| Introduction

Water in plam production

Waler 15 in many ways essentially connected with plard life {EHLERS & Gass 2003}
Roots, stems and Ieaves of hemaccaus plants consist 0 a mapsr proportion of walar,
bul glan! dryimatar synthesis invalves water as wall: Az a hydragen doner it is part ot
carbohydrates, which arc synthosized by planis by the ust of sunlight A sccomd
anarganic campaund for carbohydrate synlhess 15 carbon diaxide. S0 uplake
through leaf stomala funclicns enly via exchange with water vapour and therctars
requirces arso a continuous supply of water. Walcr conlers shape and salidity to plan
hssues and is an impedant chemical agen! in many chemcal reactigns. 1L is a salven
lor sallz and melecules and modiaies chomycal ceactions, lunchions a5 a Wwanspon
means tor salts, assimilates and harmanes within fhe plan and is neceszary lor cell

anfargement and regulancn at leaf temparatura.

Lack of wator has bevn a majdr seleciws lorea n plant evelubian, and ability 12 caope
with waler deticits is an impoeran determinan! of nalural distnbution of plants and ol
crop disinbuien and produstvity (F=2ceFA & TuAnER 197E). Plant adaplions to such
grvirgnments can be exprossod al lour levels: phonological ar doyvelopmental.
mopholegical, physiclegical and  metabksic [Has3od 19B01. An example for
phenogical adaptian e an extrermely rapid completion ol anlagany. Marphelogical
characterishs of adaption o a dry craronmcnt inclede doeep rooting or speceal
anatomical features of the Ieawees ke wax coaling owver the culele, feal shedding ar
leat raling. Regulation of stamatal conduclancs o walor vapour is an cxample for a
physiclogical adaption meochamism 10 dreughl. Adaption mechamsms an iRe
metabohs or iachiemical levael are the least knowen and pndergioogd (Hawzomw & HiTZ
1522, Metabobe rosponscs ol prtants to wator defiot can bo stress-induced
disfunctions but also potenbally adaptive changes that rellact arderad operatian of
metabnlic requlatory mechanisms, Among 1he latter s osmotic adjusiment. an achwe
mechanism of sofule accumulation i response 19 waler stress, leading o

mainlenance of turgor potential and hence confinped plant growth (MORGay 1934),

Meeling the needs for water has its limilalions in crop praduction Aainfall is one of
the mes! important determonanms lor yicld in many regions of the carth |HENZOG

2003).  ncluding subhumid areas ol the lemperale zanaes wherg lalent waler



deficioncy duc to a defict in the climatic waler balance reduces yield pogntal The
traditianal s3ution to agncultural watar shorage i$ irigation (Boved 19961, A steady
supply of water makes agriculturg possible in many otherwise nen-productive argas
and e water oftan can bring reliable, high productivity. Because producion
becomes more prediclable, investment can be made in other favgurable cropping
prachces that vesdll in futher improvemants in productiviee. A major share of the
global production comes irom irigated farme. Howawer, supplies of waler have
baceme scarce as municipallies and enwvironmental aoeeds compete for 1he same
water. A5 A censequence, instaling new engation facil-lies s becoming less possible
Iharn mn the past and there is increasing interest in improviog 1he eticiency af walter
use antd deterrmiming whathar plants can yiald well under water deficient conditions
fBOveEr 1282 A mimber of metheds exists for improwving the elliency of water use
which have baan summanzed by STewant and Miecses (19301 The methods can be
classilied i three Liroad caleganas: (1} increasng the afficrency of water deliverny and
fhe timing of water application, {2) increasing the eftioency of waler use by the
planis. and (3} increasing the drought teleranee of the plants According te HER2OG
{200:3) tharg s shill a large potential for mproveman:s m productivity pec anit of watar
delivered 10 the farm by means of progess enginesring. Bub [1] includes also
agronomic measures  of 501 water management and crop managoement  as
summarized by EHLEAS and Gn0&5 [2003), 2.0, S0 culivabtion measures o Sontral
nfistration and evaporation and increase the quanhty of extraclakle soil walar,
aspects al crap rotalion, seeding date, stand density and Tetilizatian.

