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Chapter 1

General Intr oduction

Plantgrowth, in termsof theabsoluteincreasein plantbiomassor plantheightperunit
of time, hasbeenof interestespeciallyin agriculturalcontext. Blackman(1919)was
thefirst to recognisethattheincreasein plantmassis proportionalto theplantbiomass
alreadypresent.Therelative growth rate(RGR)is describedastherateof increasein
plant massper unit plantmassalreadypresent.RGR is an inherentquantitative trait
that differs amongplant speciesthat occur in a wide rangeof habitats. Plantsthat
occur in fertile habitatsusually have a higher RGR than plants from nutrient-poor
environments(Grime & Hunt 1975; Lambers& Poorter1992). Even when plants
aregrown undercloseto optimal conditions,speciesfrom naturally lessfavourable
habitatsstill have a lower growth ratethanplantsfrom fertile habitats(Grime& Hunt
1975;Lambers& Dijkstra 1987;Poorter& Remkes1990;Garnier1992;Atkin et al.
1996). RGR per sehasprobablynot beenthe target of naturalselection,but traits
linked with or which underlie the RGR might have beenselectedfor (Lambers&
Poorter1992; Poorter& Garnier1999). Many studiestry to explain the causesof
inherentvariation in RGR and the ecologicalconsequencesof differencesin RGR.
Differencesin RGR canby explainedbe differencesin leaf areaper unit plant mass
(LAR; leaf arearatio) or by differencesin the rateof increasein plantmassperunit
leaf area(ULR; unit leaf rate;(Evans1972)). LAR is theproductof thespecificleaf
area(SLA, total leafareaperunit leafmass)andtheleafmassfraction(LMF, total leaf
massperunit total plantmass).

RGR � ULR � SLA � LMF (1.1)

ULR is a morecomplex trait that representsthecarbongain in photosynthesisminus
thecarbonusein shoot-androot respiration,alsotakinginto accountthecarboncon-
centrationof the plant’s newly formedbiomass(Poorter1989). In formula Poorter
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(2002):

ULR � PS� � FCI
[C]

(1.2)

The first componentin the right handpart of the equationis the rateof whole plant
photosynthesisperunit leafarea(PS� ), integratedovertheday. Thesecondcomponent
is the fraction of daily fixed carbonthat remainsin the plant and is not respiredor
exudedby thevariousorgansof theplants(FCI). The third componentis thecarbon
concentrationof theplant([C]).

SLA is often consideredasthe prime factorassociatedwith inherentvariationin
RGR (for a review seePoorter& van de Werf (1998)). SLA differs amongplant
speciesand is also affectedby nutrient and/ormoistureavailability (Mooney et al.
1978;Shaver 1983),light intensity(Björkman1981),temperature(Ku & Hunt 1973)
or altitude(Körner1989; Atkin et al. 1996). Plantswith a low SLA have a lower
amountof leaf areaavailable for light captureand photosyntheticcarbongain and
thereforegenerallyhave a low RGR. SLA is the reflectionof leaf massdensityand
leaf thickness(Witkowski & Lamont1991);theformeris moreoftenfoundto explain
differencesin SLA in herbaceousspecies(Garnier& Laurent1994a;Van Arendonk
& Poorter1994)but in woodyspeciesleaf thicknessseemsto bemoreimportant(Ni-
inemets1999).

Dicotyledonousspecieswith a low biomassallocationto the leavesmay have a
low RGR(Poorter& Remkes1990),but this relationshipis not foundfor grassspecies
(Garnier1991).

In moststudiesULR is found to be of secondaryimportanceto explain inherent
differencesin RGR (for a review seePoorter& Evans(1998b)). However a positive
correlationcanbefoundbetweenULR andRGR(Eagles1967;Pons1977);generally
whenshadespeciesarecomparedwith sunspeciesunderhigh-light conditions.Pho-
tosyntheticrate is the most importanttrait explaining differencesin ULR and is, in
general,stronglypositively correlatedwith ULR (Konings1989;Evans1998;Poorter
& van de Werf 1998). No correlationis found betweenphotosyntheticrateper unit
leaf areaandRGRin moststudies(Mooney et al. 1978;Deluciaet al. 1989;Poorter
1989). Expressedperunit dry mass,however, photosyntheticrateis positively corre-
latedwith RGR.Plantswith a high RGR usuallyalsohave a high SLA, so that their
leaf biomassis spreadover a largerarea.Sincethey tendto have a similar light cap-
tureandphotosyntheticcarbongainperunit leafareaasthoseplantswith a low RGR,
their carbongain perunit leaf biomassis greater(Dijkstra & Lambers1989b;Poorter
etal. 1990).A positivecorrelationis usuallyobservedbetweennetassimilationrateof
CO� andthenitrogencontentperunit leafarea(Field& Mooney 1986;Evans1989a).
This may be explainedby the fact that up to 75% of the leaf organic nitrogenis in
thechloroplasts,mostof it in thephotosyntheticmachinery(Evans& Seemann1989).
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Despitethestrongcorrelationbetweenphotosynthesisandnitrogentheratio between
therateof photosynthesisandtheamountof organicnitrogenin theleaf,thephotosyn-
theticnitrogen-useefficiency (PNUE),is not thesamefor all species(Field& Mooney
1986).Interspecificvariationin PNUEcanbeexplained,at low irradiance,by thefact
thatplantswith high SLA andhigh PNUEhave a lower organicnitrogencontentper
unit leaf area. At high irradiance,plantswith a high PNUE allocaterelatively more
nitrogento Rubisco,which tendsto show a highercatalyticactivity (Poorter& Evans
1998b).Two othercomponentsof theULR areshootandroot respiration.Theratesof
shootandroot respirationoften increasewith an increasingRGR,dueto thefact that
plantsneeda fasterrespirationrateto supporttheir fastergrowth (Van derWerf et al.
1988).Sincefast-growing specieshave a higherorganicnitrogenconcentration,they
mayalsohave fasterrateof maintenancerespiration(PenningdeVries 1975).A third
trait that is involved in the ULR is the carboncontent. It wasfound that the carbon
contentdoesnotplayanimportantrole in explaininginterspecificdifferencesin RGR,
at leastin herbaceousspecies(Garnier& Vancaeyzeele1994b).However, sometimes
anegativecorrelationbetweenthetwo traitswasfound(Poorter& Bergkotte1992a).

Theadvantageof having ahighRGRcouldbealargebiomassafteracertainperiod
of time, but this final massalsodependson the initial mass,which in turn is related
to seedmass(Van Andel & Biere1990;Al éset al. 1993;Marañón & Grubb1993).
Thesizeof a seedlingat any time aftergerminationis, therefore,determinedby both
RGRandseedmass(Villar et al. 1998).Thetwo traitsmaynot beindependentsince
veryoftenanegativerelationshipis foundbetweenseedmassandRGRin interspecific
studiesacrossgenera(Shipley & Peters1990;Jurado& Westoby1992;Marañón &
Grubb1993;Reichet al. 1998). In intraspecificstudiesthis relationshipis not found
(Clevering1999)or a positive relationshipis found(Meerts& Garnier1996).

The relationshipof RGR with othergrowth traits might be differentwhentaxo-
nomic or functional groupsare compared. It hasbeensuggestedthat monocotyle-
donousspeciesdiffer from dicotyledonsin the importanceof ULR (Garnier1991;
Van derWerf et al. 1998).In a comparisonof annualandperennialgrassspecies,an-
nualshadhigherRGR,ULR, LAR andSLA, andnodifferencesin biomassallocation
werefoundbetweenannualsandperennials(Garnier1992).

Severaltraitsthatarelinkedwith or underlieRGRhavebeenstudiedin greatdetail,
but it still remainsto be elucidatedwhy exactly thesecorrelationsexist amongstthe
numeroustraitsmentionedaboveandaspecies’potentialgrowth rate.Oneexplanation
could be that all thesetraits are controlledby a single commonfactor, suchas the
level of a certainhormone,e.g.,gibberellin(Dijkstra & Kuiper1989a;Dijkstra et al.
1990)or abscisicacid (Nagelet al. 1994). Alternatively, simultaneousselectionfor
independenttraitsassociatedwith agenotype’sgrowth potentialmayhavetakenplace.
This problemcannotbe solvedon thebasisof our presentknowledgeon differences
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betweenspecies,but only by adetailedanalysisof thevariationbetweengenotypesof
a singlespeciesandcrossesbetweenthem. Ideally this speciesshouldoccupy a wide
rangeof habitatsandpossessa large geneticvariation. From numerouspublications
(Nevo et al. 1983;Nevo et al. 1984;Nevo et al. 1986;Corke et al. 1988;Nevo 1992)
it emerged that HordeumspontaneumC. Koch, the progenitorof cultivatedbarley
(Hordeumvulgare L.) would bean idealspeciesin this respect.First I will reportin
this introductiona detaileddescriptionof the genusHordeumandthe variation that
hasbeenfoundin Hordeumspontaneum(C. Koch).ThenI will reportadescriptionof
QTL analysisandtheusein plantphysiology.

The genusHordeum and H. spontaneum

ThegenusHordeumbelongsto thetribe Triticeae,in thegrassfamily Poaceae.Hor-
deumcomprisesbothannualandperennialspecies.Theannualsaremainly inbreeding
specieswhereasthe perennialsarevery variablein their breedingsystems.The ma-
jority of the wild, perennialspeciesgrow in rathermoist environmentslike grassy
meadows,lakeshoresetc.Theannualsoccurmoreoftenin openhabitats,suchasroad
sideswith comparatively low competition(Von Bothmer& Jacobsen1985). Some
speciesareadaptedto very specialhabitats,suchasH. comosumthat occursin ex-
tremelydry steppesidesup to 4000m in theAndes,H. brevisubulatumthatgrows up
to 5000m in theHimalayasor H. bogdanii thatmainly occursin salineenvironments
(Von Bothmer& Jacobsen1985). Thenative distribution of thegenusis world-wide
with onespecies(H. capense) in SouthAfrica, andseveralspeciesoccurringin central
andsouth-westernAsia, westernNorth America,southernSouthAmericaandin the
Mediterranean(Von Bothmer& Jacobsen1985).

Cultivatedbarley (H. vulgare) is an importantcerealcropspecies,rankingfourth
in theworld afterrice, thewheats,andmaize(Bengtsson1992).Barley shows a wide
rangeof adaptationsto variousenvironmentsandseemsto berelatively well adapted
to dry environments,wherecropssuchaswheatfail (Whabi& Gregory 1989).About
10,000yearsago,somewherein theFertileCrescent,theancientcropspeciesbarley
wasdomesticatedfrom its wild progenitor, H. spontaneum(Harlan& Zohary1966;
Zohary& Hopf 1988). Processesof domesticationandselectionhave decreasedthe
geneticvariationof cropspecies(Tanksley & McCouch1997).Thereforethereis now
anincreasinginterestin thewild progenitorspeciesandprimitive landracesof barley,
asthey mayoffer rich sourcesof geneticvariationfor cropimprovement(Nevo 1992;
Ceccarelliet al. 1995).

H. spontaneum, which is the subjectof this thesis,is a convenientexperimental
organismbecause,(1) it is anannualwith a shortlife cycle, (2) it is diploid with only
sevenpairsof chromosomes,(3) it is self-pollinatingand(4) it exhibitsvariationin its
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physiology, morphologyand genetics. The geneticdiversity of H. spontaneumhas
beenstudied,using isozymepolymorphisms,RFLP-markers (Saghai-Maroofet al.
1984), RAPD-markers (Dawson et al. 1993), SSR-markers (Saghai-Maroofet al.
1994)andAFLP-markers (Pakniyatet al. 1997),both within andamongstpopula-
tions from theFertileCrescent.Thesestudiesshowed thatH. spontaneumpossesses
morevariationthancultivatedbarley, andthat many allelesareassociatedwith spe-
cific environments(reviewed by Nevo (1992),Forsteret al. (2000)). A numberof
thesestudiesfoundthatmostof thegeneticvariationwasexplainedby differencesbe-
tweenaccessionswithin a population,ratherthanby differencesbetweenpopulations
(Nevo etal. 1986;Dawsonetal. 1993;Zhangetal. 1993;Baumetal. 1997).Variation
in quantitativetraitsof agronomicimportancehasalsobeenstudiedin H. spontaneum.
This includesvegetative biomassandnumberandmassof spikelets,spikesandstems
(Nevo et al. 1984)andyield andfecundity-relatedtraits (Ivandicet al. 2001). Vari-
ation in physiological traits associatedsalt tolerance(Forsteret al. 1997), drought
toleranceandN-starvation(Robinsonet al. 2000)hasalsobeenstudiedin H. sponta-
neum. In mostof thesestudiesvariationin abioticstresstoleranceaswell asgenetic
marker associationswith plant traits andthe site-of origin ecogeography weredeter-
mined(Forsteretal. 2000).

