10a
Wet 25.3+0.4ab 63.4+0.4bc 1.2+0.02b
Low Mean 26.4 52 1.7
-Uv Dry 27.8+0.0a 39.1+2.7d 2.3+%0.10a




Wet 24.0£0.4abc 65.8£2.5b 1.02+0.10bc
Mean 25.9 52.5 1.66
p-Value Altitude 0.001 0.001 0.001

Film 0.973 0.845 1.00
Season 0.014 0.001 0.001
Altitude x Film 0.670 0.589 0.672
Altitude x Season 0.871 0.205 0.017
Film x season 0.602 0.467 0.436
Altitude x Film x season 0.787 0.476 0.555

* All values sharing the same letter in a columa statistically non-significant akp.05.
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Table 2. Ambient irradiance levels and irradianeeels of UV-B (W nY) and photosynthetic active radiation (PAR) (umot st)
below UV transmitting (+UV) and UV blocking filmsV) measured in the middle of the day (11:00 t@0%at a lower (1700 masl)
and higher (2800 masl) altitude in Ethiopia durting (January —April) and wet (April - June) seasd®arcent reduction in irradiance
below films compared with ambient irradiance leuslalso shown. The average monthly sun shine idar&dr dry (January — March)
and wet ( April to June) season for the period 20011 was calculated based on the secondary diatained from the nearest

meteorological station (Ethiopian national metrglegiency, Hawassa Branch).

Altitude  Film uv-B UV-B % UV-B PAR ambient PAR % PAR  Av. Sun

ambient below reduction (umolm?s?)  below film reduction  shine

(Wm?)  film (umol m? st duration
(W m?) (h)
Dry season
1700 +UV 2.20 0.82 63 1910 948 50 8.8
-Uv 0.05 98 1067 44
2800 +UV 2.41 0.90 63 1919 1028 46
-Uv 0.05 98 1105 42
Wet season
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Table 3. Growth parameters, number of days to kdibwer buds and pod number per plant of pea gréw 79 days under UV-
transmitting (+UV) and UV-blocking (-UV) plasticliins at a higher (2800 masl) and lower (1700 mdstude in Ethiopia during the
dry (January-April) and wet (April-June) seasor2@12. At each site and season, data are the mésss\#SE of measurements from

six plants.

Total leaf  Number of Branch Specificleaf Daysto Pods plant

Altitude Plastic Season area (crf) leaves number area (crig?l) flowering 1

film plant!

High +UV Dry  350+56.7ab* 13.5+0.67bc2.0+0.3b 407.6+53.4a 69.3+1.48a 9.8+1.14bc
Wet 411.3+10.5ab 18.3t1.9ab 2.1+0.2b 310.9+7.4ab 60.5+0.99b8.2+1.35c
Mean 380.7 15.9 2.05 359.3 64.9 9.0
-Uv Dry 429+106ab  13.3+0.5bc  1.2+0.2c  255.9%7.4b 4.760.67b  14.5%1.7ab
Wet  488.2+60.5ab 17.20.95abc  2.1+0.1b 346.4+18.7a88.0+1.24cd 7.7+0.76¢C
Mean 458.5 15.3 1.65 301.2 61.4 111
Low +UV Dry 304.2+11.4ab 11.7+0.76c 3.0+0.2a 266.9+16.3b 55.0+0.78dB4.0+1.2ab
Wet 414+48.9ab 21.0+2.8a  3.0+0.2a 341.2+35.180.2+0.95ef  5.3+0.9c

Mean 359.1 16.4 3.0 304.1 53.6 9.7
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-Uv Dry  210.2+73.9b 11.7#1.09c 2.0+0.2b 248.7+15.450.5+0.50fg  15.3+1.3a

577.7+108a 19.5+1.28al2.3+0.2ab 377.0+39.3ab 47.3+0.889 7.7+0.84c

Wet
Mean 394.0 15.6 2.15 312.9 48.9 8.0
p-Value Altitude 0.390 0.714 0.001 0.316 0.001 8.52
Film 0.263 0.490 0.001 0.257 0.001 0.025
Season 0.007 0.001 0.015 0.027 0.001 0.001
Altitude x Film 0.664 0.967 0.111 0.126 0.438 @88
Altitude x 0.086 0.043 0.167 0.019 0.001 0.025
Season
Film x season 0.207 0.542 0.026 0.008 0.512 0.222
Altitude x Film 0.201 0.903 0.242 0.128 0.372 0.074
X season

* All values sharing the same letter in a columa statistically non-significant atf.05
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Table 4. Stomata conductance and maximal photaosyitefficiency of fully developed pea leaves maasun the middle of the day
at a higher ( 2800 masl) and a lower ( 1700 mdsty@e in Ethiopia during the dry and wet seas?dil@) under UV-blocking (-UV)

or UV-transmitting (+UV) plastic film. Leaves oneltbth node of randomly selected plants were useddtermination of stomata
conductance. Photosystem Il efficiency was measimedg the vegetative growth stage on tfig5f and ' node of randomly selected

three plants under each film. The values are m&khaf three leaves in each of three plants (n=9).

Altitude  Plastic film Season Stomata conductance Fv/IFm
(mmol m? s?)
High +UV Dry 0.31+0.04a* 0.66+0.03c
Wet 0.28+0.02ab 0.7840.005a
Mean 0.30 0.72
-Uv Dry 0.17+0.02c 0.72+0.009b
Wet 0.15+0.01cd 0.78+0.007a
Mean 0.16 0.75
Low +UV Dry 0.08+0.01de 0.7740.008ab
Wet 0.15+0.01cd 0.82+0.004a

38



Mean 0.12 0.80
-Uv Dry 0.06+0.01e 0.79+0.009a

Wet 0.20+0.02bc 0.81+0.005a

Mean 0.13 0.80
p- Value
Altitude 0.001 0.001
Film 0.001 0.044
Season 0.002 0.001
Altitude x Film 0.001 0.233
Altitude x Season 0.001 0.002
Film x season 0.193 0.014
Altitude x Film x season 0.180 0.438

* All values sharing the same letter in a columa statistically non-significant atf.05
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Table 5. Growth parameter components contributngatiation in pod production (pods per plant) @agPisum sativumngrown in

Ethiopia at a higher (2800 masl) and lower (170@49naltitude (stepwise multiple regression with0.05 was used as a criterion for

acceptance, or rejection of model).

Parameters steps S 2R R Mallows p- Stepwise regression
(ad) Cp value model
Leaf number 1 1.37 85.6 85.3 117.4 0.001 Pod= 294B3(PLH)-

0.91(LN0)-0.0214(SLA)

Leaf number + SLA 2 0.805 95.12 949 127 0.001
Leaf number + SLA+ 3 0.730 96.07 95.8 4.0 0.002
Plant height

Where: LNo = Number of leaves; PLH= Plant heightAS-Specific leaf area; S=standard error of esten&= R square
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Table 6. Average values of minimum (Min) and maxim{Max) temperature’C), RH (%), sunshine duration (h), wind speed {h s
and rain fall (mm) for the past ten years (2002Q@&1) recorded by two different meteorologicalieteg of southern Ethiopia located
nearest to the study area at a higher (2800 miadl)aaver (1700 masl) altitude ( Ethiopian Nationateorological station, Hawassa

and Hagereselam branch).

Climate parameters Lowest altitude Highest alatud
Min Max Min Max
Temperature°C) 10.9 30.1 5.5 20.7
Rain fall (mm) 25.3 129.4 27.9 157.6
Relative humidity (RH %) 54.9 73.2 NA* NA
Sunshine duration (h) 5.0 9.3 NA NA
Wind speed (mY 0.6 1.0 NA NA

* NA= Data not available
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The ultra violet (UV) radiation reaching the ground is classified as UV-B (315-280) and UV-A
(315-400 nm) and the levels vary with altitude and latitude. Numerous studies have shown that UV-B has
various effects on morphology, biochemical composition and molecular responses of different species.
It is well known that the climate conditions during growth also affect how plants behave after harvest.
However, less is known about the effect of UV radiation during growth on postharvest characteristics of
ornamentals, and especially the role of UV-B. In this study we investigated the effect of natural levels of

ﬁfm&rgs; UV radiation at different altitudes (2794 m a.s.l. (high altitude) and 1700 m a.s.l. (low altitude)) on growth
Growth responses like morphology and flowering, postharvest water usage and shelf life of three pot rose culti-
Postharvest life vars (‘Cygein’, ‘Snow White’, ‘Tom Tom’). Plants were grown under UV-transmitting or UV-blocking films
UV radiation atdifferentaltitudes. The results showed that UV radiation significantly reduced growth at both altitudes;

however the effect was more prominent at lower altitude. Besides, higher level of solar UV radiation also
delayed flowering by 7-10 days. Postharvest life and water usage were not significantly affected by UV
radiation but rather by the altitude and plants produced at high altitude had a better control of water
loss and a longer postharvest life compared to lower altitude-grown plants. In conclusion, UV radiation
mainly affected morphology and development of the plants. However, stomata conductance, postharvest

Water usage

water usage and characteristics were rather affected by altitude differences than UV radiation.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Ultraviolet radiation (UV) is a part of the non-ionizing region
of the electromagnetic spectrum and comprises approximately
8-9% of the total solar radiation (Hollosy, 2002). UV is tradition-
ally divided into three wavelength ranges: UV-C (200-280 nm)
is extremely harmful to organisms, but not relevant under nat-
ural conditions of solar irradiation since it does not reach the
ground due to efficient filtration by stratospheric ozone layers; UV-
B (280-315nm) represents only approximately 1.5% of the total
spectrum, but is of particular interest since it can induce a variety
of effects in plants; UV-A (315-400 nm) represents approximately
6.3% of the incoming solar radiation and is the least hazardous part
of UV radiation (Hollosy, 2002).