Besides measures of procees eng:nacnng and ¢rop husbandry, improvements in the
etticianoy af water use can also be tha basis of a breeding-cnanted strategy. HERZOG
{2003) mealioned three diferen! compenents of water-use efficiency o a crop: A
figh ethawncy of waler vptaks can ba realized by decp. intensive rooting. which can
bt stmulated by agronomic measures o impraved by omeans of breeding.
Oifferencas between spocics for cvapotranspiration efliciency are well-known,
genalypic wvariability, in confrasi, only 1a a lass eatent. as its delarmination 13
madnodwally  dithcult.  lmproverments in harwes!  index  allgw for  noticeatle
gontnbutions 1o a2 more efficient water use only in crop specics which ave not yiot

baan mtansively worked on by breeding methods

Howewer, crop improvermant uader canddions af limited water Sepply involves mars

than waler-uze elliciency. Plarts showng improved growth with Irmited  waler



availatvlity are considered g folerate deaughl regardiess of how the improserment
acours, Effects ke drought avo:dancc. postponing dehywdratrsn and dehydration
lalerance are generally distinot {rom 1he factors controlling watar-use eticiency
[Bover 1956). O these three forms of drought 1olerance. dehydeation telerance is
mast inaresing because it allen reguires only slight repamiioning of dry mass. An
cxample is osmotic adjusiment, whore the increased concontration ol solutes can
rermarkably nereasa tha ataity af the calls 1o exirack water dromt the Sl

Adaptabahty to drought in sugar beasat

Sugar beot {Beia wigars L) is an imporant crop grown thraughou! Eurcpe, Asia
and Amenca. and global sugar beol produchon i 285 mibian 1203 por vear. Sugar
boot s ane ol the mast productive crops inlempeeale climales (Aad-A0 et gl 18994),
bul with a ligh demand far wates, paticalaily dJurnmg the main growth phase from
June b September. s 1zlal requrrarment tor water re appraximately G030 mim. Sugar
becl can be classibed as weoll adapted (o draught in comparisan to other spnng sown
craps wath a comparable domand {or vegetation penod ke ficld pea or potato
{MCKERSIE & LESHEw 1994). The chengpad sudgar beat onginates frem Befa
e, Modomn cultivated vanatlios of sugar koot are so closely related 19 the wild
rmarihmag form 1hat they can be regarded as the same species (F2AC-LISYD 1956).
Oeta marbma colomses  falinge emwironments and  has ovalved  specialisced
mechanisms to combal water deticiency strese. As a halophyle 3 belongs 1o the
sodivum includers (MaRECHNER 19395), which achioye asmatic adjustment by the
accurmulaten of salts (mainly NaCly in tho coll vacualos, This may ba the undarlying
rzason 1hal sugar heel survives salinity and drought better than many ather held
crops. With regard 10 sabnity, only cotton and bardoy are e telerant (Cuas<e of al.
19931 Moregver, sugar beel uses water rather ellicienly {EHLERS & Gozs 2003) and
there is no scnstive flowering stage dfunng s long wogelabve growth phase [DunHan
1993} W has & deep oot spstom which cnables € to olilise axdensive wolumes of sal
watcr (WinOT & MarL axDER 1334). However, the plan shows apparently poor contral
al its intermal walaer supply. The abiliy o regqulate transpiration ss very limied i sugarn
ool dHamSos & Hit2 1982 and welting al leaves ooours Ireguently under condilkons
of high ewvaporative demand, cven whon water is readily avalable o the roots
{kn FORD & Law 0k 19750 The ability of the plani o compensate 1ar decreasing soail
water potential s lirreted and load water polential tends 10 decrease fastor than sol
water palenteal as 1he soil dries [Lawn QR & Mo FoAc 19745,