QTL mapping and marker associationwith plant traits

QTL is an acronym for Quantitative Trait Loci andhasbeendescribedasgenesthat
underliequantitative traits (Gelderman1975). Before1980,thestudyof quantitative
traits wasbasedon statisticaltechniques,suchasmeans,variancesandcovariances
of relatives,with no knowledgeof thenumberandlocationof thegenesthatunderlie
them. They weredescribedby Mather (1949)aspolygenes.Quantitative traits are
traits thatshow a continuousrangeof variationin a population,which is moreor less
normally distributed(Kearsey 1998). Allelic differencesthat canoccur in structural
or regulatorygenes,whichalterthegenes’actionslightly, producemuchsmallerphe-
notypic effectsandareassumedto underliequantitative variation(Kearsey & Pooni
1996).

The developmentof molecularmarker mapsmadeit possibleto constructdense
geneticmapsof a particulargenomeusingappropriatemappingpopulationsof plants
(Quarrie1996).Physiologicaltraits,suchasRGRandphotosynthesistendto bequan-
titative in nature(Prioul et al. 1997). Eventhoughnumerousloci maybeinvolvedin
the expressionof a physiological trait, the major-effect loci areexpectedto be quite
few andto bedetectablein apopulationof plantsusingmolecularmarkers(Priouletal.
1997). Threeactivities arerequiredfor QTL detection:(1) a mappingpopulationof
plantsdisplayinggeneticvariability for the trait of interest,(2) constructionof a ge-
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neticmapfor thatpopulationby analysingtherecombinationratiosamongstmolecular
markersand(3) scoringthetrait of intereston every individual of themappingpopu-
lation (Prioul et al. 1997;Stam1998).As a following stepthegeneticconstitutionof
eachline is comparedto themeantrait valuefor eachmarker genotypeat a particular
locus(Quarrie1996). Whena significantdifferencebetweenthe genotypemeansis
found,this indicatesaprobablelinkageof themarkerto aQTL nearbyhaving aneffect
on thetrait. Importantfor locatingall themajorQTLs for aparticulartrait andtheac-
curacy with whichthey canbelocatedis (1) thedensityanddistributionof themarkers
on thegeneticmap,(2) thesizeanddistribution of QTL effects,and(3) thesizeand
type of mappingpopulation(Quarrie1996;Stam1998). The segregating population
hasto exhibit phenotypicdifferences,which canbecausedby phenotypicdifferences
betweentheparentallines. Evenwhenthedifferencesbetweentheparentsaresmall
or evennil, thetheoryof inheritanceof complex traitspredictsthat theoffspringmay
expressamuchlargervariability, which is calledtransgression(Priouletal. 1997).

The first QTL analysison physiologicaltraits in plantswasperformedin tomato
wheretraits associatedwith fruit growth (mass,solublesolidscontentandpH) were
mapped(Patersonet al. 1988).QTLs have subsequentlybeendetectedfor physiolog-
ical traits in morespeciesof agronomicimportance.In rice (Oryzasativa) stomatal
conductance,leaf rolling (Priceetal. 1997),seedlingvigour traits(Redõna& Mackill
1996)andsodiumandpotassiumuptake in determiningsalt tolerance(Koyamaet al.
2001) were mapped. In maize(Zea mays) mostly droughtstress-relatedtraits and
leaf ABA concentrationweredetected(Lebretonet al. 1995;Quarrie1996;Tuberosa
et al. 1998;Sanguinettiet al. 1999). Also in barley QTLs for several physiological
traits, suchasosmoticadjustment(Teulatet al. 1997),SLA (Yin et al. 1999b)and
chlorophyll content(This et al. 2000)have beenfound(for a review seeForsteret al.
(2000)).

QTLshavealsobeendetectedfor growth traits,likeearlyvigour in soybean(Mian
et al. 1998), early vigour in maizein relation to carbonmetabolism(Causseet al.
1995), growth traits relatedto enzymeactivity in maize(Prioul et al. 1999), tree
growth relatedto architecturein poplar(Wu 1998). Thesestudieshadanagronomic
background,andgrowth wasmeasuredastotal plantheightor leaf length. Until now
no-onehasmappedQTLs for growth beingdescribedasthe relative rateof increase
in biomass,or RGR.WhenQTLsarefoundfor growth traitsit wouldbeinterestingto
searchfor candidategenesresponsiblefor differencesin growth traits,but thenfine-
mapping(Patersonet al. 1990)or constructionof near-isogeniclines (Touzetet al.
1995)wouldbenecessaryto reducethesizeof thechromosomallocationof interest.

An alternative way of linking traits to molecularmarkersis a marker/trait regres-
sion analysis.This analysisprovidesan estimateof how well a marker is associated
with the trait of interest. Oneof the major differencesbetweenmarker/trait regres-
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sionanalysisandQTL analysisis that in the former regressionis calculatedbetween
a trait anda singlemarker, which thereforelimits the localisationof a chromosomal
segmentcontaininga QTL, whereasin thelattertheQTL is locatedwithin a chromo-
somalinterval, definedby flankingmarkers(Mauricio 2001). An advantageof asso-
ciationstudiescomparedwith QTL analysisis thatno testof asegregatingpopulation
is needed(which is expensiveandtimeconsuming),andtheobservedassociationsare
not limited to a singlecross(Kraakmanet al. 2000). However, carehasto be taken
with theexplanationof theobservedassociations,astheanalysiscanbeimpreciseand
evenmisleading(Forsteretal. 2000).

Outline of the thesis

In afirst steptheinherentvariationin RGRandgrowth characteristicsin thevegetative
stagein H. spontaneumwasdetermined(chapter2). To this end21 populationsfrom
differenthabitatsin Israelwereassessedfor asuiteof physiological,allocation-related,
chemicalandmorphologicalgrowth characteristics.Also therelationof thesegrowth
traitswith characteristicsof thepopulation’s naturalhabitatwasdetermined.Chapter
3 describesa comparisonof the variationwithin H. spontaneumfound in chapter2
with thevariationin growth traits in thegenusHordeum. Fifteenspeciesof thegenus
Hordeum, includingtheH. spontaneumparentsthatwereusedin thesubsequentcross,
weresubjectedto agrowth analysisto determinetherelationof RGRwith othergrowth
traitsandfind differencesbetweenannualandperennialHordeumspecies.

Chapter4 forms the core of this thesis. The segregating populationof a cross
thatwasmadebetweentwo contrastingH. spontaneumpopulations,wasanalysedfor
a rangeof growth relatedtraits, and thesetraits were mappedon the genomewith
QTL analysisto determineif growth traitsaregeneticallyindependentor causedby a
commonfactor. Chapter5 describesanassociationstudyof 70markerswith asuiteof
growth relatedtraits in 21 previously analysedpopulationsof H. spontaneum. Since
thesemarkerscouldbemappedonthesamemapusedin chapter4,wecouldanalyseif
theQTLs thatwerefoundbeforeareonly applicableto thespecificcrosswe made,or
if theQTLsaremoregeneralin wild populationsof H. spontaneum. Finally, chapter6
summarisesanddiscussesthemainresultsof chapters2 to 5.
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Chapter 2

Growth characteristicsin H.
spontaneum populations fr om
differ ent habitats

Cynthia P. E. van Rijn
�
, Ingrid Heersche

�
, Yvonne A. M. van Berkel

�
, Eviator

Nevo� , Hans Lambers
��� �

and Hendrik Poorter
�

Publishedin New Phytologist (2000)Vol. 146,471-481.�
PlantEcophysiology, UtrechtUniversity, P.O.Box 800.84,3508TB Utrecht,TheNe-

therlands.� Instituteof Evolution,Universityof Haifa,Mt. Carmel,Haifa31905,Israel.�
PlantSciences,Facultyof Agriculture,TheUniversityof WesternAustralia,Crawley,

WA 6009,Australia

Abstract

Hordeumspontaneumshowsalargegeneticvariationandoccupiesawiderangeof dif-
ferenthabitats.Theaimof thisstudywastoquantifyvariationin growth characteristics
of H. spontaneumfrom differentsitesin Israelandto relatethis variationto different
environmentalconditions.To thisend,84accessionsof 21populationsweregrown in
agrowth chamberin near-optimalconditionsandarangeof physiological,morpholog-
ical, allocation-relatedandchemicalcharacteristicsweremeasured.Theseparameters
includedratesof photosynthesis,shootandrootrespiration,specificleafarea,biomass
allocationandseedmass.Averagedover all parametersvariationexplainedby differ-
encesbetweenpopulationswas26%, betweenaccessions21%, whereasthat within
accessionswas53%. By contrastwith mostgeneticstudies,we found variationbe-



16 Chapter2

tweenpopulationslarger than betweenaccessions.The largestbetween-population
variation(46%)wasfor morphologicaltraits. In particular, seedmass,leaf thickness
andleaf width differedstronglybetweenpopulations.Variationin growth character-
isticsbetweenpopulationswaspoorly relatedto meanannualrainfall, meanhumidity
or Januarytemperatureat thesitesof origin. We expectthatdifferencesbetweenpo-
pulationsto belargerandcorrelationwith environmentalparametersstrongerin plants
grown in stressfulconditions. Accordingto our study, seedmassis moreimportant
thanrelative growth ratein determiningvariationin earlyplantbiomassin H. sponta-
neum.

Intr oduction

Barley (Hordeumvulgare) is animportantcropspeciesoftengrown in areaswith low
rainfall, whereothercropssuchaswheatfail (Whabi& Gregory1989).Theprogenitor
of this crop speciesis wild barley, Hordeumspontaneum, a diploid, self-pollinating
annual,that harbourslarge geneticvariation(Brown et al. 1978a;Nevo et al. 1979;
Nevo et al. 1986; Corke et al. 1988; Dawsonet al. 1993; Gunaskeraet al. 1994;
Petersenet al. 1994).As therich genepool of H. spontaneumcanbeusedto improve
the cultivatedbarley, variability in this speciesis of interestfor plant breedersand
geneticists.Becauseof its occurrencein awide rangeof differenthabitats(Nevo etal.
1979),it is alsointerestingfrom anecophysiologicalperspective.

Mostresearchhasfocussedongeneticdifferencesbetweenpopulationsof wild bar-
ley, usingisozymepolymorphisms,RFLP-markersandRAPD-markers. Largevaria-
tion hasbeenfoundbetweenandwithin populationsof H. spontaneumfrom different
sitesin Israel.Thevariationin polymorphismsof allozymesanddiseaseresistancecan
berelatedto their naturalenvironment(Nevo et al. 1979;Nevo et al. 1984)alsostud-
iedvariationin quantitativetraitsof agronomicimportance,suchasvegetativebiomass
andnumberandmassof spikelets,spikesandstems.Whengrown underfavourable
conditionsin agardenexperiment,biomassof populationsfrom mesicsiteswasabout
twice thatof populationsfrom xericsites.It is thereforeof interestto studythegrowth
physiologyof H. spontaneumandto investigatethecausesof differencesin biomass
amongplantsfrom differenthabitats.

Differencesin biomasscanresultfrom differencesin seedmass,emergencetime
or variationin RGR(Van Andel & Biere1990).Differencesin RGRhave beenfound
amongspeciesfrom differenthabitats;thosein favourableenvironmentshave an in-
herentlyhigh RGR, whereasthosefrom lessfavourablehabitatshave an inherently
low RGR,evenwhengrown in thesamefavourableconditions(Grime& Hunt 1975;
Poorter& Remkes1990).This doesnot necessarilyimply thatRGRhasbeenthetar-
get of naturalselection. It might well be that characteristicsthat are linked with or
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underlieRGRhavebeentheselectedfor (Lambers& Poorter1992;Poorter& Garnier
1999). Differencesin environmentsuchasrainfall, resourceavailability, altitudeor
temperaturearecorrelatedwith RGRandits components(Lambers& Poorter1992).
In particular, Villar etal. (1998)foundthatAegilopsspeciesfrom locationswith ahigh
annualrainfall haveahigherRGRandinvestlessbiomassin rootsandmorein shoots
thanspeciesfrom drier locations.

Seedmasscan also causedifferencesin biomass. In a study to determinethe
majorfactorsthatareresponsiblefor variationin earlyvigour in barley, wheatandoat,
embryosizewasfoundthemostimportant(López-Castãnedaet al. 1996). Jurado&
Westoby(1992)concludedthat,among28nativespeciesfrom Central-Australia,seed
sizeis moreimportantthanRGRor germinationratein determiningseedlingsize10
daysafterimbibition.