UV-B has various effects on morphology, biochemical com-
position and molecular responses of different species. However,
the responses depend on species, cultivar, experimental condi-
tions, levels of UV-B and the interaction with other climate factors

* Corresponding author. Tel.: +47 6496 5628.
E-mail addresses: sissel.torre@nmbu.no, mesitesema@gmail.com (S. Torre).

http://dx.doi.org/10.1016/j.scienta.2014.08.021
0304-4238/© 2014 Elsevier B.V. All rights reserved.

like temperature and photosynthetically active radiation (PAR)
(Frohnmeyer and Staiger, 2003; Reddy et al., 2004; Brown et al.,
2005; Berli et al., 2012). Even though UV-B effects on vegetative
growth and morphology of plants are variable, reductions in shoot
length and leaf expansion were found to be the most common
effects (Mark et al., 1996; Caldwell et al., 2003; Zhao et al., 2003).
Besides, extended exposure of plants to UV-B radiation results in
higher accumulation of phenolic compound to absorb UV-B and
reduce its penetration and cellular damage (Lois, 1994; Jansen
etal., 1998; Caldwell et al., 2003). Accumulation of such secondary
metabolites and reduction in leaf area are part of the strategy
by which plants adapt and escape from harmful UV-B radiation,
through reduction in its transmittance (Jansen et al., 1998).
Furthermore, there are many reports showing significant reduc-
tion in total plant biomass and photosynthetic capacity due to
damages to the photosynthetic pigments and chloroplast struc-
ture (Teramura and Sullivan, 1994; Kakani et al., 2003), as well as
inhibition of photosystem II (Ziska et al., 1993; Allen et al., 1997).
Additionally, photosynthesis could be indirectly affected through
reductions in stomata conductance (gs) (Day and Demchik (1996);
Zeuthen et al., 1997). There have been contradictory results on
the responses of UV-B regarding gs and stomata characteristics.
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It has been indicated that elevated levels of UV-B radiation might
decrease gas exchange through enhancement of stomata closure
(Dai et al., 1995; Keiller and Holmes, 2001; Berli et al., 2012) but in
some plants UV-B has also been shown to induce stomata opening
(Musil and Wand, 1993).

Pre-harvest environmental conditions have an enormous effect
on the shelf life of ornamentals like cut flowers, bedding plants
and pot plants. Ornamentals are mainly grown in protected culti-
vation systems and the environmental conditions during growth
such as light (Mortensen and Gislergd, 1999; Fjeld et al., 1994), day
and night temperatures (Moe, 1975; Hamrick, 2003), carbon diox-
ide levels (Dole and Wilkins, 2005) and relative air humidity (Torre
et al.,, 2001; Pettersen et al., 2007; Fanourakis et al., 2012) are all
shown to affect the postharvest shelf life (for review see, Halevy
and Mayak, 1979a, 1979b). Stomatal behavior and water relations
are one of the main factors determining the potential postharvest
life, especially for cut flowers, but also for some pot and bedding
plants (Torre and Fjeld, 2001; van Doorn, 1997; Waterland et al.,
2010a, 2010b). Studies have shown that the stomatal behavior in
response to conditions of the cultivation environment, such as rel-
ative air humidity (Torre and Fjeld, 2001; Fanourakis et al., 2012),
light quality (Terfa et al., 2012), and photoperiod (Mortensen and
Gislerad, 1999), will persist also after harvest. Thus, the posthar-
vest water relation might be dependent on the environment during
growth.

UV-B can induce a range of specific plant responses, some of
which are particularly desirable from a horticultural perspective.
However, less is known about the effect of UV radiation during
growth on postharvest characteristics of ornamentals, and espe-
cially the role of UV-B (280-315nm). Although UV-B was earlier
mainly considered a plant stressor and a potential source for dam-
age, currently an ambient or ecological dose of UV-B is believed to
be animportant signal for plants rather than a stressor (Jansen et al.,
1998; Searles et al., 2001; Jordan, 2002; Jenkins, 2009; Jansen et al.,
2012). Novel technologies to manipulate UV levels are emerging.
For example, by using different selective plastic films, either UV-
blocking or UV-transparent, specific parts of the UV spectrum can
be manipulated. This provides new opportunities in protected crop
cultivation (Jansen et al., 2012).

Since UV-B at ground level varies with altitude and latitude,
UV-B exposure of plants will depend on the specific growing
site. Close to the equator commercial plant cultivation is possi-
ble also at high altitudes. For example, in Ethiopia highland areas
have a mild climate for ornamental and other crops production.
Ethiopia, is currently the second largest exporter of cut flowers
in Africa (Gebreeyesus and lizuka, 2012), and roses are produced
in protected cultivation systems under plastic coverings but with-
out heating. The two main locations where the commercial rose
productions are intensively under way in Ethiopia are highlands
(2400-2600 m a.s.l) around the capital, Addis Ababa, where the cli-
mate is characterized by high daily temperatures and cool nights,
and Ziway (mainly characterized as lowland; 1100-1800 m a.s.l)
where the temperatures are higher (25 °Cin average). The UV radi-
ation reaching the highland region of Ethiopia is higher compared
to lowland due to the increase in solar UV radiation with altitude
(Sullivan et al., 1992; Schmucki and Philipona, 2002). Obviously,
there is also a huge difference in daily mean temperature and day
and night temperatures between highland and lowland. However,
the expected difference in UV-B at the two altitudes may also have a
role in postharvest behavior either directly or indirectly by affecting
stomata function and eventually postharvest water usage. In other
postharvest study we have observed that there is a huge difference
in postharvest life of different cultivars of roses grown at differ-
ent altitudes, where plants grown at high altitude showed better
postharvest characteristics as compared to low altitude grown ones
(Terfa et al., unpublished result). Thus, the aim of this study was to

test the role of natural levels of UV radiation at different altitudes
in Ethiopia on growth responses like morphology and flowering,
postharvest water usage and shelf life of different cultivars of pot-
roses. These pot roses were grown under UV-transmitting and
UV-blocking films at different altitudes.

2. Materials and methods
2.1. Study area and planting material

Field experiments covered with different plastic films (see
below; Fig. 1) were carried out in the southern part of Ethiopia at
two different locations commonly described as highland (Hagere-
selam) and lowland (Hawassa). Hawassa (7°3’N 38°28' E) is located
at an altitude of 1700 m a.s.l and Hagereselam (6°27’N 38°27' E) at
analtitude of 2794 ma.s.l. During the experiments climatic parame-
ters at the experimental sites were recorded every hour by a thermo
hygrometer data logger (Testo 174H, Testo comfort software basic,
Version 5.0.2564.18771, Lenzkirch, Germany) hanged on the top
of the plant canopy (Table 1). Three pot rose (Rosa x hybrida) cul-
tivars collected from a commercial rose grower near Addis Ababa
(Ethio Plants PLC, Alemgena, Ethiopia) were used in the experi-
ments; ‘Snow white’ (white petals), ‘Tom-Tom’ (pink petals) and
‘Cygein’ (red petals).

2.2. Pre-cultivation and growth condition

Plants from the three pot rose cultivars were grown from a
single node stem segment with one mature leaf. Cuttings were
made from the middle and lower position of fully developed stems
with open flowers and rooted in pots with coconut peat rooting
medium (Galuku Lankaexport PVt. Ltd., Kurunegala, Sri Lanka) for
3 weeks. During the rooting the plants were kept under plas-
tic cover to keep the air humidity high. After rooting the plants
were transferred to a 15 cm new pot with fertilized coconut peat
(Nitrogen-Phosphorus—-Potassium (NPK) 12-7.5-28 ppm) and kept
in shade house in Hawassa for about 10-12 days. The climate under
the shade house was 20°C+5 temperature, 70% relative humid-
ity and 12/12h of light/dark. Natural light was used during the
experimental period. When the plants had 1-2 cm long shoots they
were transferred to a structure made of UV-blocking plastic cov-
ers (selectively cut-off UV-B below 350 nm radiation; Solar EVA-5
High Diffuse opaque polyethylene film with 0.20 mm thick and 3 m
wide, Revora plastic, The Netherlands), and UV-transmitting white
polyethylene sheet (transmits all solar spectrum beyond 250 nm;
0.2 mm polyethylene sheet, Addis Ababa, Ethiopian) (Fig. 1).

The structure was 3m x 3m wide and 2 m high with the bot-
tom and top sides (15 cm above ground and 15 cm below roof) left
open to allow air ventilation. It was constructed in the North-South
direction over the treatment plot to ensure the solar radiation
reaching the plants only after passing through the filter as the
sun moves from East to West. The main climate factors recorded
inside the structure during growth were temperature, relative
air humidity (RH), and UV-B distribution (Table 1 and Fig. 2).
The photosynthetically active radiation (PAR) passing through the
UV-blocking and UV-transmitting films was about 80% and 75%,
respectively, compared with unfiltered radiation (Fig. 2). Hereafter
plants growing under plastic film blocking UV-B and short UV-A
radiation will be referred to as minus UV (—UV), and those grown
under white transparent plastic film transmitting UV-B and UV-A
radiation will be referred to as plus UV (+UV). The solar irradiance
was measured using a PAR quantum sensor (Skye quantum sensor,
Skye Instruments Ltd., Llandrindod Wells, UK), in (wmolm~2s-1).
The amount of UV-A and UV-B were quantified by a UV-A and
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Fig. 1. Solar spectrum transmission of polyethylene films used in the growth experiment: UV-blocking polyethylene film (—UV) (solid line; blocks UV-B (280-315) and the
short wavelengths of UV-A; Solar EVA-5 0.20 mm thick high diffuse opaque polyethylene film, Revora plastic, The Netherlands) and UV-transmitting polyethylene film (+UV)
(dotted line; transmits all solar spectrum beyond 250 nm; 0.2 mm polyethylene sheet, Addis Ababa, Ethiopian).
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Fig. 2. UV-B distribution throughout the day at clear sky during the wet season
(April-July, 2012) at higher altitude (solid line; 2794 m a.s.l, Hagereselam) and lower
altitude (dotted line; 1700 m a.s.l, Hawassa).