Annual procptation and ds distobution represent e main oobing factor for sogar
heal grawth in many regiaons. Padiculady during the long summer season water
supply 15 often insufficient. In dry regions, such as Califarma aF southein Europe, the
crop s grown under rrgation. Hawever, in other beel produchtion areas where
ircigation s not nomally apphed, such as the UK and pans of Gommany, sumaayd
rainfall amounts are unpredictable and are usually insutticien o meet the crop's
water requiremenis (OeeH & LuTeHBaZ A 2002]. In the UK, the mpact of drowght
has been recogrized as a maper carse lor yield losses in sudgar beel (JaGoaAn &t al
1993, FIDGECN 21 al 2007} and averagoed naticnally for the UK. annual droughl-
induccd vield roeses wore estimated 10 be 16 =0 of patenbal praducken, and rase Lo
al) ™= o dner years [JacGaRd el al 19493). Far conltnenial Europe, similar figures can
bz assomad, E.g. in the yoar of 2003 with amounts of precipitation being far bolow
awarage, winle sugar yiald was reduced to 28 "t in some regions of Germany in
companizan g the year of 2002 with sleady water supply throughout the vegelaticn
pernod, Addtionally, water shotage & responsiofe for siguifican qualty 18ssas i
sugar bael ([BanaTTa et al. 2004). Technical gualiy al the storage rool is determined
by 1he concenbration of saluble constituents like polassiom. sodium. amina acids,
betaine and tother nitrggenaus cengounds which cannot be elirminatad  dunng
processing and increasc the amasdnl of suciose 051 1o molasses (HARYEY & DUTTON
1585, Buass 1886). Droughlanduced inereasss 0 the concentalion af beal
constituents reducing sugar exiraclion effigiepcy have boen reponed Tar passiom
(Reven & Ourrnels 1809 W.oyter 1984) sodivm [was oo BEEk & HoUuTwan 1333,
AJvER & BUTTRER 1993, aming nilrogen {val DER BEEK & H Twaw 1995, CLOvER o
al. 1909, Kesrer 2003, Rover & Burrnelr: 1999, WineER 1989, glycine botaing
(CLAAKE a1 al. 1993, Koca et al 1985, RCvER & BUTTRECA 1999, SHaw =1 al. 2(K12,
SvacduLs & Pulkréeer 2000) and proling {Gzie 1995],

Tha adaptability to drought has nol bean a breeding priomdy in sugar beel until ngoer.
In 1993 Jiforen! commergial vanchies of sugar boct wore found 1o sespond idenscally
1o drouyhlhest stress follswed by regrowth of the crop {val RDER BEEX & HOLTMAN
1993 Howewver, gonotypic difcrcnces for droughl tolerance have beon repotod
Bazed an ralalive suscephimlty far willing in the fizld and an a regrasson analysis of
relative sugar yeld with the cottcient af varation 1or tha experment (CLaMKE ot al
1923) These differencas could in parl Be ralated to differences n the sensivity of

chlorephyll flugrescenco as a moasure of phetosynthictic officiency  AMSENMUEVIC-



I o

faks ot el al. (2002) deterrmined parameters of chlorophyll flunrescence, nomber
ol stomata, ranspiralion intensily, water potential of slem vossels, stomatal diffusc
resistance, cinsentraton of veseel solubion and feee profing content in leaves of ight
different sugar e genciypes All parameters were modifiod undor water doficit and
geratypas differences in drought 1alerance wera descnbad, bot L was nol posable b
astablish a ganaral rule which would serve as a unique crilerian for avaloation of
sugar boot drought tolevance, STaimen ol al (1995) afso atternmpted oo elate
adaptability to droughl in engar beet cultivars to differances in metabolhzal pathways.
The actwibes of supcroxide desmutase and poroxidasc as ampotant antioxidant
ENEyInes grofesing plams frem pd poresdation and damage te all cell considuenis
wire faund 12 be decrcasced under drought siress 0 sensitive cultivars, wherdas o
tolerant couttivars activitics mostly increased. Biochemnecal changes in sugar oo nos
in depeadence on sail mo:sture have been investigaled by KEVRESak e al. (1997/95)
and diflerences cocurred it the response of loaf walcr potential, not photesyathchc
rate, AMA and DOMNA comtent, carboric anhydrase achaly, AUBISCS profein
propeiion and soluble protein content wnder sieess. ARDD LAHIAN-MCGHARL and
Froup-WiLLiams (1908) screcncd sugar bodl colbvars of differont plosdy level and
canfrashing growih hatat onder different watenng reqimes in the greenhouse. The
imeracticn belween watering regime and cullivar was significant 1or both total drye
matter and rect dry weight, suggesting that tinare are beat collivars iclatively tolerant
to draught stress. In recent wark, 49 diverse sugar bael breeding lines were
evalualed under adequale water supply and two lovels of droughl stross (SaDEcHIAY
el al. 2000) and exdubited larga <diferential respanses 1a draught far root yvield and
sugar yield. QRFRE and LUTERRAGHER [PO0P) assessed the degree ol genctypic
vanation for decughl tolerance within a wide range of sugar boet gormplasm and
genebank accessions within defa and dantified drought talarant and sensitive linas
in lems of yield reduction in polvhenecovered s, irigated plots  Swnificant
genclype = water treatment mleractions wen2 lound for dry matter yield and relative
lgal expansion rale Significant genglypic variglion gccurred also lor wilting score,
rates of water use, osmobc adpstment and  stomatal conduclance and  he
percentage loss in Dipmass production dug to drought was significantly correlaied
with specific lcaf weight, 1cal sucouloncs indek, waler ust and poreantags groed cra
cover (OREA 21 al. 200d). A fransgenic approach to imprave drought stiess resistance
has beon the intraduchion af fructan Dicsynthaesis in sugar beeot (Ploon-5vTs ¢ al.