A comparisonof stronglycontrastingspecieshastheadvantagethatdifferencesin
RGRandenvironmentaregenerallylarge,but furthergeneticanalysisis impossible.
Thuswe choseto work with a singlespeciesoccupying differenthabitats,concentra-
ting ongeneticdifferencesin growth andgrowth componentsin favourableconditions
aspart of a largerstudyof the relationshipsbetweengeneticsandgrowth. We com-
pared21 differentpopulationsof Hordeumspontaneumfrom Israel,andfour acces-
sions(seedfamilies)from eachpopulation.We askedthefollowing questions:� To whatextentdo thegrowth characteristicsof thesepopulationsdiffer?� How muchof thevariationcanbeexplainedby differencesbetweenpopulations,

betweenaccessionsandwithin accessions?� Do populationsthatareenvironmentallyrelatedshow similarity in growth char-
acteristics?� Do differencesin rainfall, humidity or temperatureexplain inherentvariation
betweenpopulations?� Are differencesin vegetativeplantbiomassundernonlimitingconditionsof wa-
terandnutrientsupplycausedby differencesin seedmassor differencesin max-
imum relativegrowth rate?

Material and Methods

Plant material and growth

We studied21 wild barley (HordeumspontaneumC. Koch)populationsfrom several
locationsin Israel(Fig. 2.1) which representa wide rangeof geographicalandenvi-
ronmentalconditions.Thepopulationsarelisted in Table2.1 with climatic data.For
easeof referencewe dividedthepopulations,somewhatarbitrarily, into four ecogeo-
graphicalgroups: threeMediterranean(mountain(M), coastalplain (C) andsteppic
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(S)) andonefrom thedesert(D). Threepopulationsfrom Tabighaweresampled,two
(Tab-TR and Tab-B) from a 100-m transectalong an edaphiccline, one from terra
rossasoil (derivedfrom Middle Eocenehardlimestone)onefrom basaltsoils (gener-
atedon Pleistocenebasaltflows, respectively (Nevo et al. 1983)). Two populations
from NahalOrenweresampled,onefrom thehot sunny southfacingslope,onefrom
thecoolermorehumidnorthfacingslope(Nevo etal. 1997).

Figure2.1: Geographicdistribution
of sampling localities of Hordeum
spontaneumin Israel. Thecharacters
refer to the different populationsin
Israel, where M = mountain, C =
coastal plain, S = steppic/marginal
andD = desert.

Seedsweregerminatedon moistenedfilter paperin Petri dishesin a refrigerator
at

	�

C andan irradianceof ���� molm� � s� �

. After oneweekseedlingsweretrans-
ferred to a containerwith drainageholeswhich was filled with cleanwhite beach
sand. The sandwassaturatedwith half strengthof the following nutrient solution:	 ���� M Ca(NO��� � , ������� M KNO � , ������ M KH � PO� , ������ M MgSO� , �� ��� M
MnSO� , ��!��� M ZnSO� , ���� M H � BO� , �� ��� M Na� MoO� , "#�� M Fe-EDTA, "#�� M
FeSO� and "$�%� M SiO� . The containerwas placedin a growth room for five days
in the following conditions:14/10h day/night, �� 


C day/night,irradianceof "#��'&
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����� molm� � s� �
, relative humidity 70%. Thereafterseedlingsweretransferredto 33

L tankscontainingthenutrientsolutionalreadydescribed,aeratedandat full-strength,
which wasreplacedweekly. The pH of the nutrientsolutionwasadjustedregularly
to 5.8 with H � SO� . To avoid mutualshading,thenumberof plantson eachcontainer
rangedfrom 18 and6, dependingon the sizeof the plants. Plantswererotatedfour
timesaweekwithin thegrowth room.

Experimental design

Of eachpopulation,plants from four accessions(the progeny group from a single
plantcollectedin thefield) weregrown. Of eachaccessioneightplantswereusedto
measurefour setsof traits: allocation-related,physiological,chemicalandmorpho-
logical. Plantsweremeasuredat 23-25daysaftergermination,whentherewere2-10
tillers. Whole-shootphotosynthesisandshootandroot respirationweremeasuredon
two plantsof eachaccession.Freshanddry massof leaves,stemsandroots,leafarea,
leafwidth, leafangle,shootheightandthenumberof leavesandtillers werealsodeter-
minedonthesetwo plantsandontwo additionalplants.Two otherplantswereusedfor
measurementsof osmoticpotentialandto determinethechlorophyll concentrationand
theremainingtwo plantswereusedfor measurementof leaf thickness.Thelatterfour
plantswerealsousedfor chemicalanalyses.Becauseof the large numberof plants
andthetimeneededfor thephysiologicalmeasurementswestaggeredthegermination
andgrowth of the plants. Four randomlychosenaccessionsof differentpopulations
weremeasuredeachweek.

Measurements

Mor phological traits Seedswere not dried before the experimentand contained
approximately6%water. Massof eachseed(coatedcaryopsis,withoutawn or spikelet
stalk)wasseparatelydeterminedbeforegerminationwith a SartoriusR160Pbalance.
Leafthicknessandepidermalthicknessweredeterminedmicroscopicallyatfivepoints
at the middle of the youngestfully grown leaf: on the main vein, on the fourth vein
to the left andright of themainvein andbetweenthe fourth andthefifth vein to the
left andright of themainvein. Averageleaf andepidermalthicknesswerecalculated
usingthesefive points.Leaf width wastakenasanaverageof measurementstakenat
five pointsin themiddleof theyoungestfully grown leaf. Leaf anglewasdetermined
by measuringtheanglebetweenthehorizontalplaneandthemiddlepartof teachof
thefour oldestfully grown leaves;thusthatof leaveswith averticalorientation�� 


.

Physiologicaltraits NetphotosynthesisanddarkrespirationweremeasuredasCO�
exchange.Intactplantswereplacedin acuvettewith shootsandrootsin separatecom-
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partments(Poorter& Welschen1993). The root compartmentwasfilled with a con-
tinuouslyaeratednutrientsolution,similar to that suppliedto theplantsin the tanks.
Irridiancewassimilar to that in thegrowth room. CO� andH � O exchangeweremea-
sureddifferentially with infraredgasanalysers(ADC, model225MK3, Hoddesdon,
UK), after equilibrationfor two hours. Calculationsof all gas-exchangeparameters
weremadeaccordingto Von Caemmerer& Farquhar(1981).In thisway, whole-plant
photosynthesisper unit leaf area(PS� ), per unit leaf mass(PS0 ), shootrespiration
(SR)androot respiration(RR) wereassessed.

Allocation-r elatedtraits Total leafareawasdeterminedusingaLi-3100areameter
(Licor, Lincoln, NE, USA). Leaf area,freshanddry massof the leaves(leaf blades),
stems(leafsheaths)androotsweredeterminedto calculatewatercontent(freshmass-
dry mass/ dry mass)of leaf,stemandroot (WC1 , WC2 , WC3 , respectively), leafarea
ratio (LAR, leaf areaper total plant dry mass),specificleaf area(SLA, leaf areaper
leaf dry mass),leaf massfraction(LMF, leaf dry masspertotal plantdry mass),stem
massfraction (SMF, stemdry massper total plant dry mass)androot massfraction
(RMF, root dry massper total plant dry mass). Dry masswasmeasuredafter plant
materialhadbeendriedfor 48 hoursat �4 


C.

Chemical traits The osmoticpotentialwas determinedon leaf samplesfrom the
middlepart(approximately30-mm)of threeleavesfrom oneplant,whichwerestored
in sealedplasticbagsat 56�� 


C. The osmoticpotentialof the leaf sapwasmeasured
usinga Wescor(Logan,UT, USA) VapourPressureOsmometer, model5100C. The
chlorophyll concentrationof the leaf was determinedaccordingto Lichtenthaler&
Wellburn(1983),afterextractionwith 80%acetone.To determinetheconcentrationof
C, totalN, NO�� , organicN, organicacidsandminerals,plantsof eachaccessionwere
combinedinto two independentsamples.TheC- andN-concentrationof thesamples
werequantifiedwith two elementalanalysers(CarloErba1106andCarloErba1110,
Italy). Ashandashalkalinity weredeterminedasdescribedby Poorter& Villar (1997).
Resultswereusedto calculatetheorganicacidandmineralconcentrations.Thenitrate
concentration,quantifiedaccordingto Cataldoet al. (1975)wassubtractedfrom total
N to determinetheorganicN concentration.

Calculations and statistical analyses Relative growth rate (RGR) wasestimated,
on thebasisof allocation-relatedandphysiologicaltraits,usingthe formulagiven in
Poorter& Pothmann(1992b):

RGR � PS� � SLA � LMF 5 SR �87 LMF 9 SMF� 5 RR � RMF
C

(2.1)
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(PS� = Photosynthesisperunit leafarea,SLA= SpecificLeafArea,LMF =LeafMass
Fraction,SMF= StemMassFraction,SR= ShootRespiration,RR= RootRespiration,
RMF = RootMassFractionandC = Carbonconcentrationof theplantbiomass).We
only determinedthecarboncontentof theleaves,assumingthat it is representative of
that of the whole plant. In reality, the carboncontentof rootsandshootstendto be
slightly lower than in the leaves(Poorter& Bergkotte 1992a),but thesedifferences
arenot likely to affectRGR-calculation.A secondassumptionis thattheratesof pho-
tosynthesisandrespirationcanbe integratedover 24 hours. All parametersfrom the
RGR-formulaweremeasuredatthesameday. Datawereanalysedwith SPSSfor Win-
dows (release8.0; SPSSInc., Chicago,IL, USA). Analysesof Variance(ANOVAs)
wereusedto determinewhetherthereweredifferencesin themeasuredtraitsbetween
populationsandbetweenaccessionswithin populations.Variancecomponentswere
calculatedfrom the meansumof squares,derived from a nestedANOVA (Sokal&
Rohlf 1981). A discriminantanalysiswascarriedout to separatethe21 populations.
To computethediscriminantscoreall variablesin theanalysiswerestandardised.This
meansthat,over all cases,thescorefrom onefunctionwill have a meanof zeroanda
standarddeviation of one.Relationsbetweenthevarioustraitsandtheenvironmental
dataaredescribedwith linearmultiple regressionanalyses.

Results

Variation betweenpopulations,betweenaccessionsand within accessions

To giveanindicationabouttheobservedvaluesof all themeasuredtraitsin H. sponta-
neumanoverview of theaverageoverall populationsandtheP10(10thpercentile),the
P90(90thpercentile)valuesaswell asthecoefficientof variationfor eachtrait is given
in Table2.2.This tablealsolists thepercentagevariationexplainedby differencesbe-
tweenpopulations,betweenaccessionsandwithin accessionsfor eachtrait separately
aswell asthesignificanceof thevariancecomponents.Thevariablesaresubdivided
into four groupsof growth characteristics;physiological traits andallocation-related
traits listed in Table2.2a,andchemicaltraitsandmorphologicaltraits listed in Table
2.2b. The division of the variablesis somewhat arbitrary, but aremadeto facilitate
comparisonof setsof traits.Thecoefficientof variationshowsthevariability of all the
traits. For 23 out of the31 traits,thecoefficient of variationis lower than20%. Circa
80% of the variationin RGR andphotosynthesisper unit leaf massis dueto differ-
enceswithin accessions,whereasonly 12%of thevariationis explainedby differences
betweenpopulations.By contrast,59%and61%of thevariationin morphologicalpa-
rameterslike leafwidth andleaf thicknessrespectively, is explainedby differencesbe-
tweenpopulations.Variationbetweenpopulationswassignificantin all chemicaland
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morphologicalvariablesandalmostall physiologicalandallocation-relatedvariables.
Thebetween-accessionvariationwassignificantfor almostall allocation-relatedtraits
andall chemicalandmorphologicalvariablesbut notsignificantfor mostof thephysi-
ologicaltraits.Focussingonthebetween-populationandbetween-accessionvariation,
mostvariables,particularlythephysiologicalandmorphologicalvariableswerefound
to havemorevariationbetweenpopulationsthanbetweenaccessions(Tables2.2a,b).

In summary, mostof thevariationin themeasuredtraitswasassociatedwith differ-
enceswithin accessionsratherthanwith differencesbetweenpopulations(Fig. 2.2a).
This is particularlytrue for the physiologicaltraits,whereonly 14% of the variation
(Fig. 2.2b)is explainedby differencesbetweenpopulations.Thehighestproportionof
varianceexplainedby differencesbetweenpopulationswasobservedfor morphologi-
cal traits(Fig. 2.2b).
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Figure2.2: (a) Averagepercentageof variationexplainedby the variancecomponents,for
all 31 traits. The box shows 50% (median),the rangeof the 25% and75% quartiles. The
errorbarsshow the10%and90%borders.(b) Percentageof total variationexplainedby the
variancecomponents(averagevalues),for thefour groupsof measuredtraits.