Table 1

UV-B Sensor (Skye UV-A and UV-B sensor, Skye Instruments Ltd.,
Llandrindod Wells, UK) in mWm~—2s-1,

2.3. Growth parameter measurements

Plant growth parameters such as shoot length, average leaf area
(LA), leaf number, leaf and shoot dry weight (DW) were analyzed
when plants were at the commercial stage of sale with fully devel-
oped leaves and 1-3 open flowers. LA was measured with a LI-3100
leaf area meter (LI-COR, Inc., Lincoln, NE, USA). DW of the leaves and
shoots was determined after drying the leaves and stems for 5 days
at 70°C. Twice a week flowering status was recorded in order to
calculate number of days until open flower.

2.4. Stomata conductance and fluorescence

Stomata conductance (gs) was measured at local noon time
(between 10:00 a.m. and 3:00 p.m.) on intact first fully expanded
leaves of five plants per treatment in each experiment using an open
system LCA-4 ADC portable infrared gas analyzer (Analytical devel-
opment company, Hoddeson, England). During the measurements
the calibrations/adjustment in the leaf cuvette and gas analyzer
was: leaf surface area 2. 5cm?2, ambient carbon dioxide concen-
tration (Crer) 340 wmol mol~!, temperature of leaf chamber (Tg,)
varied from 22 to 25°C, leaf chamber molar gas flow rate (U)

Climate data sampled during the experimental period (April-July, 2012) at both research sites: Higher altitude (2794 m a.s.l) and lower altitude (1700 m a.s.l). The temperature
(T), relative air humidity (RH) and calculated water vapour pressure deficit (VPD) were sampled by a thermo hygrometer data logger hanged on the top of plant canopy inside
each plastic film cover during the growing periods. While UV-B (mWm~2s~1), UV-A(mWm~2s~!) and PAR (pmol m—2 s~!) were measured two times every hour on a clear
sky day from 6 a.m. to 6 p.m. The climate data are the mean values of recordings from two experimental repeats.

Altitude Plastic films Tean (-C) RHumean (%) VPD (kPa) PAR Uv-B UV-A UV-B/UV-A
High altitude —uv 16.6b 76.7a 045 825.4a 35.5¢ 1722¢ 0.02¢
+UV 165b 77.7a 041 889.6a 885.4a 11970a 0.08a
) —uv 24.6a 65.8b 1.12 599.8b 36.8¢ 1397¢ 0.03¢
Low altitude +UV 253a 63.4b 1.16 675.8b 557.b 8612b 0.07b
p-Values
Altitude 0.001 0.001 0.001 0012 0.04 001 0.03
Film 0973 0.845 0.082 0.15 001 0.001 0.01
Altitude x film 0670 0.589 0.749 020 0.03 020 0.09
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410 wmols~1, ambient pressure (p) 828 mbar and PAR (Q) at leaf
surface was maximum up to 1500 umolm~2s~!, The average leaf
temperature during measurements varied between the locations.
The leaf temperature for plants grown at the lower altitude var-
ied between 30 and 32 °C while it was between 20 and 22 °C for
plants at the higher altitude. Measurements were taken every 5 min
for 30 min in each plant. The maximum efficiency of PSII photo-
chemistry Fv/Fm was measured in the same time period by a plant
efficiency analyzer Handy-PEA (Hansatech, Kings Lynn, UK).

2.5. Postharvest characters and measurements

To analyze postharvest characteristics six flowered rose plants
with intact roots were transferred from each treatment to a
common test room in Hawassa University. Plants were at the
commercial stage of sale with fully developed leaves and 3-4
open flowers. The climate during testing were 58+ 5% RH (cor-
responding vapour pressure deficit (VPD) was 1.2 kPa), irradiance
35+ 5pumolm—2s-! supplied by fluorescent tubes (Osram NAV
T-400 W, Munich, Germany) as 12 h/12 h of light/dark, and a tem-
perature of 23 +1.5°C. Three control pots with no plants and only
soil were also placed in the room to estimate the water loss through
evaporation from the soil. All the pots were then weighed every day
from the first day (Dg) until the end of the postharvest life duration
for every plant. At the end of the postharvest life the leaf area of
the plants was determined by a leaf area meter (LI-COR, LI-3100).
Then rate of water loss (transpiration rate) per leaf area per day
(H,0cm~2day~!) was calculated. Assessment of the postharvest
life duration was done visually according to a standard procedure
(Association of Dutch Flower Auctions (VBN), 2005). The posthar-
vest life of a plant was considered terminated when 50% of either
one or more of the postharvest symptoms were visible. The visual
symptoms taken into account were petal wilting, petal necrosis,
leaf wilting and drying.

2.6. Statistical analysis
At both locations the experiment was repeated twice with the
same experimental layout during the wet season (April-July, 2012).

Since the trends of the results in the experiments were similar the

Table 2

data are presented as an average of the experimental repeats unless
otherwise mentioned. Significant differences between means were
tested for by applying normally distributed general linear mod-
els (GLM). Differences with p <0.05 were considered significantly
different. All statistical tests were performed in Minitab 16.1.1
(Minitab 16.1.1, windows version, State College, PA, USA).

3. Results
3.1. Plant growth and development

Number of days to flower opening was significantly affected by
altitude and UV radiation in all cultivars. In general, plants grown
at high altitude required 2-3 more weeks to get visible flower buds
compared to low altitude (Table 2). Plants grown under —UV radi-
ation flowered 7-10 days earlier in both altitudes as compared
to +UV radiation (Table 2). There was no significant interaction
between altitude and UV radiation in days to flowering. In addi-
tion, UV radiation caused petal blackening in the red color cultivar
(‘Cygein’) and brown spots the petals on the white petal color cul-
tivar (‘Snow white’).

The shoot length and leaf number were significantly affected by
altitude and UV radiationin all the cultivars (Table 1).In all the culti-
vars higher altitude-grown plants had 9-10 cm longer shoots than
those grown under lower altitude regardless of the UV radiation
(Table 2). However, the internode number and number of leaves
were 1.3 and 2 times higher respectively, in lower altitude than
high altitude. UV radiation also significantly affected shoot length
and number of leaves in all cultivars in both altitudes (Table 2).
The reduction in shoot length and leaf number due to UV radiation
was 25-35% and 15-19%, respectively, for all cultivars regardless
of altitude. However, the reduction was more pronounced at low
altitude and plants were on average 10% shorter than high altitudes
plants in all cultivars (Table 2). Even though both altitude and UV
radiation had a significant effect on shoot length, leaf number and
internode number, the strongest reduction in all growth param-
eters was mainly due to altitude rather than UV radiation. There
was a significant interaction between altitude and solar UV radia-
tion on average leaf area (LA) and leaf dry weight (LDW) (Table 2).
LA was reduced by 25-30% by +UV radiation, in both altitudes and

Growth and morphology of Rosa x hybrida cultivars grown at different altitudes under different plastic coverings transmitting UV-A and UV-B (+UV) or blocking UV-B and
short UV-A (—UV). Data are the mean values of measurements from two experimental repeats with ten replications in each (n=20; p<0.05).

Altitude Plastic film Cultivar Shoot Leaf Internode Average leaf Leaf Shoot Days to
length num- number area DW DW flowering
ber (weeks)
‘Cygein’ 16.0 6.2 7.5 140.8 0.9 0.8 8.0
+UV ‘Tom-Tom’ 19.9 5.7 7.8 218.4 1.7 0.9 7.5
High altitude ‘Snovx_l white’ 16.8 5.0 6.3 98.6 0.8 0.6 8.0
‘Cygein’ 21.7 9.3 7.0 2523 19 1.8 6.5
-uv ‘Tom-Tom’ 23.5 8.8 7.5 325.5 2.6 1.6 6.5
‘Snow white’ 20.3 8.0 6.9 134.7 1.8 1.7 6.0
‘Cygein’ 6.7 13.2 9.0 67.0 0.6 0.4 4.0
+UV ‘Tom-Tom’ 8.8 10.8 9.8 1394 1.5 0.7 4.5
. ‘Snow white’ 8.5 11.2 8.2 65.9 0.6 0.8 4.0
Low altitude ‘Cygein’ 103 16.3 96 139.8 16 16 3.0
-uv ‘Tom-Tom’ 124 12.8 9.5 1774 24 14 3.5
‘Snow white’ 115 14.8 8.8 90.7 1.7 14 3.0
p-Values
Altitude 0.003 0.001 0.001 0.01 0.325 0.205 0.001
Film 0.001 0.001 0.621 0.01 0.021 0.001 0.002
Cultivar 0.042 0.032 0.050 0.001 0.011 0.052 0.356
Altitude x film 0.653 0.147 0.172 0.032 0.051 0.903 0.547
Altitude x cultivar 0.493 0.65 0.280 0.428 0.502 0.295 0.256
Film x cultivar 0.634 0.337 0.143 0.703 0.707 0.654 0.432
Film x cultivar x altitude 0.923 0.567 0.584 0.893 0.725 0.561 0.982




188 M.T. Terfa et al. / Scientia Horticulturae 178 (2014) 184-191

Table 3

Stomata conductance (gs) and Fv/Fm (maximal dark-adapted photosystem II efficiency) during growth of Rosa x hybrida cultivars grown under different plastic coverings
transmitting UV-A and UV-B (+UV) or blocking UV-B and short UV-A (—UV) at different altitudes. Data are the mean values of measurements from two experimental repeats

with five replications in each (n=10; p<0.05).