1988 Transgenic lings of fructan-produring sugar beets showed sigreficantly bettar
qrowlh under dicught striess than uniransiomed beeats,

Objactives

The presant study simed at onvestrgating the pedommance of sugar beet under
aandiftzns af suificienl water sopply and undar drought strags of diforent sevarity.
Yield response was related (o changes in momphalagical, physiclogical and melabalic:
parameters af tha plant. Specal emphasis was placed on genctypic vanabiliy in tho
response o water deliziency The genalypes included in the study had cantrashing
properties, rapresanting tha vanability which exists in commercal sugar boet
vargltigs at present. With regard to drought taleraznce they camprised the larges
possble vanation which iz available from Eurgpean Breeders a1 the me. The
paicular sbeclives ware as {allows.

Which timaframe 0 onteQenesis is crucial for gerotypic ditterences in tield gicwn
sugar beel 1o emerga? Are thare ntaraciren s batwaan ganotype and harvast data? o
there genetic varigbiity in the rgzapense 1o drought stress with regard to yield and
quality pararmeters? (Section |

What is the impact of waler supply an dry mater production. gas exchange,
chlarophyll Alugrescence, waler-use eMiciency and carbon isalape discrinination of
sugar beet? What s the relatenship between water-use efficiency and carbon
isglapa discnimination in ditferent sugar bael argans? Ara thare genctypic difarencas
for parameters of gas exchange, chlorcphyll lugrescence or water-use efticiency and
de nterachions wilh watar supply occwe? {Saction 1]

What is the effect of water supply on the chemical compesiicn o1 the sugar beet
tapraat? Are there quantilative differances in the accumulation of varous saletes? In
how Far are chanpes in golufe concentralons revarsitle atler stress religl¥ Arz there
genslypic differences in salote accumulation undes drought and which are the

implizatians for drought stiress 1clerance? (Section 1V}

Regults

Im sectian I of s wark “Seasonal developrment o genctypic diferancas in sugar
beet [Beta vulgaris L.} and their interaction with water supphy™ growtn and quality of
diffzren sugar baal genolypes were stediod dunng the vegetation penced. Possioks

interactions between the effects of genslype and grwironment were ol paricular



mlerast. Water supply as an impetant single delerminant of the covironment was
studied separalely analysing data Wrom selegted locations. Dillerent tygar beet
genalypes axfibitad sigrifcant vanabrlity for 1aproot and leal yield, taprood-to-teaf
ratia 2nd the concentrations of Suckese. polagsium, sodiom and w-aming Noin 1he
laproot. Dhfferences axssted alrcady i aed Junc and widoally did not change any
more from this timc on Accardingly, inferactions belween genetype and hanves| date
dub et oocur. Under drowght condilions. withbolding srigation reduced 1caf and
laprogt growth and 1aprool-ic-leal ralio, decraased the perceniaga af sucrase n dry
rmater and resulted inan accumulalan of e-aming N Ineractions eiween geRaolype

and water supply did not pocur for any ol the parameters studied.