Discriminant Analysis

Thediscriminantanalysisin Fig. 2.3 separatesthepopulationsin Israelbasedon the
variablesrelatedto a plant’s carboneconomy(RGR,PS� , SR,RR,SLA, LMF, SMF,
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RMF, C concentration)and threemorphologicalvariables,which differed the most
betweenpopulations(seedmass,leaf thicknessandleafwidth). Theindependentvari-
ableswereenteredsimultaneously. Thefirst two functionsexplained58%of thevari-
ation (Table2.3). On the first function, seedmasswas the most importantvariable
discriminatingbetweenpopulations.On the secondfunction, leaf thicknesswasthe
most importanttrait. Morphologicaltraits weremorevariableon the two functions
thanvariablesrelatedto a plant’s carboneconomy, andRGRwasneutral(Table2.3).
Of the carboneconomytraits, biomassallocationto rootsandleaveswerethe most
important.Populationswith asmallseedmassaresituatedontheleft sideof thegraph
(Fig. 2.3). Theseinclude most of the desertpopulations. Almost all of the moun-
tain populationsareon the right sideof the graph. The coastalandsteppic/marginal
populationsarescatteredwithin thegraph.
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Figure2.3: Discriminantanalysisof variablesfrom equation2.1 (RGR,photosynthesisper
unit leaf area,shootrespiration,root respiration,Leaf MassFraction,StemMassFraction,
Root MassFraction,SpecificLeaf Area, Carboncontent)andmorphologicalvariables(seed
mass,leaf thickness,leafwidth). Thefirst discriminantfunctionexplaines37%andthesecond
discriminantfunction explaines21% of the total variance.For explanationof characterssee
Table2.1.
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Function
Trait 1 2
Seedmass 0.66 -0.32
Leaf thickness 0.47 0.65
RootMassFraction 0.23 -0.10
Leafwidth 0.18 0.52
RelativeGrowth Rate 0.05 -0.18
Photosynthesisperunit leafarea 0.03 -0.26
ShootRespiration 0.01 -0.02
SpecificLeafArea -0.07 0.03
LeafMassFraction -0.16 -0.03
StemMassFraction -0.18 0.19
CarbonConcentration -0.23 -0.15
Rootrespiration -0.37 -0.08

Table2.3: Largestabsolutecorrelationbetweeneachvariableandany discriminantfunction.

Multiple regressionbetweentraits and envir onmental factors

PopulationS� (Mt. Hermon)wasexcludedfrom the multiple regressionanalysisbe-
tweentraits andenvironment,becausethis locationnot only hasa very high rainfall
but alsoa very high evaporation.Most of theinvestigatedtraitswerenot significantly
correlatedwith anenvironmentalfactorat thesiteof origin. RGRwasnot relatedto
any environmentalfactor(Table2.4). PS� wasnegatively correlatedwith rainfall and
a positive relationshipbetweenSRandtemperaturewasfound. Watercontentof leaf
andstem,aswell asleaf width andleaf anglewerepositively correlatedwith rainfall.
Seedmasshada positive relationshipwith humidity.

Seedsizeand final biomass

Seedmassvariedby morethan200%betweenpopulationsandtotal dry massat har-
vestalsoby morethan200%,andthetwo werepositively correlated(Fig.2.4a).There
was,on the otherhand,no significantcorrelationbetweenthe estimatedRGR of the
variouspopulationsandtheir final biomass(Fig. 2.4b). Therefore,mostof thevaria-
tion in total biomassof thesethreeanda half-week-oldplantsseemsto beexplained
by variationin seedmass.
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Temperature
Rainfall Humidity (Jan) R�

Relativegrowth rate 0 0 0 0.22
Photosynthesisperunit leafarea - 0 0 0.32
ShootRespiration 0 0 + 0.24
Watercontentof leaf + 0 0 0.34
Watercontentof stem + 0 0 0.34
Seedmass 0 + 0 0.40
Leafwidth ++ 0 0 0.57
Leafangle ++ 0 0 0.42

+, positivecorrelation;-, negativecorrelation;0 for no significantcorrelation;
P} 0.05; 9 9 or 5 5 P} 0.01

Table2.4: Summaryof multiple regressionbetweentraits(averageperpopulation)andenvi-
ronmentalfactorsof 20Hordeumspontaneumpopulations.

Discussion

Variation betweenpopulations,betweenaccessionsand within accessions

In this studywe analysedthe variationbetweenandwithin populationsof H. spon-
taneum, grown underfavourableconditions. Calculatedover all plantsinvestigated,
almost75% of all traits hada coefficient of variationlower than20%. We expected
highervariation,takinginto accountthatH. spontaneumis aninbreeder(Brown et al.
1978a).Interestingly, otherintraspecificstudiesonmorphologicalvariationin inbreed-
ing species(Wolff 1988;Boninetal. 1997)reportsimilarcoefficientsof variation.For
further analysis,the variationin wild barley wasdivided into threevariancecompo-
nents:betweenpopulations,betweenaccessionsandwithin accessions.Averagedover
all parameters,variationwithin accessionsexplained53%of thetotal variation. This
is muchhigherthanthevaluesfoundfor thevariationbetweenaccessionswithin apo-
pulationandbetweenpopulations(21%and26%,respectively). Maternaleffects,en-
vironmentaldifferenceswithin thegrowth chamberor theinfluenceof rareoutcrossing
rates(1.6%averagedover 26populations;Brown etal. (1978b)),aswell asstochastic
factorscouldexplain thelargewithin-accessionvariation.Thelargestvariationwithin
accessionswasobserved for physiological traits andthe smallestfor morphological
traits. A probablereasoncouldbethat themeasurementerrorsinvolved in determin-
ing physiologicalvariablesaregreaterthanfor morphologicalvariables.

In thisstudywecalculatedthreevariancecomponents.However, whencomparing
theseresultswith thosefrom geneticvariationstudiesin H. spontaneum, we have to
considerthat thosestudiesoftendo not includethevariationwithin accessions.This
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Figure2.4: Relationbetweenthe final plant biomassand(a) seedmass(RÑ =0.34)and(b)
relative growth rate(RÑ =0.02).

is becauseDNA is extractedfrom oneplantonly, or DNA samplesarepooled,under
theassumptionthatindividualswithin anaccessionareidentical.This impliesthatthe
variationbetweenaccessionsin thosestudiesnot only harbourthe geneticvariation,
but alsothevariationwithin accessions.Table2.2showsthatfor mostof thesignificant
variancecomponents,variationbetweenpopulationsis largerthanwithin populations.
This is contraryto many geneticdiversitystudiesof allozymesandRFLPsin H. spon-
taneum, wheremostvariationis explainedby differencesbetweenaccessions(Nevo
et al. 1986;Dawsonet al. 1993;Zhanget al. 1993;Baumet al. 1997).Most of these
studiesexaminedmoreaccessionsper populationthanour study, which might have
resultedin a largerbetween-accessionvariation.

Photosynthesisexpressedbothperunit leafareaandperunit leafmass(Table2.2a),
showsmorevariationbetweenpopulationsthanbetweenaccessions,with thebetween-
accessionvariationnot significant.In contrastto theseresults,Carver & Nevo (1990)
foundin wild wheat(Triticum dicoccoides) populationsthataccessionswithin agiven
populationshowed10-timesmorevariationin PS� or perunit chlorophyll thanpopu-
lationsfrom differentlocationsin a region. They concludedthatgeneticresourcesare
locatedin relatively confinedgeographicregions.

Comparedwith thephysiologicalandallocation-relatedvariables,variationat the
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populationlevel in chemicalandmorphologicaltraitsis larger(Table2.2b,Fig. 2.2b).
For all traits in the last two groupsthe variationbetweenpopulationsaswell asthe
variationbetweenaccessionsis significant.The largestbetween-populationvariation
in the morphologicalcategory wasthe variationin leaf thickness(61%) andin seed
mass(53%). Corke et al. (1988)alsofound wide differencesin chemicaltraits (ni-
trogenconcentrationin leaf andstem)aswell asin allocation-relatedtraits (leaf and
stemmass)betweenseven populationsof H. spontaneum. In the presentstudymost
of thevariation(48%)in chemicaltraitsis explainedby differenceswithin accessions.
In conclusion:H. spontaneumpopulationsshow greatervariation in morphological
variablesthanin physiologicalvariables.

Discriminant Analysis

Thediscriminantanalysis(Fig 2.3) basedon all thevariablesof equation2.1 aswell
asseedmass,leaf thicknessandleafwidth, showedthatthemorphologicaltraitswere
moreimportantthanthephysiologicalor allocation-relatedtraitsin discriminatingpo-
pulations(Table 2.3). Seedmasswas the most important trait loading on the first
canonicaldiscriminantfunction(Table2.3),separatingdesertpopulationsfrom moun-
tain populations. Desertpopulationshad on averagelower seedmass. One desert
population(D Ò ) is at theright sideof thegraph,beingmorphologicallydifferentfrom
theotherdesertpopulations.It is possiblethatbarley plantsat this site (Revivim), in
theNorth-westernNegev desertwhich is characterisedby a high amountof dew, are
not exposedto extremelydry conditions.Van Groenendael(1985)reportsin a within
species(Plantago lanceolata) study, thatplantsfrom dry areasproducea largenum-
berof small seedswhereasplantsfrom wet habitatsproducefewer but biggerseeds.
In contrastto theseresultsarestudiesthatmakeacomparisonbetweenspecies.Baker
(1972)andJurado& Westoby(1992)reportedthatspeciesexposedto droughttendto
have larger seedsandmight thereforehave larger root systemsduring early growth.
Ontheseconddiscriminantfunction(Table2.3) leaf thicknesswasthemostimportant
trait. This function doesnot separatethe populationsvery clearly, althoughit seems
thatmostof themountainpopulationshave thicker leaves.

Multiple regressionbetweentraits and envir onmental factors

Most of the measuredtraits werenot significantlycorrelatedwith an environmental
factorat the site of origin. This might imply that the inherentdifferencesbetween
populationsarenot causedby adaptationto theseenvironmentalfactors. However,
onepoint of considerationis that theenvironmentaldatahave not beenmeasureddi-
rectlyat thesitesof origin, but areaveragesfrom thenearestweatherstation.Another
considerationis thatwe havegrown plantsunderfavourableconditionswith anample
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supplyof nutrientsandwater. Understressfulconditions,differencesin physiology
and relation to environmentalfactorswill probablybe larger. For example,Forster
et al. (1997)founddifferencesin experimentallydeterminedabioticstressresponses
(salt anddroughttolerance)that arerelatedto the environmentaldataof the sitesof
origin of H. spontaneumpopulations.Thetraitsthatshoweda correlationwith anen-
vironmentalfactorarelistedin table2.4.Plantsfrom xericenvironmentshaveahigher
rateof PS� thanplantsfrom mesicareas.The sameresultwasfoundby Nevo et al.
(1991)in wild wheat(T. dicoccoides). In thepresentstudy, plantsfrom axericclimate
haverelatively narrow leaves,amorehorizontalpositionof theleaves(a lower leafan-
gle) andmoretillers. Plantsfrom xeric climatesgenerallyhave smallerleaves,which
mayhelp in reducingtranspiration(Von Willert et al. 1992). By contrast,leavesin a
morehorizontalpositionhaveahigherlight absorptionandthereforeahighertranspi-
rationrate.Thehorizontalpositionmight alsoexplain thehigherrateof PS� in xeric
populations.Surprisingly, SLA, leaf thicknessor LMF, usuallydeterminantsof pho-
tosynthesis,did notcorrelatewith any of theenvironmentalfactors.This is atvariance
with thesuggestionsof, for example,Poorter& Garnier(1999)andEhleringer(1981)
that plantsin drier environmentshave lower SLA. For Aegilops species,Villar et al.
(1998)did notfind arelationshipbetweenSLA andrainfall, but they did find arelation
betweenLMF andrainfall.