Altitude Plastic film Cultivar Stomata conductance (mmolm=2s-1) Fv/Fm

‘Cygein’ 149.7 0.79

+UV ‘Tom-Tom’ 151.3 0.78

High altitude ‘Snovy white’ 152.3 0.78

‘Cygein’ 150.0 0.79

-uv ‘Tom-Tom’ 152.0 0.79

‘Snow white’ 154.0 0.79

‘Cygein’ 98.7 0.80

+UV ‘Tom-Tom’ 96.7 0.81

. ‘Snow white’ 923 0.80

Low altitude ‘Cygein’ 100.0 0.81

-Uv ‘Tom-Tom’ 98.0 0.81

‘Snow white’ 95.3 0.81

p-Values

Altitude 0.014 0.052
Film 0.152 0.132
Cultivar 0.05 0.329
Altitude x film 0.703 0.654
Altitude x cultivar 0.283 0.206
Film x cultivar 0.769 0.908
Altitude x film x cultivar 0.823 0.709

the effect was more pronounced at low altitude. This was corre-
lated with LDW, which was slightly affected by both altitude and
UV radiation (Table 2).

3.2. Stomata conductance (gs) and fluorescence

Stomata conductance (gs) was significantly affected by alti-
tude but not UV radiation and no interaction between altitude
and UV radiation was found (Table 3). In general, plants (all
cultivars) grown at high altitude had higher gs as compared to
lower altitude during growth (Table 3; p <0.05). The gs of plants
were on average 1.8 times higher in high altitude as compared
to lower altitude regardless of the UV radiation (Table 3). Fv/Fm
(maximal dark-adapted photosystem II efficiency; indicates plant
stress) was slightly affected by the altitude difference, where plants
grown at high altitude showed a slightly lower average value of
Fv/Fm (0.785) than those grown at lower altitude (Fv/Fm=0.80)
(Table 3). Fv/Fm was not affected by UV radiation in any of the
cultivars.

3.3. Postharvest characters and water usage

Postharvest water usage was significantly higher in plants
grown at low compared to high altitude; however the water usage
was not affected by the UV radiation (Fig. 3). Plants grown at the
lower altitude had twice as high water consumption than high
altitude-grown plants (Fig. 3). There was also a significant differ-
ence in water consumption between cultivars; the cultivar Cygein
used more water as compared to the other two cultivars at low
altitude (Fig. 3). In line with this, in general, compared to lower
altitude-grown plants, plants grown at high altitude had a longer
postharvestlife that also correlated with the postharvest symptoms
recorded (Table 4). Postharvest symptoms such as petal wilting and
leaf drying were more prominent in low altitude-grown plants than
high altitude (Table 4).

4. Discussion

Under natural conditions plants are exposed to different levels
of UV radiation, especially UV-B, depending on geographic location,
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Fig. 3. Postharvest water usage of Rosa x hybrida cultivars grown under different plastic coverings transmitting UV-A and UV-B (+UV) or blocking UV-B and short UV-A (-UV)
at different altitudes. The water usage was measured gravimetrically every morning until the end of the postharvest life after plants from different treatment were moved
to a common postharvest room with 58 + 5% RH (corresponding vapour pressure deficit (VPD) is 1.2 kPa), irradiance 35+ 5 wmol m~2s~! supplied by fluorescent tubes as
12h/12 h of light/dark, and a temperature of 23 +1.5°C. The error bars indicate the mean values of measurements from two experimental repeats with six replications in

each (n=12).
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Table 4

Postharvest characteristics of Rosa x hybrida cultivars grown at different altitudes under different plastic coverings; transmitting UV-A and UV-B (+UV) or blocking UV-B and
short UV-A (—UV). Postharvest life terminated when 50% of the leaves or petals showed the mentioned symptoms individually or in combination. Data are the mean values
of measurements from two experimental repeats with six replications in each (n=12; p<0.05).

Altitude Plastic film Cultivars Petal wilting (% Leaf wilting (% Petal necrosis Leaf drying (% Postharvest life
of total) of total) (% of total) of total) (days)
‘Cygein’ 63.1 412 25.1 57 113
+UvV ‘Tom-Tom’ 62.2 431 29.2 60 135
. . ‘Snow white’ 64.7 40.4 328 61 125
High altitude ‘Cygein’ 62.5 402 23 58 122
-uv ‘Tom-Tom’ 65.2 41.3 28 65 14
‘Snow white’ 66.5 42 30 62 13
‘Cygein’ 712 56.8 37.2 69.4 8.5
+UV ‘Tom-Tom’ 72.5 56.2 395 68.5 9.6
. ‘Snow white’ 71.3 59.3 413 69.2 8.3
Low altitude ‘Cygein’ 70.2 552 355 68.2 8.0
-uv ‘Tom-Tom’ 73.5 56.1 38.1 66.3 9.1
‘Snow white’ 70.5 57.2 395 67.8 8.3
p-Values
Altitude 0.014 0.012 0.003 0.021 0.001
Film 0.452 0.132 0.329 0.536 0.324
Cultivar 0.245 0.329 0.042 0.482 0.568
Altitude x film 0.603 0.654 0.367 0.357 0.413
Altitude x cultivar 0.383 0.206 0.529 0.423 0.583
Film x cultivar 0.569 0.908 0.843 0.703 0.703
Altitude x film x cultivar 0.348 0.706 0.809 0.349 0.708

cloud cover, and solar altitude (Estupifian et al., 1996; Rozemaetal.,
1997; Diffey, 2002). Even at the same geographical location and
season the amount of UV-B reaching the ground varies with time
of the day and time of the year and also depends on the interac-
tion between UV-B and other climatic factors. In the present study
we investigated the effect of UV radiation at different altitudes on
growth, development and postharvest characteristics of pot roses.
The UV-blocking film used in the experiment blocked all UV up to
350 (all UV-B and the short UV-A) while the +UV film transmitted
the full UV range. Thus, the main difference between the two films
is in the UV-B region (280-320) and the short UV-A (Fig. 1).

UV-B radiation is one of the key environmental signals that reg-
ulate plant responses including plant morphology (Jansen, 2002;
Jenkins, 2009). In the present study, UV radiation affected most of
the vegetative growth variables at both altitudes. A 30-40% reduc-
tion in shoot length and LA were found under the UV-transmitting
film compared with the treatment where UV was blocked (Table 2).
The reduction in shoot length and vegetative growth is a typical
UV-B response found in many different species, e.g. such as lettuce,
mung bean, maize, cucumber, grapevine and Arabidopsis thaliana
(Krizeketal., 1997; Pal et al., 1997; Krizek et al., 1998; Jansen, 2002;
Wargent et al., 2009; Berli et al., 2010, 2012). From this study, it is
clear that all the rose cultivars tested responded similarly to UV
radiation. The compact and shorter plants in +UV radiation were
due to shorter internodes since the number of internodes was not
affected by UV radiation (Table 2).

It has been demonstrated that LA is very sensitive growth
parameters that easily respond to elevated UV-B due to reduced
leaf formation and leaf expansion (Nogues et al., 1998; Zhao et al.,
2003).Ballaré et al. (1995) and Grant (1999) also showed that when
plants were exposed to UV-B, the LA was lower because of both
smaller leaves and a lower number of leaves. These morphogenic
responses are possibly a part of the photomorphogenic acclimati-
zation mechanism of the plants to reduce the interception of the
UV-B (Jansen, 2002; Jenkins, 2009). Besides, according to Hectors
et al. (2010), UV treatment did not affect cell number, cell shape,
cell areavariation, or stomata formation, rather the reductionin leaf
size was solely due to smaller pavement cells, because of impaired
cell expansion at an early stage of leaf development.

Number of days to flower opening was significantly affected by
altitude and solar UV radiation in all cultivars. The longest flower-
ing time (2-3 weeks) was recorded at high altitude regardless of

the UV radiation (Table 2). Even though flower induction in roses is
autonomous flower development is promoted by increasing tem-
perature and irradiance. Temperature is well known to facilitate
flowering in many plant species (see review by van Doorn and van
Meeteren, 2003). Shin et al. (2001) showed that in roses the num-
ber of days from bud break to flowering increased from 21.6 to
63.0 days as temperature decreased from 30 to 15°C. The num-
ber of days to flower was primarily influenced by the temperature
after formation of a visible bud. This suggests that the temperature
after visible bud formation significantly affects the rate of flower
development and opening. Plants grown at higher altitude experi-
enced lower temperature during development and this might have
delayed flowering. Furthermore, plants grown under —UV radia-
tion flowered 7-10 days earlier in both altitudes as compared to
+UV radiation (Table 2). However, the flower induction might have
occurred earlier in +UV radiation since they had fewer number of
leaves at flower opening. The delay in flowering might be an indi-
rect effect of UV radiation, because of reduced leaf area resulting in
lower light capturing and lower dry matter accumulation. Carbo-
hydrates are essential to flowering of plants (Bernier et al., 1993)
and an important energy source facilitating flower opening (Ho and
Nichols, 1977; Marissen and La Brijn, 1995). In most species, the
mobilization of storage carbohydrates and/or the import of sucrose
is important in flower opening as flowering requires some energy
(van Doorn and van Meeteren, 2003).