In section 1 enfitled -“hmpacd ol water supply on phalasynthes s, watcr use asd
carbon isctope discrimination of sugar beet genalypes™ the effects of drought siress
an ghysialogical procesecs in suegar beet wore mveshigaied. While gas cxchange was
learly affected already under moderate droughl, effective guantum  yield  af
pholochamical erergy conversion was impaired onty under severe drought. G
discarmination (31 was higher in leaf than o tapraatl and up 10 2.4 pans per thowsand
tower in drought-strossed glanis than in planis sufficiently supphed with waler. This
reduchan in A conesponded 10 aboul 24 % heghor watcr-use officicney (WLUE) in the
drought stressad plamis. Differentiaong bebwsan plant organs, anly leal v was
nagalely correlaled with WLUE, whereas taproot & and WLUE- wore unrelated. LUinder
all water regqimos genotypic diflerences wore marginal for both dry matter and
physictogizal parametars, mdicating that diftercnces v sticss-sangitiaty did nok ¢ xist.
A was proven 14 be a senstee ndicatar for water availablly dunng the grawing
pariod. However, irmlar 14 clhar parametars ratevand for draoght! iakerance il reduinres.
invEslegalions in broader genetic malerial ot sugar best 0 detecl genalypic
differancos.

Section 1V "Solule accumnulation as & cause o5 guality Iosses in sugar beet submitod
la continuaus and termporary droughi stress” foouse s o the effects of droognt on the
chemical compestion of the sugar beel laprocd, Increasing dry matter caoncentratian
with decreazing waler supply could o pan B¢ attnbwlad 19 an increase in the
eoncontralion of coll wall components. The major solutes in 1he lapioot were sucrose,
palassivm, amifa N O{Lhe sum of aming acids] and belaine. Sucrosc cancontralion

decreased considerably under drought, indicaling kmited availabilty of assimilatas. In



cormtrast. all lurther solules increased in concentration wilh increasing seuvesty of
slress. However, the response of individuzgl solutes vaned largely. Changes i amino
M and nilrale were mast pronounced and reflect probably accumulation of non-
uvhihized melabolites wnder hmided grawth. The drooght-induced accuenulabion of
taprool soluies implicales a considerable decrease in the 1echnical guality of the
et It was only in pant revarsible by reavatanng. Sonslypis varability far salote
Accumulation under watar d-Erfir.lsrn-::g,l wias absened byl was ngl linked 19 drought

tolerance.

Canclusions

{ur irwvesligations show thal in dependence an its sewverty water shortage is
responsible for signibcant reductions in sugar bect loal yield, Together with
imtations m stomatal conduslanca and hence carbon digxde ascmilabion this
rezilted in markedly reduced growth of the taprool as well, Reductions in leaf yield,
howewe i wor larger than n taprodsd yield resulbing e an increased taproot-to-leaf-
ratia wnder drovghl. Sigiificant amounts of solutes are accumulated in the tapront
leading to lasses in 1echnical guality o1 the beet. Aming aods and nitrale are
quariitatiecly of Pighest mpatance. whereas changes i potasswum. Sodum and

belaine are le=s pronounsed.

Genolypmc Sitlerences i ficld grown sugar beel emerge very 2arly m the wagetatian
parind. Diterenees in taproat and leal yield as well as in paramelgds of echrecal
quahty were esiabhshed already at the end of June. Fram s bme an b seems fa
be Iite potentiaf for diffenng response patems even n genetically helerogenoos
maleral of sugar beet Differgnt sugar beet genotypes responded identically to
changing environmentzl condibions dunng he vegetalion percd as fhare ware Ao
interactions batween genalype and harwest date. For almpst all parameters studied,
mnteractions betwean genolype and iragaticn did not accur cither. ndicatng that
water supply as a smgte deterrninan of ihe envircnman! affected 21 genotypes in tha
same way, Alsg lundamental physiolegical mechanisms of yield formaton wero
aflected i dfferant genotypes o the same degrea. Genotypc diferenses in drooghi-
induzed selute accumulation appeared only under controlled condtions in the
greenhouse and did not imply differcnces in Stress sensitivity.

[t is concluded fhal at the time fhere s no pasaitnlly e anprowve Sugar beet

produnlivity in drought-prone  areas by e use ol alerant varieles  Furher



invesiigations have to reveal to which extent there is gendypic variatulity for drought
telerance in a broader genehc base of sugar bect and which are the mechanisms

invobved.