Seedsizeand final biomass

Nevo etal. (1984)foundahigherbiomassin mesicH. spontaneumpopulationsthanin
xericpopulations,grown in amesichabitat.Weobtainedsimilar resultsfor threeanda
half weekold plantsgrown undernear-optimalconditions.However, thesedifferences
in biomassarenot causedby differencesin RGR(Fig. 2.4b).Rather, differencesin fi-
nalmasscouldbeexplainedby variationin seedmass(Fig.2.4a).This is in agreement
with Chapinetal. (1989),whereseedsizewasfoundto bemoreimportantthanRGR,
after35 daysaftersowing, in determiningplantsizein differentHordeumspeciesun-
der favourablenutrition. Thexeric populationsproducesmallerseeds,but therewas
no correlationbetweenseedmassandRGR. Seedsizeusuallycorrelatesnegatively
with RGR in interspecificstudies(Shipley & Peters1990; Jurado& Westoby1992;
Marañón & Grubb1993;Reichet al. 1998). Meerts& Garnier(1996)studiedseed
size within a species(Polygonumaviculare) and found a positive relation between
RGRandseedmass.Clevering(1999)studiedalsodifferenceswithin aspecies(Prag-
mitesaustralis), but found, like our study, no relationbetweenRGRandseedsizeor
betweenRGR anddry massbut a positive relationbetweenseedsizeanddry mass.
Similar suggestionswere madeby Van Andel & Biere (1990), Garnier& Freijsen
(1994).In thepresentstudy, plantsremainedvegetative throughouttheexperiment.In
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thefield between-populationsdifferencesin reproductive effort or lengthof thegrow-
ing season(no dataavailable)canbe additionalfactorsthat determinedifferencesin
biomass.

Conclusions

Underthepresentfavourablegrowth conditions,H. spontaneumpopulationsfrom Is-
rael show a larger between-populationvariation than in mostgeneticstudies. Most
of thebetween-populationvariationoccurredin morphologicaltraits. Thedifferences
arenot stronglyrelatedto thenaturalhabitat,thoughxeric andmesicsitescanbedis-
tinguishedbasedon morphologicaltraits. Seedmassis an importanttrait for which
H. spontaneumhaslargevariationandwasmoreimportantthanRGRin determining
vegetativebiomassin Hordeumin ourstudy.
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Variation in relativegrowth rate and
growth traits in fifteen Hordeum
species

Cynthia P.E. van Rijn, Erik A.M. de Swart, YvonneE.M. de Jong and Hendrik
Poorter

PlantEcophysiology, UtrechtUniversity, POBox 800.84,3508TB Utrecht,TheNe-
therlands

Abstract

Weanalysedrelationshipsbetweenrelativegrowth rate,seedmass,biomassallocation
and other growth-relatedtraits in fifteen annualand perennialHordeumL. species.
Interspecificvariationin RGRwasonly 30%,bufferedby astrongnegativecorrelation
betweenunit leaf rateandspecificleaf area.Dueto this low variation,RGRwasonly
relatedto LAR of its underlyinggrowth parameters.Seedmasswasmoreimportantin
determiningvariationin vegetative biomassthanRGRwas. Therewasno difference
in RGRbetweenannualandperennialHordeumspecies,but annualshada largerseed
mass,final biomassandunit leaf ratethanperennials.Thespeciescouldbeseparated
in a Principal ComponentAnalysis. For one of the species,Hordeumspontaneum
(C. Koch), two populationswerestudied.Growth traitsof a coastalpopulationof H.
spontaneumweresimilar to a cultivar of H. vulgare L. (Reggae),while growth traits
of a steppicpopulationwere more similar to the other wild Hordeumspecies. Six
Hordeumspeciesweresubjectedto a moredetailedgrowth analyses.According to
thisstudy, variationamongstHordeumspeciesin morphologicalgrowth traitsis larger
thanin physiologicalgrowth traits.Variationin growth traitsin H. spontaneumwason
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average99%of thetotal variationin Hordeumspecies.

Intr oduction

ThegenusHordeumcomprises32speciesandmany of theseoccurin temperateareas
in both the northernandthe southernhemisphere.Somespeciesinhabit subtropical
areasin centralSouthAmericaandarctichabitatsin North AmericaandCentralAsia
andarefoundfrom sealevel up to morethan4500m in theAndesandtheHimalayas
(Von Bothmeret al. 1995). The majority of the Hordeumspeciesare confinedto
grasslandhabitats.Hordeumcomprisesboth annualandperennialspecies,which is
not commonin mostgenerain theTriticeae.

DifferencesamongstHordeumspecieshave beenstudiedat variouslevels,includ-
ing, genomerelationships(Von Bothmeretal. 1987),proteinrelationships(Jørgensen
1986),morphologicalrelationships(Von Bothmer& Jacobsen1985)anddiseasere-
sistance(Gustafsson& Claesson1988).Only few havefocusedonvariationin physio-
logy andgrowth amongstHordeumspecies.Chapinetal. (1989)studiedphysiological
determinantsof growth in four Hordeumspecies.We want to obtaina broaderper-
spective of the genusHordeumandthereforestudyphysiologicalandmorphological
determinantsof growth in fifteenHordeumspecies.

Variationin plant vegetative biomasscanbe causedby differencesin seedmass,
emergencetimeor differencesin relativegrowth rate(RGR,theincreasein plantmass
perunit masspresentandperunit of time; Van Andel & Biere(1990)).Thepotential
growth rateof plant speciesvarieswidely, for plantsgrown under’close to optimal’
conditions.RGRandits underlyingcomponentshave beenstudiedextensively in re-
centyears(Lambers& Poorter1992; Poorter& van de Werf 1998). Many studies
analysedthecausesof inherentvariationin RGRandtheecologicalconsequencesof
differencesin RGR.Differencesin RGRcanbeexplainedby differencesin leaf area
ratio (LAR, total leafareapertotal unit plantmass)and/orunit leaf rate(ULR, rateof
increasein plantmassperunit leaf areaperunit of time). LAR is theproductof the
specificleaf area(SLA, total leaf areaper unit leaf mass)andthe leaf massfraction
(LMF, total leafmassperunit totalplantmass).ULR is acomplex trait thatrepresents
the carbongain in photosynthesisand the carbonlossesin shoot-and root respira-
tion andexudationaswell as the carbonconcentrationof the plant. In an analysis
of literaturePoorter& vandeWerf (1998)concludedthatLAR andmorespecifically
SLA is themostimportantfactorexplaining inherentvariationin RGR.On theother
side,somestudiesprove thatULR is moreimportantdeterminingdifferencesin RGR
(Eagles1967;Pons1977).

Seedmassis alsovery importantin explaining variation in dry massat an early
vegetative stage(Chapinet al. 1989;Marañón & Grubb1993;Van Rijn et al. 2000).
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In astudyof themajorfactorsresponsiblefor variationin earlyvigour in barley, wheat
and oat, embryosize was found to be the most important (López-Castãnedaet al.
1996). SometimesRGRandseedmassarenegatively correlated(Jurado& Westoby
1992;Marañón & Grubb1993;Reichet al. 1998),sometimesthereis no relationship
(Shipley & Peters1990; Van Rijn et al. 2000) and sometimesthey are positively
correlated(Meerts& Garnier1996).

Differencesin the relationshipof RGR with othergrowth traits may occurwhen
different taxonomicor functional groupsare compared. For example, it hasbeen
suggestedthatmonocotsdiffer from dicotsin the importanceof ULR (Garnier1991;
Van derWerf et al. 1998).Garnier(1992)founda higherRGRandULR in a growth
analysisof congenericannualthanin perennialgrassspecies.Until now moststudies
on RGRandgrowth-relatedtraitshave focusedon differencesbetweenspeciesacross
generaandonly few studieshave evaluatedinherentgrowth variationwithin a genus
(Chapinet al. 1989;Atkin et al. 1996;Meerts& Garnier1996;Villar et al. 1998).
For thegenusHordeum, growth characteristicsweredeterminedpreviouslyby Chapin
et al. (1989),but dueto thelimited numberof speciesin their study(four), it remains
difficult to deducegeneralpatternsandrelationshipsbetweengrowth traits.Theobjec-
tivesof this studywere: (1) to analysethevariationin RGRandgrowth-relatedtraits
in Hordeumspecies;(2) to examinethe traitsunderlyingvariationin biomass;(3) to
analysethedifferencesbetweenannualandperennialHordeumspecies.

In apreviouspaperwestudiedvariationin growth-relatedtraitswithin onespecies:
Hordeumspontaneum, theprogenitorof cultivatedbarley (Van Rijn et al. 2000). We
showedthattherewaslittle variationin physiologicalandallocation-relatedtraits,but
large variation in morphologicaltraits. In the presentstudy, the genus-widegrowth
analysisenablesusto comparegrowth-relatedtraitsof H. spontaneumwith otherwild
Hordeumspecies.Hence,two additionalobjectivesof this studyare: (4) to assesif
populationsof H. spontaneumaremoresimilar in their growth-relatedtraits to other
wild Hordeumspeciesor moresimilar to H. vulgare, and(5) to compareinterspecific
variation in Hordeumspecieswith the intraspecificvariation as found earlier in H.
spontaneum(Van Rijn et al. 2000). Thereforetwo populationsof H. spontaneum
(onefrom a mediterraneansite andonefrom a steppic/marginal mediterraneansite)
wereincludedin this study. Thesepopulationswerecrossedandtheoffspringof this
crosswasusedin aforthcomingpaperstudyingquantitativetrait loci of growth-related
traits in H. spontaneum. For the last questionsix Hordeumspeciesfrom different
continentswerecomparedin a moreextensive growth analysis,wherethesametraits
weremeasuredasin VanRijn etal. (2000).
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Material and Methods

Plant material and growth

FifteenHordeumspeciesfrom habitatsall over the world werestudied. Seedsfrom
thirteenHordeumspecieswerekindly providedby theInstitutefor PlantGeneticsand
CropPlantResearch(IPK Gatersleben).Two populationsof H. spontaneum(C.Koch)
of different locationsin Israelwereused,kindly provided by Prof. E. Nevo (Haifa
University).Oneof thesewasacoastalpopulation(Ashqelon)andtheother(Mehola)
wascollectedin the JordanValley, which is a moresteppic,marginal mediterranean
habitat(Nevo et al., 1983). H. vulgare (Reggae)seedswereprovidedby theDepart-
mentof PlantBreeding(WageningenAgricultural University). Table3.1 shows a list
of thespeciesaswell asthecollectionsites,life form,habitatdescriptionandaccession
numbers.

Seedsweresterilisedfor 5 minutesin 10%(v/v) of hypochlorideandsubsequently
rinsedwith water. Seedsweregerminatedonmoistenedfilter paperin Petridishesin a
growth cabinet(day-14h, 25Ó C, 30 Ô mol mÕ Ñ sÕ Ò PAR; night-10h, 15Ó C). After one
weekseedlingsweretransferredto a containerwith drainageholes,filled with clean
white beachsand.Thesandwassaturatedwith half strengthof thefollowing nutrient
solution: 603 Ô M Ca(NOÖ ) Ñ , 795 Ô M KNO Ö , 190 Ô M KH Ñ PO� , 270 Ô M MgSO� ,
0.2 Ô M MnSO� , 0.9 Ô M ZnSO� , 20 Ô M H Ö BOÖ , 0.3 Ô M NaÑ MoO� , 40 Ô M Fe-EDTA,
40 Ô M FeSO� and47 Ô M SiOÑ . The containerwasplacedin a growth room,under
the following conditions:14/10h day/night,20Ó C day/night,irradianceof ×#�_ØÚÙ ���
Ô mol mÕ Ñ sÕ Ò , relativehumidity70%.After fivedaysseedlingsweretransferredto 33
L tankscontaininga full-strength,aeratednutrientsolutionasdescribedabove,which
wasreplacedweekly. This daywasconsideredday0. ThepH of thenutrientsolution
wasadjustedregularly to 5.8 with H Ñ SO� . All plantsremainedvegetative during the
experimentandnoneshoweddeadleaves.

Experiment 1: Growth analysisof 15 species

Beforethe seeds(coatedcaryopsis,without awn or spikelet stalk) weregerminated,
seedmass(air-dry) was determinedas an averageof 15 to 30 seeds. The growth
experimentstartedwhentheplantswere14 dayson nutrientsolution. Harvestswere
carriedouton day14and21. Theplantsof the15speciesstudied(listedin Table3.1)
weregrown in thesamegrowth chamberat thesametime.

Perspeciesandper time point 4 plantswereharvested.The experimentwasre-
peatedtwo monthslater. Total leaf areawasdeterminedusinga Li-3100 areameter
(LI-COR, Lincoln, NE, USA). Leaves(leaf blades),stem(leaf sheaths)androot fresh
anddry massweredeterminedwith a SartoriusR160P(Göttingen,Germany). Data
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wereusedto calculateRGR,unit leaf rate,leaf arearatio,specificleaf area,leaf mass
fraction,stemmassfraction(SMF, totalstemmass(includingleafsheath)perunit total
plantmassandroot massfraction(RMF, total root massperunit total plantmass).