The effect of UV radiation on growth was more prominent at low
altitude (with higher temperature) where the reduction in shoot
length and LA was 10-15% higher than at high altitude, despite
significantly higher UV-B level at high altitude (with lower tem-
perature) (Tables 1 and 2). This might be due to the interaction
of UV-B with other climatic factor such as temperature. Temper-
ature is one of climate factors known to affect shoot elongation
and cell expansion (Moe and Heins, 1990; Berghage and Heins,
1991). The interactive effect of temperature and UV-B has been
shown to affect plant growth in many species (Mark and Tevini,
1996; Kakani et al., 2003; Reddy et al., 2004). However, some stud-
ies showed contradictory responses of these interactive effects.
Nedunchezhian and Kulandaivelu (1996) showed that in cowpea
plants, UV-B damage was greater for plants grown at 30°C than
for plants grown at 20°C. In contrast, the UV-B induced reduction
in seedling growth of maize and sun flower was alleviated by 4°C
increase in temperature from 28 °Cto 32 °C(Mark and Tevini, 1996).
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Plants from high altitude and high latitude ecosystems where
UV-B and cold temperatures are naturally simultaneous or sub-
sequent stresses, are less sensitive to enhanced UV-B than plants
from low UV-B locations (van de Staaij et al., 1995; Binder and L'-
Hirondelle, 1999; Chalker-Scott and Scott, 2004). This is partly due
to increased tolerance towards UV-B as a result of low tempera-
ture. There are evidences about cross-tolerance between different
stressors such as UV-B, low temperature and drought (Manetas
et al., 1997; Chalker-Scott and Scott, 2004; Poulson et al., 2006),
where plants showed increased tolerance against UV-B, low tem-
perature or drought because of increased acclimation to the other
stressor (Chalker-Scott and Scott, 2004; Poulson et al., 2006). The
Fv/Fm values measured in our experiment show that UV radiation
has no significant effect on Fv/Fm, and no indication of stressed
plant. The values at both altitudes are within the Fv/Fm value range
of 0.8 £0.05 shown for healthy and sun adapted leaves (Critchley,
1998) (Table 3).

Altitude rather than the UV radiation affected gs in all the culti-
vars(Table 3).In general, plants (all cultivars) grown at high altitude
on average had 1.8 and 1.3 times higher gs as compared to at lower
altitude, regardless of the UV radiation (Table 3). The gs was mea-
sured in the middle of the day when the temperature and irradiance
reach their highest levels. The higher transpiration at high altitude
and vice versain low altitude might be due to effect of other climatic
factors such as RH (VPD) and temperature. The VPD and temper-
ature measured at the high altitude were lower than at the lower
altitude (Table 1). The lower gs measured at low altitude might thus
be due to the higher VPD and higher air and leaf temperature that
increase the transpirational flux, forcing the plants to close their
stomata in order to conserve water. Plants developed under higher
VPD (low RH) are well known to have low gs during growth (Arve
et al., 2012). Although plant surface area and density of stomata
per leaf area are the major factors influencing the rate of water
loss in plant, it has also been reported that gs is also related to
altitude or difference in air pressure in addition to VPD (Smith and
Geller, 1979; Leuschner, 2000; Gale, 2004; Kérner, 2007). There are
also reports indicating that with increasing altitude stomata den-
sity also increases, which positively correlates with increased gs
(Holland and Richardson, 2009).

In the present experiment the postharvest water usage and
postharvest life was significantly affected by altitude but not UV
radiation (Table 4;). The water usage was related to the postharvest
life and characteristics measured. Leaf wilting and leaf drying are
typical postharvest characteristics for water stressed plants (Torre
and Fjeld, 2001). Hence, plants grown at the lower altitude showed
higher percentage of leaf drying and wilting which might be due to
water stress because of high transpiration rate. This led to shorter
postharvest life for lower altitude plants as compared to high alti-
tude. Postharvest transpiration was higher for plants from lower
altitude than high altitude. They had twice as high water usage
than high altitude plants when transferred to postharvest room.
Stomatal behavior and water relations are one of the main factors
determining the potential postharvest life of cut flowers as well as
for some bedding and pot plants (Waterland et al., 2010a,b). The
postharvest water loss can be dependent on the stomatal behav-
ior during growth (Torre et al., 2001; Fanourakis et al., 2012). It
has been shown that environmental conditions during cultivation
influence postharvest quality of roses by affecting the ability to
control postharvest water loss (Halevy and Mayak, 1979a,b). For
plants grown at high altitude, VPD (0.4 kPa) during growth was
lower as compared to the lower altitude-grown plants (Table 1).
However, when they were transferred to an environment where
the VPD is very high (VPD in postharvest room: 1.2 kPa) they prob-
ably respond by closing their stomata to avoid water loss. However,
for plants developed at the lower altitude, there was no signifi-
cant change in VPD during growth (VPD: 1.12 kPa) and postharvest

(VPD: 1.2KkPa). Since these plants did not sense any stimuli to
close their stomata after transfer to the postharvest test room they
continued to transpire as usual. Under natural conditions, plants
are adapted to sudden environmental changes by physiologically
adjusting themselves. This can be by dynamically controlling sto-
matal conductance; plants can effectively regulate long-distance
water flow and water potential over short term which ultimately
regulates stomata function (Hacke and Sauter, 1995; Laur and
Hacke, 2013). Hence, in this experiment the ability of plants grown
at high altitude to easily sense the changing environment and
dynamically adapt to it by keeping their water balance and avoiding
unnecessary water loss was a key factor for a better postharvestlife.

In conclusion, UV radiation reduced shoot length and LA in both
altitudes. However, stomata conductance, postharvest water usage
and characteristics were rather affected by altitude differences than
UV radiation. Hence, plants grown at higher altitude had a bet-
ter control of water loss and a longer postharvest life than lower
altitude-grown plants. UV radiation can induce a range of specific
plant responses, some of which are particularly desirable from a
horticultural perspective. However, from this particular study it is
not recommended to use UV-transmitting plastic coverings during
rose cultivation either at highland or lowland since it reduced the
growth, increased discoloration of petals and delayed the flowering
without improving the postharvest shelf life.
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Abstract:

The use of different covering materials, like cetbnets and films to shade or to manipulate
light quality is increasing in areas with excesdight. Modifications of light have significant
effects on growth and development of plants. Iis gtudy two types of imported screens
(Svensson with strip ventilation, and white plgstiad one locally produced screen (yellow
plastic) were used as greenhouse covers to stugly d¢ffects on the performance and
productivity of peaRisum sativunecv. Oregon sugar pod Il) during the dry seasdgthiopia.
Plants grown under the Svensson screen were 5.&r6tdller, had 2—3 more internodes and
the internodes were 0.44-0.59 cm longer as comparddse grown under the yellow and the
white plastic screens. However, no significantetdigihces in dry matter or pod number were
found between the screens. The difference in mdoglyowas mainly due to the reduced
transmittance of photosynthetic active radiatioARIP and ultraviolet (UV) radiation of the
Svensson screen as compared to the plastic scfleetiswhite and yellow). Significantly

smaller stomata aperture and lower leaf conductaece found on plants grown under yellow



plastic film as compared to the imported screersus] plants grown under the locally
produced yellow plastic film had 17% and 37% lowanspirational water loss as compared
to the Svensson and the white plastic screensecaspely. Maximal PSII efficiency (Fv/Fm)
was also lower in the locally produced yellow fim compared to the two imported screens,
but Fv/Fm was not correlated with pod numideiconclusion, growth and development of pea
are robust to changes in light climate. The cheaplly produced yellow plastic screen with
relatively high PAR and UV transmittance is a sbligascreen in the production of pea and an

efficient tool to control transpirational water $o& warmer regions like Ethiopia.
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Abbreviations: UV, ultraviolet radiation; Fv/Fm, maximal photossm Il efficiency; gs,
stomata conductance; PAR, photosynthetically adtadgiation; RH, relative air humidity;
masl, meter above sea level; LWR, leaf weight rdi&R, leaf area ratio; DAP, diammonium
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1. Introduction

Solar radiation consists of different types of wawngths ranging from the shortest wavelength,
ultraviolet (UV), to the longest wavelengths, nigdira-red (NIR). Light is the most important
climate factor affecting growth and development ménts as an energy source for
photosynthesis and as a signal controlling a wadeye of processes. Photosynthetic active
radiation, PAR (400-700 nm) is the spectral randdckv plants are able to use for
photosynthesis. Different parts of the solar spastcontrols different processes like seed
germination, flowering and morphology (Chory et, @996). Light, along with other
environmental clues like temperature, enables plémtadapt and adjust their growth and
morphology to the environment. However, the resparsd sensitivity to the quantity and the
quality of light differ widely among plant speci@&noco-Ojanguren & Pearcy, 1995). Shade-
tolerant plants often have lower photosynthesessrand they are subjected to photoinhibition
when exposed to strong sunlight, as compared taaarant species (Oquist al, 1992;
Demmig-Adamset al, 1998; Zhanget al, 2004; Aleric & Kirkman, 2005).

Light quantity and light quality can be manipulatedoptimize plant production by
adding light (Mortensen & Stramme, 1987; Olle & &iie, 2013) or removing light and/or
specific parts of the solar spectrum by the useookring materials (Hemmingt al., 2005;
Krizek et al., 2005). The use of different covering maierilike colored nets and films to shade
and/or to manipulate light quality is increasinganeas with excessive light; for example, near
the equator. In addition to functioning as a metloddoroviding shade (reduce PAR and
temperature) and manipulating the light qualitg, tloverings are also used as a way to protect
plants from diseases and pests (Antigaual, 1996; Diaz & Fereres, 2007). The response of
a wide range of plants to a modified light envir@mncreated by colored films has been

reported by different researchers @tial, 2000; Liet al, 2003). Some plant species tolerate
3



high PAR, but under extreme sunny and warm conttlagh transmission of PAR may cause
high leaf temperatures and photoinhibition (Yakwale& Titlyanov, 2001). High leaf
temperatures can induce flower and fruit abortiodifferent plant species (Aloet al., 2001,
Guilioni et al., 2003; Marcelist al., 2004).

Modifications of the UV part of the light spectrumave significant effects on growth
and morphology of plants (Kittat al., 1999; Terfat al., 2014). UV absorbing films are widely
used as cover material in protected cultivationtidruset al., 1996; Elad, 1997). Some types
of coverings transmit UV radiation and can haveitp@seffects on plant quality (Luthriet
al., 2006). However, the effects of these coverenws on crop behavior vary widely
depending on species and cultivars (Mortensen &rtne, 1987).

In Ethiopia, most of the ornamental crops and leigoos plants are growing under
considerably warm and sunny climatic conditionse Treenhouse production system is a
relatively new but increasing agriculture sub-settdethiopia. The most common greenhouse
type is a basic steel construction with a fixeddjustable single roof vent or side vents. The
constructs are covered with plastic films (mainbjyethylene) to decrease the light intensity
for creating a cooler environment. The use of défifie types of colored filters and cover
materials to regulate desired physiological andahological responses in plants is a new agro-
technological concept, and is of increasing intenesEthiopia. There are different cover
materials used but most common types are locatidymed cheap plastic films. Other, more
expensive types of shading materials like colorets (Shahalet al., 2004) or shading
materials with reflectors and open strips to alleantilation by free airflow through the
opening (Hemmingt al., 2005) — have, to our knowledge, not bestetetand compared with
the locally produced plastic films commonly usedEthiopia.

In this study three different covering materialsreveompared, one cheap locally

produced plastic film (yellow), imported plastidnii (white) and imported shading material
4



with strip ventilation (Svensson). The objective tbfs study was to assess growth and
productivity of pea under the three different cavgs and to evaluate their potential under

Ethiopian growing conditions.

2. Materials and Methods

2.1. Experimental location and set-up

The field experiment was conducted in Hawassahénsbuthern part of Ethiopia, during the
dry season (January—April) 2013. Hawassa is locatetf3N 38°28E and at an altitude of
1700 meters above sea level (masl). For the stuee types of covering materials were used:
(1) custom made Svensson shading screen (AB Lgdswensson Bangatan 8,511 54 Kinna,
Sweden), (2) white UV blocking plastic film (SoBYA- 5 High diffuse opaque film with 0.20
mm thick, Rovero plastic (Krabbescheer-6 4941 VVéiRsdonksveer, The Netherlands) that
selectively cut off solar spectrum below 350 nmnd g3) yellow plastic film (0.2 mm
polyethylene sheet produced by the Ethioplastic paomg, Addis Ababa, Ethiopia). Plants
grown under Svensson screening material will, Hexgebe referred to as “Svensson”, those
grown under white UV screening plastic film as “tefij and those grown under yellow plastic

film as “yellow”.

The shade structures were constructed from wofsderes having an area of 4 end a height

of 2 m. In each structure, about 15 cm of open espeas left uncovered below the roof and
above the ground for air circulation. The structues erected in the north—south direction over
the treatment plot. This orientation ensured tlodairsradiation reached the plant only after

passing through the filter as the sun moved frost Eawest.



The light spectrum transmittance of the two pla$itims (Fig 1A), imported plastic film
(White) and local plastic film (Yellow) were measdrat Norwegian University of Life
Sciences (NMBU) by illuminating the sample at thletpof an integrating sphere (ISP-50-
REFL Ocean Optics, Ocean Optics, Dunedin, Fla., Y)8i#h 600um thick optical fiber and

a DH2000 (Ocean Optics) halogen light source. Thlet ltransmitted into the sphere was
measured with 400m fiber connected to an Ocean Optics SD2000 speeter. The direct
light (FiglB) was measured by the company Svensstina spectroradiometer (LI-1800, L-
Cor, USA). A SUN 1200 (Honle Germany) was used &ghd source. Small samples of the
coverings were placed over an integrated sphereemed to the spectroradiometer. The
visible light range (400—-700nm) was used to deteenpercent direct light under Svensson

screening materials (Fig 1B).

2.2. Climatic data and measurement

Climatic parameters such as temperature and relativhumidity (RH) were sampled every
hour in a 24 hour cycle on 12 selected days dutiegexperimental period (77 days), by the
use of mini data loggers (Testo 174H, Version 264218771, Lenzkirch, Germany). Each
data logger was hung close to the plant canopy @bave the ground).The UV-B (W-#)
PAR (umol n72 s%), and R:FR ratio were measured two times every from 06:00—18:00h,

on four days, using Skye spectrosense?2 (Skye msimts Ltd, UK).



2.3.  Pre-cultivation and experimental growth conditions

Seeds of peaPfsum sativum cvOregon sugar pod Il) were obtained from a commEfaran
(Hadia flowers and vegetables farm, Addis Ababhidpia) and sown directly in pots (15 cm
size) filled with coconut peat (Galuku Lanka Exgdpvt. Ltd., Sri Lanka) and fertilized with
28 ppm diammonium phosphate (DAP; (NHHPCQi, 18%N, 46%F0s), following the
methodology of (Valenzuela, 1983). The pots wéaeqd in a shade house prepared for seed
germination. They were arranged in the shade h{@&% shade) and subjected to similar
environmental conditions — a temperature of 20 AG@ &% RH, with 12/12 hour light/dark
during germination of the seeds. The photoperiosl #2ahrs. Six days after germination, when
the shoots were 1-2 cm in length, 30 pots werestesred to each experimental plot covered

with the different screens.

2.4. Plant material and growth analysis

2.4.1. Growth measurement of young plants

Non-destructive growth data such as leaf thicknessiatal conductance, leaf surface
temperature and chlorophyll fluorescence measuremere collected from 4-5 weeks old
vegetative plants. Another group of plants (sixgper treatment) were used for destructive
measurements like collection of imprints of leaidepmis, leaf dry weight, stem dry weight,
leaf weight ratio (LWR= total leaf dry weight/ dweight of vegetative part), and specific leaf
area (SLA=leaf area of single leaf/dry weight ofgte leaf) at the stage of 4-5 weeks age. For
determination of SLA, single leaf area and dry wgiteaves were collected from th@ dode

of six plants in each treatment. Leaf area ratRE leaf area per plant/weight per plant) and



LWR were calculated based on the leaf area, andlibee ground fresh weight and dry weight
of each plant. Leaf thickness was measured wiilgitativernier caliper on leaves from th& 5

node.

2.4.1.1. Stomata parameters

Stomata number and morphology was measured onftiilgexpanded leaves harvested from
4% g5h and & nodes of five plants during morning (10:00 to Di1idrs) time. To evaluate
stomata morphology and features, epidermal impviie made on the upper surface of fully
expanded leaves by coating approximately a 1.5 ¢mb xm area of the leaf surface with clear
nail polish. After 10 minutes the painted area wagered with transparent ‘sellotape’. The
imprinted epidermis was immediately fixed to a glascroscope slide and samples were kept
at the Horticulture laboratory (Awassa College gfidulture, Ethiopia) until it was transported
to Norway. At Norwegian University of Life Scienc@$MBU) the negative imprints were
photographed using Leica DM5000 B microscope C&eVlicrosystems, Buffalo Grove,
lllinois, USA) at 40x magnification, Leica DFC4#8tgital camera (magnification 0.5x), and
Leica application LAS V370. Stomata length was difi@d by measuring longitudinally from
end to end, stomata aperture was quantified by umniegsthe opening distance between the
two guard cells, and the stomata area was detednipeneasuring the circumference of the

stomata.



2.4.1.2. Chlorophyll fluorescence

Chlorophyll fluorescence was measured on fully exieal leaves (at thé"45" and &' nodes)
from three plants in each treatment, during morringe (06:00-07:00 h), using a plant
efficiency analyzer, HandiEA (Hansatech, Kings Lynn, UK), following the methdmlyy

of (Strasseet al, 2004). Measurements were taken from 4-week chthtpl For maximal
chlorophyll fluorescence emission, leaves were -dal&pted in the leaf clip for 15 min. Light
was then provided by an array of three high-intgrigjht-emitting diodes at 1500mol m? s

1 to ensure that the photosynthesis was fully sttdrduring the measurements.

2.4.1.3. Stomata conductance and transpiration rate

Stomatal conductance (gs), leaf surface temperanderanspiration rate (mmolis?) were
measured on fully expanded leaves of three pldrtgsgk old plants) at thé"sode, using an
open system LCA-4 ADC portable infrared gas analyath leaf chamber PLC-4 (Analytical
Development Company, Hoddeson, England). The treigm rate was measured from the
water vapor pressure of the air entering and lepthe leaf chamber. This measurement was
taken from 12:00 to 13:00 h (local time) after 5 notes, with the following
specifications/adjustments: leaf surface area 6ré% ambient carbon dioxide concentration
340 pmol mot, temperature in leaf chamber varied from 34 t6@7eaf chamber molar gas
flow rate 410 umot$, ambient pressure 828 mbar and PAR at leaf suWasemaximum 1500
umol m2. Three plants were selected from each treatmee@dh plant a fully opened leaf'(5
node) was used for stomata conductance, leaf sutiamperature and transpiration rate

measurement. Measurements were taken in eachvielgf ® minutes for 15 minutes.



2.4.2. Measurement of growth and flowering of pea

During 5 weeks of growth, parameters like planghgileaf number, internode number and
internode length were measured eveiyd@y. Plant height was measured with a ruler frioen t
top surface of the pot to the shoot apical meristenil the first flower bud appeared. After
flower initiation there was no further shoot elotiga of the main stem. Leaf number was
determined by counting fully opened leaves on gamie of the main shoot. All internodes
below the newly opened leaves were counted and urethdo determine the number of
internodes. Internode lengths of six plants frowheaeatment were determined by measuring
the length between the nodes. The appearancendionas recorded every third day, starting
from week five — when the first flower appearedntilithe appearance of new flowers stopped

(8" week).