Experiment 2: Growth-r elatedtraits of six species

Six Hordeumspecies(H. brevisubulatum,H. capense, H. comosum,H. flexuosum,H.
intercedensandH. marinum) that differed in relative growth rateweresubjectedto
a moreextensive growth analysis.The measurementsaredescribedbelow andwere
doneon 28- dayold plants.Thereasonolderplantswereused,wasthattheincreased
biomassof theplantswould enablebettermeasurementsof photosynthesisandrespi-
ration.Thereforeanothergrowth analysiswascarriedoutwith harvestsonday21and
day28. Perspeciesandpertime point 4 plantswereharvested.Thesameparameters
weremeasuredandcalculatedasdescribedin ‘Experiment1’.

In additionfour setsof traitsweremeasuredin 28-days-oldplants:morphological
traits,allocation-relatedtraits,chemicaltraitsandphysiologicaltraits.Eachweektwo
plantsof four speciesweremeasuredfor a suiteof traits. This wasrepeatedfor six
weekssothat in total eightplantsperspeciesweremeasured.Four setsof traitswere
measured.Seedmasswasdeterminedasthe averageof 10 seeds.Leaf width, leaf
thickness,epidermalthicknessweremeasuredon theyoungestfully-grown leaf. Leaf
anglewasassessedasthe averageangleof the four oldestleaves. Plantheightwas
determinedby measuringtotal shootlength.

Total leaf area,freshanddry massof leaves,stemsandrootsweredetermined(as
in experiment1) to calculate:leafarearatio,specificleafarea,leafmassfraction,stem
massfraction,rootmassfraction,watercontentof theleaves,stemsandroots.

Carboncontentandnitrogencontentweredeterminedwith anelementalanalyser
(Carlo Erba 1110, Milan, Italy). Nitrate concentrationwas quantifiedaccordingto
Cataldoetal. (1975).Ash andashalkalinity weredeterminedasdescribedby Poorter
& Villar (1997). Resultswereusedto calculateconcentrationsof organicacids,min-
eralsandorganicnitrogencompounds.Theosmoticpotentialof theleafsapwasmea-
suredusinga Wescor(Logan, UT, USA) VapourPressureOsmometer. The chloro-
phyll concentrationof theleafwasdeterminedaccordingto Lichtenthaler& Wellburn
(1983)afterextractionwith 80%acetone.

Net photosynthesis,dark respirationandroot respirationweremeasuredasCOÑ
exchange.COÑ andH Ñ O exchangeweremeasureddifferentially to calculatephoto-
synthesisperunit leaf areaandper unit leaf mass,shootrespiration,root respiration
andwateruseefficiency.

All traitsweremeasuredasdescribedpreviously in VanRijn etal. (2000).



Variationin RGRandgrowth traitsin Hordeumspecies 39

Calculations and statistical analyses

Data were analysedwith SPSSfor Windows (release8.0; SPSSInc. Chicago,IL,
USA). Relationshipsbetweengrowth and other variablesacrossthe fifteen species
(n=16, becausethe two H. spontaneumpopulationswere analysedas separatedata
points)wereanalysedby correlationandlinearregression(typeII) of speciesmeans.
Analysesof Variance(ANOVAs) wereusedto determinewhethertherewerediffer-
encesin the measuredtraits betweenspecies.Variancecomponentswerecalculated
from the meansumof squares,derived from an ANOVA (Sokal& Rohlf 1981). To
separatethefifteenspecies,basedon growth traits,a PrincipalComponentsAnalysis
(Splus2000,Mathsoft, Inc. USA) wasperformed. Differencesbetweenlife forms
(annual-perennial)weretestedusingan independentsampleT-test. Theproportional
differencein a particulargrowth parameterX is definedasGRCÛ (Growth Response
Coefficient; (Poorter& vandeWerf 1998).In formula:

GRCÛÝÜ
dX
X

dRGR
RGR

(3.1)

Full detailsonGRCandits calculationaredescribedin Poorter& vandeWerf (1998).

Results

Variation in RGR and growth relatedtraits

RGRvaried30%amongstthefifteenspecies,rangingfrom 203mg gÕ Ò dayÕ Ò for H.
comosumto 260 mg gÕ Ò dayÕ Ò for H. murinum(Appendix1). Specieswith a high
RGRalsohadahighLAR (P Þ 0.05;Fig. 3.1B).RGRwasnotsignificantlycorrelated
with any othertrait (Fig. 3.1), exceptfor an almostsignificantcorrelationwith SLA
(P=0.06;Fig. 3.1C).Therewasa strongnegative correlationbetweenULR andLAR
(P Þ 0.01; Fig. 3.2). The variation in LAR wasmainly dueto variation in SLA (P
Þ 0.01) and to a lesserextent to variation in LMF (0.05 Þ P Þ 0.10). Therefore
thestrongnegative correlationbetweenULR andLAR is dueto thenegative relation
betweenULR andSLA (P Þ 0.05).To comparethisstudywith otherstudiesof growth
relatedtraitstheGrowth ResponseCoefficientswerecalculated(Poorter& vandeWerf
1998).GRCÛ is definedastheproportionaldifferencein aparticulargrowth parameter
X (ULR, LAR, SLA, LMF), scaledto theproportionaldifferencein RGR(Poorter&
vandeWerf 1998).Table3.2shows theGRC-valuesof this studycomparedwith the
resultsin 20Aegilopsspecies(Villar etal. 1998)andwith 11grassspecies(Poorter&
Remkes1990).TheGRC-valuesof the16 Hordeumaremuchmorecomparablewith
the11 grassspeciesthanthestudybetween20 Aegilopsspecies.
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Figure3.1: Relationshipfor the15 Hordeumspeciesbetweenmeanvaluesof relative growth
rateand(a) unit leaf rate, (b) leaf arearatio, (c) specificleaf area,(d) leaf massfraction ( ´
annuals;µ perennials)

What explainsvariation in dry mass?

The dry massof the fifteen speciesat the endof the experiment(circa 28 daysafter
germination)variedbetween250mgfor H. comosumand4380mgfor H. spontaneum
(Ashqelon)(Fig. 3.3).To find outwhetherthisdifferencewasdueto variationin RGR
or to variationin seedmass,thetwo parameterswereplottedagainstdry massatday21
(Fig. 3.3) A positive correlationbetweenbiomassat day21 andseedmass(R= 0.91;
P Þ 0.001) was found (Fig. 3.3A). Therewas, however, no significantcorrelation
betweenthe RGR andbiomassat day 21 (Fig. 3.3B; P ¶ 0.1). Therewasalsono
significantcorrelationbetweenseedmassandRGR(Table3.3).

Differ encesbetweenannualsand perennials

Therewasno significantdifferencein RGR betweenannualsandperennials(Table
3.4). Annualshada higherULR thanperennials(Fig. 3.1A; P Þ 0.05). Therewas
no differencein LAR or SLA, but perennialshada higherLMF (Table3.4). Annuals
hada muchhigherseedmassandalsohigherfinal biomass(Fig. 3.2A, Table3.3;P Þ
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15 Hordeum 20 Aegilops 11Grass
species species species

GRC·¹¸¬º 0.38 0.54 0.33
GRÇ¼»½º 0.62 0.46 0.70
GRC¾¿¸¼» 0.51 0.33 0.64
GRÇ¬ÀÂÁ 0.11 0.13 0.02

Table3.2: GRCvaluesof 15 Hordeumspecies,20 Aegilopsspecies(Villar et al. 1998)and
11 grassspecies(Poorter& Remkes1990).
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Figure3.2: Relationshipfor the 15 Hordeumspeciesbetweenmeanvaluesof unit leaf rate
andleaf arearatio (R = -0.69;P � 0.01).( ´ annuals;µ perennials)

0.05).Thewatercontentof thestemwasalsolargerin annuals(Table3.4).

Principal ComponentAnalysis

Figure 3.4 shows a Principal ComponentAnalysis of the fifteen Hordeumspecies
basedon growth characteristics(RGR,ULR, LAR, SLA, LMF, SMF, RMF, WCleaf,
WCstem,WCroot andseedmass).The first componentexplained58%, andthe se-
condcomponentexplained40% of the variation. On the first component,RGR was
the most importantvariable,andon the secondcomponentseedmasswasthe most
dominantvariableexplainingvariationin Hordeumspecies.ThePCAshows four sep-
arategroupsof species,whereon thefirst axison the right sideof thegraphspecies
weresituatedwith ahighRGRandontheleft sidespecieswith a low RGR.Onthese-
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Independent/Dependentvariable Trait values
r P

RGR
RMF -0.08 n.s.
Final dry mass +0.31 n.s.
Seedmass -0.07 n.s.

ULR
LAR -0.73 **
SLA -0.61 *
Final dry mass +0.47 �

LAR
SLA +0.85 **
LMF +0.35 n.s.

Final dry mass
Initial mass +0.99 ***
Seedmass +0.79 ***
Watercontentleaf +0.68 **

Seedmass
Initial mass +0.87 ***
Watercontentleaf +0.57 *
SLA -0.30 n.s.

LMF
SMF -0.50 *
RMF -0.08 n.s.

RMF
SMF -0.79 ***
Watercontenttotal plant +0.53 *

Table3.3: Summaryof regressionresultsfor differentvariablesin the 15 Hordeumspecies
studied.Significance:� 0.10 � P � 0.05;* P � 0.05;** P � 0.01;*** P � 0.001;n.s. not
significant.

condaxisspecieswith ahighseedmasswerein theupperpartof thegraph,andspecies
with a low seedmassin the lower part. H. vulgare andthe coastalpopulationof H.
spontaneumwereclearlyseparatedfrom theotherHordeumspecies.H. spontaneum
(steppic)wasgroupedwith H. chilenseandH. murinum.

Comparisonof variation in Hordeum specieswith variation in H. spontaneum

Six Hordeumspeciesfrom fivecontinentsweresubjectedto amoreextensiveanalysis
of growth traits. To comparethe variation of thesegrowth traits within the genus
Hordeumwith thevariationwithin Hordeumspontaneum(Van Rijn et al. 2000),the
measuredtraits were divided in four groups. To comparethe rangeof variation in
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Figure 3.3: Relationfor the 15 Hordeumspeciesbetweenmeanvaluesof the final plant
biomass(log scale)and(a) seedmass(log scale)(R = 0.91)and(b) relative growth rate(R =
0.44).( ´ annuals;µ perennials)

growth traitsbetweentheHordeumspeciesandthe21 populationsof H. spontaneum,
usedin VanRijn etal. (2000)total rangevalueswerecalculatedon theaveragevalues
(perspeciesor perpopulation)of eachtrait. To normaliseall thedifferenttrait values,
eachrangewasscaledto thehighestvalue.For theallocation-relatedtraitsthedataof
experiment1 (exceptfor theH. spontaneumpopulations)wereusedto calculaterange
(n=14). For thephysiologicalandmorphologicaltraits thedataof experiment2 plus
datafrom H. vulgare (cultivar L94; datanot shown) wereusedto calculatetherange
(n=7). For chemicaltraits datafrom experiment2 were used. A larger bar length
for the Hordeumspeciesin Fig. 3.5 meansthat the variation in that specifictrait is
larger thanthevariationamongst21 populationsof H. spontaneum. Thevariationin
all allocation-relatedtraits(Fig. 3.5B;on average62%)is for all traits largeramongst
Hordeumspeciesthanamongstpopulationsof H. spontaneum. This is alsotrue for
almostall morphologicaltraits(Fig. 3.5C;onaverage92%),exceptfor leafwidth and
leaf thickness.Thevariationin mostphysiologicaltraits(Fig. 3.5A,onaverage104%)
is largeror equalamongstHordeumspontaneumpopulationsthanamongstHordeum
species,exceptfor RGR,photosynthesisperunit leaf area.Thevariationin chemical
traits (Fig. 3.5D, on average137%)wasfor all traits larger amongstH. spontaneum
populationsthanamongstHordeumspecies.
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Perennial Annual P
RGR(mgg Õ Ò d Õ Ò ) 222 231 n.s
ULR (g m Õ Ñ dÕ Ò ) 14.9 16.6 **
SLA (mÑ kgÕ Ò ) 32.6 31.7 n.s.
LMF (g g Õ Ò ) 0.48 0.45 *
SMF (g gÕ Ò ) 0.24 0.24 n.s.
RMF (g gÕ Ò ) 0.29 0.31 n.s.
Seedmass(mg) 2.6 16.6 *
Dry mass(g) 0.44 2.06 *
WCleaf(g g Õ Ò ) 5.1 5.5 n.s.
WCstem(g gÕ Ò ) 6.6 8.1 *
WCroot(g gÕ Ò ) 11.6 11.7 n.s.

Table 3.4: Summaryof the meandifferencesbetweenperennialand annuallife-forms of
fifteenHordeumspecies(* = 0.05 � P � 0.01;** = P � 0.01).

Thevariationwidth of both theH. spontaneumpopulationsandHordeumspecies
differsamongstthefour groupsof traits(Fig. 3.5),e.g.thevariationwidth of morpho-
logical traitsseemsmuchlargerthanin any of theotherthreegroupsof traits.Another
remarkableobservation is thatamongstH. spontaneumpopulationsthewatercontent
of theleafandamountof nitrateandmineralsin theleaf is muchhigherthanamongst
Hordeumspecies.

Discussion

Variation in RGR and growth relatedtraits

TheRGR of theHordeumspeciesdifferedfor 30%. This differencemight be consi-
deredrelatively small,comparedto whatwasfoundin otherstudiese.g.300%(Poorter
& Remkes1990),or 250%(Marãnón & Grubb1993). However, thesewerestudies
acrossgenera.Studieswithin a genusshow smallerdifferences.Villar et al. (1998)
founda 60%differencein RGRin 20 Aegilopsspeciesandstatedthat this rangewas
fairly largetakinginto accountthatall thespecieswerefrom thesamegenusandalso
from thesamelife form (annuals).However, this lastpointdoesnotapplyto ourstudy,
wherenineperennialsandsevenannualswereused.The30%differencewe foundis
similar to the rangefound by Chapinet al. (1989),who usedfour Hordeumspecies
andfound,underfavourablenutrition,alsoa30%differencein RGR.An exceptionin
theseintergenericcomparisonsis thestudyof Atkin et al. (1996),who founda large
rangeof 230%differencein RGRcomparingsix alpineandlowlandPoa species.

Therewas a positive correlationbetweenRGR and LAR. This is in agreement
with many studies(for a review seePoorter& van deWerf (1998)),whereusuallya
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Figure3.4: PrincipalComponentAnalysisof variables,RGR,LAR, ULR, LAR, SLA LMF,
SMF, RMF, WCleaf, WCstem,WCroot, Seed. The first componentexplains 58%, and the
secondcomponentexplains40%of thetotal variance.For explanationof speciesnumbersee
Table3.1. ( ´ annuals;µ perennials)

high correlationbetweenRGRandLAR is found. Most of thevariationin LAR was
attributed to variation in SLA and to a lesserextent to LMF (Table 3.2). A strong
negative relationbetweenULR andLAR in theHordeumspecieswasobserved.Such
a relationshipbetweenULR andLAR hasbeenfoundmany times(see,for example,
Evans(1972),Poorter& vandeWerf (1998)andVillar et al. (1998)). Two explana-
tionsareofferedfor anegativerelationshipbetweenULR andLAR by Konings(1989)
andPoorter(1989). Firstly, thebalancebetweentheamountof rootsandtheamount
of leaf areamayaffect thewaterstatusof theleavesandtherebytherateof photosyn-
thesis. Alternatively, an increasein ULR may requirean increasein photosynthetic
rate,which canberealisedby decreasingtheSLA, sothatthepartitioningof nitrogen
over the leaf will be denser. As the negative correlationbetweenULR andLAR is
mainlycausedby anegativecorrelationbetweenULR andSLA, weexpectthesecond
explanationto bethemostprobable.
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Figure 3.5: Whole rangein percentage,of traits measuredbetween21 populationsof H.
spontaneum(Van Rijn et al. 2000)(openbars)andbetweenHordeumspecies(hatchedbars)
of 4 groupsof growth traits (A) physiological(B) allocation-related,(C) morphological,(D)
chemicaltraits.

What explainsvariation in dry massat day 21?

Therewasanalmost20-fold differencein biomassat day21 (circa28 daysafterger-
mination)amongsttheHordeumspecies(Fig. 3.3).Thesedifferencesin biomasswere
notcausedby differencesin RGR.Therewasapositivecorrelationbetweenseedmass
andbiomassat day 21. This is in accordancewith Chapinet al. (1989), in a study
determiningplant size in four differentHordeumspeciesunderfavourablenutrition
andalsowith Van Rijn et al. (2000)in a studydetermininggrowth characteristicsof
H. spontaneum. In fact therewasno correlationbetweenseedmassandRGR(Table
3.3). This agreeswith resultsfoundby Van Rijn et al. (2000)andClevering(1999).
Meerts& Garnier(1996)founda positive relationshipbetweenseedmassandRGR.
Theseareall studieswithin a species.Usually a negative relationshipbetweenseed
massandRGR is found in studiesacrossgenera(Shipley & Peters1990; Jurado&
Westoby1992;Marañón & Grubb1993;Reichet al. 1998). Interestingly, whencul-
tivatedbarley is comparedwith thewild Hordeumspecies(Fig. 3.3),H. vulgare hasa
low RGRandbreedershaveprobablyselectedmoreonseedmassto getahigheryield
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thanonRGRin this species.

Differ encesbetweenannualsand perennials

Therewasno significantdifferencein RGR betweenannualsandperennials(Table
3.2). In moststudies,annualshave a higherRGR thanperennials(Jackson& Roy
1986;Garnier1992).This is usuallyexplainedby thefact thatannualsoftenoccurin
disturbedor only temporallyfavourablehabitats(Grime1977;Morishimaetal. 1984).
Fitnesscan be increasedby growing rapidly in the vegetative phase,but obviously
this patternis not observed in Hordeumspecies.Another way of achieving a high
vegetative massis by allocatinga largefractionof energeticandmineralresourcesto
seeds.The annualHordeumspeciesdid have a significantlyhighervegetative mass
andseedmass,hencethis is probablythe strategy of annualHordeumspeciesto be
larger thanotherspeciesin thefield. Only amongstperennialHordeumspeciesthere
wasa positive correlationbetweenbiomassallocationto therootsandseedsize(data
notshown). Thisis in agreementwith Baker(1972),whosuggestedfor theCalifornian
flora that largerseedsizemight beadvantageousin dryerhabitats,becauseof greater
allocationto roots in specieswith larger seeds.However, annualHordeumspecies
did not allocatemorebiomassto their roots,whereasthey did have largerseedsthan
perennials(Table3.2).

ULR waslarger in annualsthanin perennials(Table3.2). This is in accordance
with Garnier(1992),who alsostudiedthegrowth of congenericannualsandperenni-
als.ULR is acomplex parameter, involving photosynthesis,respirationaswell ascar-
boncontent(Poorter1989)In mostinterspecificcomparisonsit is stronglycorrelated
with therateof photosynthesisperunit leafarea(Konings1989;Poorter& vandeWerf
1998).Therefore,Garnier(1992)suggestedthatthelowerunit leaf ratesof perennials
mightbeattributed,at leastpartially, to lowerphotosyntheticrates.However, in a later
studyGarnieretal. (1999)observednodifferencebetweentheseannualandperennial
speciesin photosynthesisper unit leaf area. We did not measurephotosynthesisfor
all fifteenspeciesbut we did for six speciesandalsofoundno significantdifferences
betweenannualsandperennials(P ¶ 0.1).

Principal ComponentAnalysis

ThePCA (Fig. 3.4) separatesthefifteenHordeumspeciesinto four groupsof species
with RGRasthemostimportanttrait on thefirst axisandseedmassasthemostim-
portanttrait on thesecondaxis. It is hardto explain theseparationof thespeciesbased
on their growth traits consideringthe broadhabitatdescription(Table3.1). It shows
thatH. spontaneumfrom themediterraneansite(Ashqelon)is differentfrom theother
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wild speciesandmoresimilar to thecultivarH. vulgare. TheotherH. spontaneumpo-
pulation,from thesteppic/marginalmediterraneansite(Mehola),hasmoresimilarities
with the otherwild species,in particularH. chilenseandH. murinum. This is par-
ticularly interesting,becausea crosswasmadebetweenthesetwo populationsof H.
spontaneum. Theoffspringof this crosshasbeenusedfor a QTL-analysisof growth
traits,whichwill bediscussedin a laterpaper.

Atkin et al. (1996) found that alpinePoa specieshada much lower RGR than
Poa speciesfrom lowland environments. Notably, also for Hordeumit seemsthat
in the naturalhabitatRGR decreaseswith increasingaltitude. H. comosumandH.
brevisubulatum occur at high altitudesin the Andesin SouthAmerica and at high
altitudesin Asia, respectively (Von Bothmeret al. 1995))andboth show low RGR-
values(Fig. 3.3;Table3.1;Appendix1).

Comparisonof variation in Hordeum specieswith variation in H. spontaneum

A moredetailedgrowth analysiswasperformedusingsix Hordeumspeciesoriginating
from five continentsanddiffering in their relative growth rate. Thegrowth traits that
weremeasuredon thesesix specieswerethesameaswe measuredpreviously on H.
spontaneum(Van Rijn et al. 2000). Following this paperwe divided the traits into
four groups:physiological,allocation-related,morphologicalandchemical(Fig. 3.5).
For almostall traitsvariationamongstHordeumspecieswassimilar to thatwithin H.
spontaneum. Like in VanRijn etal. (2000),variationin morphologicaltraitsamongst
Hordeumspeciesis largerthanthatin theothergrowth traits.

Theexpectationwasthatthevariationin Hordeumspecieswould belargerthanin
H. spontaneum. However, thevariationin H. spontaneumis thesameasin Hordeum
species(99%). The variationin chemicaltraits amongstH. spontaneumpopulations
is even larger thanamongstHordeumspecies.Averagedover the six physiological
and the six morphologicaltraits the variation is almostthe samein H. spontaneum
and in Hordeumspecies;104% and 92%, respectively. Also averagedover the six
allocation-relatedtraits H. spontaneumshows a wide variation: 62% comparedto
Hordeumspecies.So this meansthatH. spontaneumis a very interestingspeciesfor
determiningvariationin growth-relatedtraits.

An interestingobservationis thattheamountof nitrateandmineralsin H. sponta-
neumpopulationsis muchhigherthanin Hordeumspecies(Fig. 3.5). This coincides
with ahigherwatercontentin theleavesof theH. spontaneumpopulationsThereforeit
is likely thatthehigherconcentrationof mineralsis usedto maintainasufficiently neg-
ative osmoticpotential,aswasearlierfound in Lactucasativa(Blom-Zandstraet al.
1988).
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Conclusions

Variationin RGRwasrelatively small in Hordeumspecies,but this is mainly dueto a
strongnegativecorrelationbetweenULR andSLA. Seedmassis animportanttrait de-
terminingdifferencesin biomassin Hordeumspecies.AnnualandperennialHordeum
speciesdonotdiffer in RGR,but annualHordeumspeciesdohaveahigherseedmass
andULR. As expected,thevariationamongstHordeumspeciesis larger thanwithin
H. spontaneum, andHordeumspeciesdiffer morein morphologythanin physiology
of growth traits.Thevariationin H. spontaneumcoversfor mosttraitsthewholerange
of variationin Hordeumspeciesandis thereforesuitablefor ecophysiologicalgrowth-
relatedstudies.
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Mapping Quantitati veTrait Loci for
growth-r elatedtraits in Hordeum
spontaneum

Cynthia P.E. van Rijn Ò÷ö � , Tytti K. VanhalaÑ ö � , YvonneE.M. de JongÒ , Piet StamÑ ,
HansLambers Ò�ö Ö and Hendrik Poorter Ò
Ò Plant Ecophysiology, Utrecht University, P.O. Box 800.84,3508 TB Utrecht, The
Netherlands.
Ñ Laboratoryof PlantBreeding,Departmentof PlantSciences,WageningenUniversity,
P.O.Box 386,6700AJ Wageningen,TheNetherlands.Ö PlantSciences,Facultyof Agriculture,TheUniversityof WesternAustralia,Crawley
WA 6009,Australia.� Theseauthorscontributedequally.

Abstract

Numerouspapershave studiedthemorphologicalandphysiologicalfactorsdetermin-
ing inherentdifferencesin relative growth rate(RGR). In this studywe evaluatethe
geneticbasisfor RGR andits underlyingcomponents(leaf arearatio, unit leaf rate,
specificleaf area,leaf massfraction) with quantitative trait loci (QTL) analysis. A
segregatingFÖ populationof a crossbetweentwo HordeumspontaneumC. Kochpo-
pulations(Ashqelon ø Mehola)wasmeasuredfor a rangeof traits relatedto growth
andtheC andN economyandmorphologicaltraits. Two QTLs for RGRwerefound,
explaining 27% of the total variation. One of theseQTLs, on chromosome1(7H),
co-localizeswith a QTL for specificleaf area.This suggestsa geneticbasisfor a po-
sitive correlationbetweenRGRandSLA thathasbeenreportedby many authors.On
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chromosome4 (4H) overlappingQTLs for photosyntheticrateperunit leaf areaand
stomatalconductancewerefound,showing thatchromosome4 is probablyanimpor-
tant chromosomefor photosynthesis-relatedtraits. No QTLs weremappedfor unit
leaf rate,but thelocationwith thehighestLOD scorefor unit leaf ratewascoinciding
with theQTL for photosyntheticrateperarea.QTLsfor water-useefficiency andpho-
tosyntheticnitrogen-useefficiency werelocatedon chromosome1 and5 respectively.
Morphologicaltraitssuchasleaf length,leaf width andplantheightareprobablyre-
gulatedby commonfactorson chromosome2 and6. FurthermoreoneQTL for seed
massandonefor leafanglewerelocatedon chromosome2 and4 respectively.