2.4.3. Measurements of pod size and above ground biomass

Pod length and width were measured during pod dewet¢nt, beginning 4—6 days after
flowering when the pods were < 0.5 cm. The lengith width were measured every day until
pod extension stopped (seed filling stage) (Ohy&atf83). Pod length (longitudinal section)
and width (horizontal section) were analyzed adsi@éng stage (about 15-20 days after
flowering). The lengths of the pods were measuoaditudinally, following the curvature of
the pod. Pod width was measured at the middleeoptd length. During harvesting the total
number of pods per plant, as well as the total tedindividual pod fresh weights were
determined. Leaves and stem of each harvestedvpdaatseparated, and fresh weights of stem

and leaves were measured. Leaf area per plant wasured with an LI-3100 leaf area meter
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(LI-COR, Inc., Lincoln, Nebraska, USA). Dry weigbit above-ground biomass was measured

after drying at 70C for 72 hours.

3. Statistical analysis
Significant differences between means were testa@dguone-way analysis of variance
(ANOVA) and Tukey'’s test with$0.05 significance level. Average values for edelnfpvere
used in the analysis. Data were checked for eqaaénce before ANOVA analysis. All
statistical tests were performed in Minitab 16.(Minitab 16.1.1, Windows version, State

College, Pennsylvania, USA). The experiment wasdorly once.

4. Results

4.1. Climate data and measurement

The light conditions and temperature measured uedeln screen material are presented
in Table 1, and Fig 3. Although a big differencemean temperature was not observed, the
temperature under the yellow plastic cover seembiedniby 1-2C during the middle of the
day (12:00-14:00 local time) as compared to thenSs@n and the white covering materials
(Fig 3). However, the Svensson covering materidl$&26 and 43% less PAR than the locally
produced yellow plastic shading material and th@arted white plastic cover material,
respectively (Table 1). However, the latter two badost the same PAR levels. Moreover, the
ratio of red to far red light (660/730 nm) was ktlg higher under locally produced plastic
cover material than under the two imported covernmaterials. The lowest R/FR ratio was

measured under the Svensson covering material¢labThe UV-B level was only 4% under

11



the white plastic covering material, as compared® and 23 %, respectively, under the

Svensson and the local covering material. (Tahle 1)

4.2.  Morphology of young plants

4.2.1. Leaf traits , stomata aperture and stomata area

Leaf area ratio (LAR) was 14% and 16% higher favks developed under the Svensson
screen, as compared to the white and the yelloweraoy materials, respectively. However,
leaf thickness, specific leaf area (SLA) and leafght ratio (LWR) were not significantly
different between the coverings (Table 2). Smatiemata aperture was found for plants
produced under the yellow film, as compared towhée plastic and the Svensson screen. A
similar trend was found in stomata area (TableH)wever, no significant difference in
stomata number was found between the treatmentd(Ba As in the case of stomata aperture,
stomatal conductance and transpiration rate wegrifsiantly reduced under the yellow
covering material, as compared to the white cogenmaterial and the Svensson screen (Table

4). Leaf surface temperature was not significadifferent (p>0.05; Table 4).

4.2.2. Chlorophyll fluorescence

Plants grown under the Svensson screen had high&mmal photosystem Il efficiency
(Fv/Fm) than plants grown under the white and tbBow covering materials. The lowest

Fv/IFm value was measured in plants grown undelota yellow plastic (Table 4).
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5. Measurement of morphology and yield

Plants grown under the Svensson covering materaséVs.1 and 6.4 cm taller than plants
grown under the white and the yellow coveringspeesively (Fig 2). Plants produced under
the Svensson covering material had 2—3 more intlemiand 0.44 to 0.59 cm longer individual

internodes than plants produced under the whitelaglellow covering materials (Table 5).

No differences were observed in flowering time hedw plants grown under the different
covering materials. All the plants flowered aftesef weeks (data not shown). Moreover, all
covering materials had similar effects on leaf akeaf number and flower number during the
growing period (Table 5). The number of pods, paagth, pod width, number of seeds per
pod, as well as pod fresh weight per plant andsiddal pod fresh weight, were similar and no
significant differences were found among the coxggrmaterials (p>0.05, Table 6). Further, no
significant differences in dry matter accumulateomd distribution were found between the

treatments (Table 7).
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6. Discussion

The purpose of this study was to compare threeraifit covering materials and evaluate their
effects on growth and development of pea in Etlomlimate. Since Svensson covering is a
ventilated reflective screen with lower light tramssion, a lower leaf temperature was
expected as compared to the two plastic films. H@areno significant differences in leaf

temperatures inside the small (4)greenhouses were found (Table 1).

The main difference between the Svensson coverningtiae plastic films was lower PAR
transmittance in the case of the former (TableFby. the Svensson screen there is a high
transmission in the lab, whereas the transmissidhe field is much more reduced (Fig. 1B).
This difference can be explained by dust redudmgttansmission and by the “tent” effect.
The “tent” effect means that much of the light samitted through the Svensson screen is
diffused light. This diffused light will be spread all directions over a much larger area than
the roof area. Therefore, the light reaching tlaatd will be much attenuated. This “tent” effect
will be much greater in these small experimentaist¢han in tents with a large roof area. For
the two other clear screening materials more oflitite transmitted is direct light and less
diffuse light. The tent effect will be smaller atie difference between lab measurements and

field measurements of light transmission will besl¢Fig. 1).

Also, R/FR ratio was slightly lower under the Sw&ars covering, as compared to the
plastic films (Table 1). Plant morphology and proikity are commonly influenced by
environmental factors such as light, temperatuceaanhumidity (Eskins, 1992; Jansenal.,
1998; Mortensen, 2000). However, the differencgsaauctivity were found to be rather small
in this study. The dry matter accumulation of thenps and the number of pods were almost
the same under the three coverings, and no signifdifference was found in pod size or fresh
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weight per pod (Table 6 and 7). This shows thatpée plant is robust to changes in light

climate.

In this study the plants were more elongated utideBSvensson screen. It is likely that
the reduced irradiance and the lower R:FR ratithen Svensson covering material are the
reasons for the growth stimulation, as compardddalastic film (Table 1, Fig 1)Moreover,
in addition to longer internodes, the plants gramder the Svensson screen had significantly
more internodes — indicating that the growth régaf(day) must have been higher in plants
developed under the Svensson screen, as compartbeé two plastic films. Pea is a fast
growing type of vine crop that requires supportadd the plants uprights as they grow taller.
In a commercial production system, dwarf variettest only grow 30-60 cm in height might
be optimal without additional support from stakioigtrellis material. Dwarf plants are also
strong enough to self-support and keep their pads drom the soil surface (Powell & Marks,
2003; Tsado, 2012). In this study, the results gtbthat all coverings resulted in rather short

plants (< 40 cm).

Plants under the Svensson covering material had Higber LAR than plants grown
under the yellow plastic material. Poorter and Resn 990) reported that fast growing plants
have a higher LAR, which is the fraction of totédmt weight allocated to leaf area, than slow
growing plants. Moreover, others have indicated #twded plants have a higher biomass
allocation to leaves, and a higher leaf area pérleaf mass, resulting in a higher leaf area
ratio (Popma & Bongers, 1988; Osunk@taal, 1994). Our result confirmed that, plants grown
under a lower irradiance, like those under the Ssen covering, had higher LAR than plants

growing under higher irradiance (Tables 1 and 2).

The yellow covering material induced a significeeduction in stomatal aperture and

stomatal conductance. However, there was no sigmifidifference between the Svensson
15



screen and the white plastic film (Tables 3 andT4e reduction in stomatal aperture and
conductance resulted in reduced transpiration utiteryellow covering material, probably
because of the higher PAR and slightly higher UVMBevious studies also reported that
exposure to UV-B radiation significantly reducesnsata density and opening in UV-B
sensitive cultivars (Daet al, 1992; Jansen & Van Den Noort, 2000). We did nodtl f
differences in stomata number between the diffecentrings. However, we observed that
higher UV-B and PAR under the yellow material regliithe stomata conductance by 34% and
transpiration rate by 17%, as compared to plam#igrunder the Svensson covering material.
In one study (Tosst al., 2014), it was found that higher UV-B fluenmate strongly reduced

stomata aperture and conductanceé\rabidopsis.

Pea plants have rather shallow rooting depth fraesiceeding 100-120 cm) as
compared to barleyHoreum vulgareL.), wheat Tritium aestivurh and lupin Lupines
angusifolioud..) in a similar soil type (Hamblin & Hamblin, 198B8amblin & Tennant, 1987,
Andersen & Aremu, 1991; Hauggaard-Nielseinal, 2001). These reports suggested that
shallow root distribution may lead to late seasatew deficits. Agronomical techniques to
manipulate the morphology and physiology of plaateeduce water usage, may help shallow
rooted crops like pea to grow and produce optimueldyunder water stress conditions.
Reduction in plant size and leaf area, promotiagyeflowering and minimizing stomata
conductance, are opportunities to manipulate wagerefficiency against plant productivity

(Blum, 2005).

Several studies clearly show that plants vary greattheir response to ambient UV-
B radiation. In some species enhanced UV-B radiatithibited growth but in others it
stimulated growth (Adamse&t al., 1997; Krizelet al., 1997; Padt al., 1997). Different reports
also show that plants grown under high UV-B radrasuffer chlorophyll damage, which
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could be due to its direct absorption of UV-B (Lakgmar & Kulandaivelu, 1993) or due to
inhibition in the Chl biosynthesis (EI-Mansy & Salury, 1971). However, this was not the
case in our experiments. The chlorophyll contergga was not significantly affected by the
type of screen (data not presented). Removal oBJ¥bm the growth environment has been
a common strategy to avoid UV related stress intpldn our experiment the lowest Fv/Fm
value was recorded on pea plants grown under tialyoproduced yellow covering material.
Plants grown under the yellow plastic also receimedhighest level of PAR and UV radiation,
compared to the other two imported covering malerla many respects, plants grow as well
under the Svensson screen as under the two otieemsg although the light level is about half
under the former as compared to the latter (TablEh&se results indicate that photosynthesis

is already saturated at about 600 pumalsth

Therefore, a doubling of the light level will nogsult in increased growth. This
explanation is supported by the dawn measuremériglem. Maximal PSII efficiency values
of 0.77 and 0.79 in the morning, compared with Gd@3plants under the Svensson screen,
indicate that the plants under the two plastic dilhave not recovered fully from
photoinhibition caused by excess light the previdag (Table 4). The high Fv/Fm value (0.83)
for plants grown under the Svensson screen indidhtd these plants are not stressed by high

irradiance. Values close to 0.83 indicate unstaeptents (Baker, 2008).

Overall, however, only small differences were fouretween the more expensive
imported white film and the less expensive locallpduced covering; no differences were
found in yield and pod quality. The locally proddogellow plastic cover might, therefore, be
recommended for pea production in Ethiopian climétewever, the stability of the plastic
covers was not tested in this study. Some filmsatigeasily in high light intensities and this
is also an important quality parameter to evaluate.
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7. Conclusion

The present study shows that the pea cultivar irsélas study is robust to changes in light
climate. Pea grown under the cheap locally prodyetidw plastic screen produced similar
number of pods to that grown under the more experisiported screening material tested in
this study. The higher transmission of PAR and UMWHBough the yellow plastic film
significantly reduced plant height, internode numb#ernode length and Fv/Fm, as compared
to the imported Svensson screen, but the changesdiaffect the yield. Lower stomata
aperture and leaf conductance were measured umelgeliow screen and resulted in reduced
transpiration rate, as compared to the importedess. Thus, the yellow screens can be
efficient in reducing the water consumption in peaduction. However, cost benefit analysis

and the quality of the plastic (e.qg. its stabilit@eds to be studied further.
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Fig. 1. Light transmittance through (A) importedstic film Solar EVA- 5 High diffuse opaque
film 0.20 mm thick (White) and locally produced 0.&am polyethylene sheet produced by
Ethioplastic Company, Addis Ababa (Yellow) and {(Bjported custom made shading screen

(Svensson).

Fig. 2. Plant height was measured for pea plarasvigrunder imported covering material
(Svensson and white) and locally produced covamaterial (yellow) at Hawassa (1700 masl)

in Ethiopia during the dry (January—April) seasdalues are the mean of six plants +SE.

Fig. 3 Temperature data was collected during the expatah@eriod (January—April, 2013)
at Hawassa (1700 masl) under imported covering nai€Svensson and white plastic) and
locally produced covering material (yellow plasti€he temperature was sampled using a mini
data logger, hung on the top of the plant canogyde each covering material, during the
experimental period (77 days). Data were measured/énour in each treatment for 12 days

Each point represents the average value of 12 nerasuts.
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Table 1: Ambient irradiance levels and irradiareeels of UV-B (W n¥) and photosynthetic active radiation (PARMoI m? s?) and

R:FR ratio below Svensson, white and yellow screesi® measured in the middle of the day (11:3004a8 Hawassa in Ethiopia,

during the dry (January—April ) season of the y2@t3. Percent reduction in irradiance below theety compared with ambient

irradiance levels is also shown. R:FR ratios weeasared two times every hour from 11:30-14:30 aon flays. Data in the R:FR is

the mean valug- SE, (n=4)

Screens UV-B Ambient UV-B below % UV-B PAR Ambient PAR below % PAR R:FRratio
screen reduction screen reduction
(W m?s?) (umol mizs?)
(W m?s?) (umol M2 %)
Svensson 1.8 0.3 85 2000 612 70 0.95+0.01c*
White 1.8 0.08 96 2000 1083 46 1.0+0.01b
Yellow 1.8 0.43 77 2000 1372 31 1.1140.00a

* Different letters in the R:RF ratio column indieastatistically significant difference at@.05, Tukey’s test
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Table 2: The table shows the impact of differentecing materials (such as imported Svensson antéwlastic, and locally produced
yellow plastic) on pea leaf parameters grown at &ksa (1700 masl) during the dry season (Januari-2p4.3 for 4-5 weeks old

plants. Values are mean values £SE, (n= 6).

Leaf parameters Covering materials

Svensson White Yellow
Leaf thickness (mm) 0.60£0.06a* 0.62+0.12a 0.67%8.1
SLA (cnm?g’ DW) 366.42+16.8a 375.40+61.1a 303.9+31.4a
LAR (cm?g?) 30.25+1.26a 25.92+0.70b 25.35+0.67b
LWR (g DW g DW?Y) 0.54+0.02a 0.51+0.01a 0.53+0.01a

* Different letters in the same row indicate stiataly significant difference atq®.05, Tukey’s test
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Table 3: The table shows the stomata number amdastosize in pea leaves grown under imported cogematerials (Svensson and
white plastic) and locally produced covering matefyellow plastic) at Hawassa (1700 masl) durimg dry season (January—April).
Five leaf samples were used to estimate stomatdb@uand morphology. From each leaf sample, tenat®mvere used to calculate

stomata length, stomata aperture and stomataHreazalues are mean values = SE, n=50.

Stomata parameters Covering materials

Svensson White Yellow
Stomata number 12.0+1.26a* 14.0+£1.0a 13.0+x1.41a
Stomata length (um) 19.52+0.90a 19.66%1.25a 17.6%981
Stomata aperture (um) 6.53+0.94a 6.13+0.73a 3.480.3
Stomata area (pin 199.92+8.85a 192.74+15.32ab 144.53£16.3b

* Different letters in the same row indicate stiataly significant difference atq®.05, Tukey’s test
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Table 4: The table shows the impact of differepetyof covering material (imported Svensson andengiastic, and locally produced
yellow plastic) on stomata conductance and traaspir rate. Leaf surface temperature, chloroploitent and Fv/Fm were measured
in pea Pisum sativuntv. Oregon sugar pod Il) leaves of 4 week old glahtring dry season (January—April 2013) at Haw&k8a0
masl). Stomata conductance, transpiration ratdeafdemperature were measured five times for eathree fully expanded leaves
(average used in statistical analysis) from eacthi@e plants (n=3). Three samples for chloropivdie analyzed for one combined
sample from each treatment (n=1). Measurements/&hfrwere taken from three fully expanded leavesifeach of three plants (n=9).

The values show mean + SE.

Parameters Covering materials

Svensson White Yellow
Stomata conductance (mmof’rg?) 0.067+0.03a* 0.077+0.016a 0.044+0.003a
Transpiration rate (mmol ¥s?) 3.34+0.27b 4.4+0.28a 2.77+0.09b
Leaf surface temperaturgCj 34.18+0.58a 34.48+0.36a 35.18+0.12a
Fv/Fm 0.83+0.009a 0.7940.005b 0.77+0.009c

* Different letters in the same row indicate stiataly significant difference atq®.05, Tukey’s test
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Table 5: This table shows the effects of differemtering materials (imported types — Svensson dnitevplastic — and local yellow

plastic) on the growth and morphology of plantsvgraluring the dry season (January—April) of 2018latvassa (1700 masl). Leaf
number, internode number and internode length vemr@rded from six plants every seven days. Howewotl leaf area was measured
at week five, when the plants showed the first Bolwud. The data are the mean values of measureifnemt six plants in one counting

(Mean + SE, n= 6).

Growth parameters Covering materials

Svensson White Yellow
Leaf number 23.7+2.69a* 20.7+2.20a 26.0+2.80a
Leaf area (cr) 555.3+93.9a 461.4+41.6a 545.7+34.4a
Internode number 16.17+0.60a 15.33+0.67ab 13.0@10.6
Internode length (cm) 3.41+0.14a 2.96x0.12ab 2.84110.
Flower number 12.3+0.97a 11.00+1.19a 13.8+0.51a

* Different letters in the same row indicate stia¢ally significant difference at4.05, Tukey’s test
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Table 6: This table shows the productivity of p&nts grown under different covering materials (@ampd type Svensson and white

plastic and locally produced yellow plastic) atwdagsa (1700 masl), Ethiopia, during the dry sed3anuary—April) in 2013. The

values are the mean £SE of six plants.

Yield parameters

Covering materials

Svensson
Number of pods plarit 6.67+0.92a*
Pod length (cm) 6.71+0.20a
Number of seeds pdd 4.4+0.19a
Pod width (cm) 1.92+0.08a
Fresh weight of pods plaht 14.89+1.66a
Fresh wt. per pod (g) 2.42+0.41a

White
6.67+1.36a
5.87+0.18a
4.2+0.15a
1.84+0.10a
13.88+4.47a

1.89+0.322a

Yellow
7.33+t1.41a
6.47+0.30a
4.5+0.25a
1.90+0.10a
15.76+2.32a

22333n

* Different letters in the same row indicate stiataly significant difference atqg®.05, Tukey’s test
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Table 7: The table shows the dry matter distrdoutif pea plants grown under imported covering ma(Svensson and white plastic)
and locally produced covering material (yellow pilgsat Hawassa (1700 masl) during the dry seadanuary—April) in 2013. The
data shown are the mean values of measurementssixgotants in one counting (Mean + SE; n= 6). \éslin parentheses indicate the

proportion of dry matter allocated to differentigigarts.

Parameters Covering materials

Svensson White Yellow
Total dry weight (g) 7.14+0.42a* 7.79+0.38a 8.00a
Leaf dry weight (g) 1.16+0.26a (16.25%).11+0.11a (14.25%) 1.29+0.06 (16.13%)
Stem dry weight (g) 0.95+0.16a (13.3%) 1.07+0.11374%) 1.17+0.1a (14.63%)

Pod cover dry weight (g) 0.63+0.05a (8.82%) 0.6338.(8.34%) 0.74+0.12a (9.25%)

Seed dry weight (g) 4.41+0.28a (61.76%).95+0.33a (63.54%) 4.79+0.38a (59.88%)

* Different letters in the same row indicate stiataly significant difference atqg®.05, Tukey’s test
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Fig.2
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