Intr oduction

Plant speciesdiffer considerablyin the relative growth rate (RGR, net increasein
biomassper unit biomassalreadypresentper unit of time), they canachieve under
optimalconditions.This is anintriguing phenomenon,especiallyasplantspeciesthat
normallyoccurin fertile habitatsoftenshow highermaximumgrowth ratethanplants
from nutrient-poorenvironments(Grime & Hunt 1975; Lambers& Poorter1992).
RGR might alsobe an importanttrait for barley breeders,becausecultivatedbarley
(H. vulgare L.) hasa lower RGRthanmany relatedwild Hordeumspeciesincluding
H. spontaneumC. Koch (Chapter3). RGR in itself may not be a target for natural
selection;insteadtraits that are linked or underlieRGR may have beenselectedfor
(Lambers& Poorter1992;Poorter& Garnier1999). Differencesin RGRcanby ex-
plainedby differencesin leafarearatio (LAR; total leafareapertotal unit plantmass)
or unit leaf rate(ULR; rateof increasein plant massper unit leaf area).LAR is the
productof thespecificleaf area(SLA; total leaf areaperunit leaf mass)andthe leaf
massfraction(LMF; total leafmassperunit totalplantmass).ULR is amorecomplex
trait thatcomprisesthecarbongain in photosynthesisminusthecarbonusein shoot-
androot respiration,alsotaking into accountthe carbonconcentrationof the plant’s
newly formedbiomass.In asurvey of 111publishedcomparativegrowth experiments,
SLA was found to be the most important factor explaining inherentdifferencesin
RGR (Poorter& van de Werf 1998). Noneof thesereportsdeterminedthe genetic
backgroundof therelationshipsbetweengrowth traits. In this studywe aim to locate
thegenomicregionsthatcontrola suiteof growth- related,C andN economyrelated
andmorphologicaltraitsin theprogenitorof cultivatedbarley.

Barley is a modelspeciesfor geneticandphysiologicalstudies(e.g. Koornneef
et al. (1997)andshows a wide rangeof adaptationsto varioushabitats. Cultivated
barley seemsto be relatively well adaptedto stressincluding drought,wherecrops
suchaswheatfail (Whabi & Gregory 1989). Barley is alsooneof the modelcrops
for moleculargeneticstudiesin monocotyledons,becauseit is anannual,diploid self-
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pollinatingspecieswith a relatively shortlife cycle. Anotherreasonfor usingbarley
asa modelcropspeciesis that theprimitive landracesandthewild progenitorof bar-
ley, H. spontaneum, exhibit a largevariationin physiology, morphologyandgenetics,
which might beusedto improve cultivatedbarley (Nevo 1992;Ceccarelliet al. 1995;
Forsteretal. 2000).

A largegeneticvariationhasbeenfoundin wild barley populations,usingisozyme
polymorphisms,restrictionfragmentlengthpolymorphism(RFLP)-markersandran-
domly amplifiedpolymorphicDNA (RAPD)-markers,which showed thatmany alle-
lesareassociatedwith adaptationto specificenvironments(Nevo 1992).Recently, H.
spontaneumhasbecomeof interestin studyingquantitative traitsof cropphysiology.
Therehasbeenmuchinterestin studyingquantitativetraitsof agronomicimportancein
H. spontaneum, suchasdiseaseresistance,vegetativebiomassandnumberandmassof
spikelets,spikesandstems(Nevo etal. 1984).Physiologicaltraitsinvolvedin drought
andsalt toleranceandN-starvation (Robinsonet al. 2000;Ellis et al. 2000; Ivandic
et al. 2000)have alsobeenstudied.Growth traits in H. spontaneumpopulationsfrom
differenthabitatswerestudiedby VanRijn etal. (2000).

Physiologicalandgrowth-relatedtraits aregenerallyquantitative by nature,they
areunderpolygeniccontrol andsensitive to environmentalconditions(Prioul et al.
1997). The introductionof DNA-basedmolecularmarkerssuchassimplesequence
repeat(SSR)markersandamplifiedrestrictionfragmentpolymorphism(AFLP) mar-
kersandadvancedmappingtechnologylike QTL analysismadeit possibleto relate
quantitative traits to the genomicloci andprovide dataon the relative effectsof loci
andalleles(Forsteret al. 2000). Thedevelopmentof densemolecularmarker maps,
suchasin barley, enabledinterpretationof the cause-effect relationshipamongtraits
(Lebretonet al. 1995;Simko et al. 1997).QTLs for severalphysiologicaltraits,such
asosmoticadjustment(Teulatet al. 1997),SLA (Yin et al. 1999b),andchlorophyll
concentrationperunit leaf area(This et al. 2000)have beenmappedin barley (for a
review seeForsteretal. (2000))

QTLs have alsobeenfoundfor physiologicaltraits in otherspeciesof agronomic
importance. In rice (Oryza sativa) stomatalconductance,leaf rolling (Price et al.
1997),seedlingvigour traits(Redõna& Mackill 1996)andsodiumandpotassiumup-
take in determiningsalt tolerance(Koyamaet al. 2001)weremapped.In maize(Zea
mays) mostlydrought-relatedtraitsandloci controlling leaf ABA concentrationwere
found (Lebretonet al. 1995; Quarrie1996; Tuberosaet al. 1998; Sanguinettiet al.
1999).Therehasalsobeenaninterestin growth traits,suchasearlyvigour in Glycine
max (Mian et al. 1998),early growth in maizein relationwith carbonmetabolism
(Causseet al. 1995),growth traitsandenzymeactivity in maize(Prioul et al. 1999)
andtreegrowth andarchitecturein Populus(Wu 1998). In all thesestudiesgrowth
wasmeasuredasplantheightor leaf lengthratherthana relative increasein biomass,
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or relativegrowth rate.In this paperwe aimedto describegrowth usingthetechnique
of growth-analysis,in orderto determineRGRandits underlyinggrowth components.
We intendedto determineto what extent thesegrowth-relatedtraits are genetically
linkedand/orcausedby commonfactors.To answerthesequestionsacrosswasmade
betweentwo H. spontaneumpopulationswith contrastinggrowth traits. FromtheFÑ -
populationa denseAFLP-marker mapwasconstructed(T.K. Vanhala,pers.comm.).
TheFÖ -populationwasmeasuredfor severalgrowth traitsi.e.RGR,SLA, ULR, rateof
photosynthesis,shootandroot respiration,concentrationof nitrogenandcarbonof the
leavesandsomemorphologicaltraits,suchasseedmass,leafwidth andleaf thickness.
In this paperwe presenttheresultsof a QTL analysison a rangeof growth traits,and
aim to explain relationshipsamongthesetraits. We expectthecontrolof a numberof
attributesto belocalisedat thesameplaceon thegenome.

Material and Methods

Plant material and growth

A populationof recombinantinbred lines (RILs) wasderived from a crossbetween
two H. spontaneumpopulations,originatingfrom Israel: AshqelonandMehola. The
Ashqelonparentis a coastalpopulationandthe Meholaparentwascollectedin the
JordanValley, which is a moresteppic,marginal Mediterraneanhabitat(Nevo et al.
1983). More detailson theseparentscan be found in chapters2 and 3. Eight FÒ
plantswereselfedto obtaineightFÑ populationswhichwereselfedto produce233FÖ
lines (T.K. Vanhalapers. comm.). Onehundredandforty FÖ lineswereusedfor the
analysisof growth-relatedtraits. Therearedifferencesin flowering time betweenthe
two parents(B.P. Forster, pers. comm.),but we assumedthat, sinceplantswereall
measuredonly 21 daysaftergermination,therewereno differencesin developmental
stage.

Seedsweregerminatedon moistenedfilter paperin Petri dishesin a refrigerator
at 4Ó C in the dark. After one-weekseedlingsweretransferredinto a containerwith
drainageholes,filled with cleanedwhite beachsand. The sandwassaturatedwith
half strengthof thefollowing nutrientsolution: 603 Ô M Ca(NOÖ ) Ñ , 795 Ô M KNO Ö ,
190 Ô M KH Ñ PO� , 270 Ô M MgSO� , 0.2 Ô M MnSO� , 0.9 Ô M ZnSO� , 20 Ô M H Ö BOÖ ,
0.3 Ô M NaÑ MoO� , 40 Ô M Fe-EDTA, 40 Ô M FeSO� and47 Ô M SiOÑ . Thecontainer
wasplacedin a growth room for four days,underthe following conditions:14/10h
day/night,20Ó C day/night,irradianceof 450 Ù 25 Ô mol mÕ Ñ sÕ Ò , relative humidity
70%. Thereafterseedlingsweretransferredto 33 L tankscontaininga full-strength,
aeratednutrientsolutionasmentionedabove,which wasreplacedweekly. Theplants
werethengrown for another14 days.ThepH of thenutrientsolutionwasadjustedat
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leastfour timesa weekto 5.8 with H Ñ SO� . To avoid mutualshading,thenumberof
plantson eachcontainervariedbetween15 and7, dependingon thesizeof theplants.
Plantswererotatedfour timesa weekwithin the growth room. All plantsremained
vegetativeandnoneshoweddeadleavesduringtheexperiment.

Map construction

A geneticlinkagemapwasconstructedusing233FÑ plantsof thecross’Ashkelon ø
Mehola’. A setof 44 SSRmarkers(SCRI;ScottishCropResearchInstitute,Dundee,
Scotland,UK) and21AFLP primercombinationsfollowing (Qi etal. 1998):E31M55,
E33M54, E33M55, E33M61, E35M48, E35M54, E35M61, E37M32, E37M33,
E38M54, E38M55, E38M58, E39M61, E40M38, E41M32, E41M40, E42M32,
E42M40, E42M48, E42M51 and E45M55 were used. The AFLP protocol was as
describedin Vos et al. (1995). The reverseSSRprimersand the AFLP E-primers
werelabelledwith either700or 800nm infrareddye(IRD700,IRD800)for detection
with Li-Cor automatedlasersequencer(Li-Cor Inc., Lincoln, NE, U.S.A.). ThePCR
conditionsfor eachSSRwereasdescribedin theSSRmanualfrom SCRI.Thescoring
was doneby eye with the help of CrossChecker (Buntjer 1999) and linkage map
constructedusingJoinmapver. 3.0 (Van Ooijen & Stam2001). Minimum of LOD
score3.0 wasusedin determiningthe groupsandKosambi’s mappingfunction was
usedfor calculatingthe map distances.The mapsof the two parentscould not be
integratedinto one.In figure4.3aand4.3bAQ arethelinkagegroupsof theAshqelon
parentandME arethelinkagegroupsof theMeholaparent.

Experimental design

Measurementsof growth-relatedtraitswereperformedon a sampleof 140RILs. To
spreadthe work-load,plantsweregrown in 25 batches.Eachsetcomprisedof one
individual from 28 lines plus the two parentallines ascontrols. After 5 weeksone
individual from eachof the140 lineswasmeasured;after25 weeks,five individuals
from eachof the140linesweremeasured.Wholeplant freshmasswasmeasuredon
all five individualsof eachline (afterblotting therootsgentlywith tissuepaper)circa
14daysaftergermination,afterwhicheachplantwasreturnedto thenutrientsolution.
In a preliminaryexperiment,it wasestablishedthat the blotting hadno effect on the
RGR of the plants. All five individualsof eachline wereused,circa 21 daysafter
germination,to determinefreshanddry massof leaves,stemsandroots,leafarea,leaf
width, leaf angle,leaf length,shootheight,root lengthandthenumberof leavesand
tillers. Threeof the five individualswerealsousedto measureleaf photosynthesis
underboth ambientandsaturatinglight conditions. The other two individualswere
usedto measureroot respirationandleafandepidermalthickness.
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Measurements

Growth analysis-related traits Total leaf areawasdeterminedfor all plantsusing
a Li-3100 areameter(Licor, Lincoln, NE, USA). Leaf area,freshanddry massof
the leaves(leaf blades),stems(leaf sheaths)androotsweredeterminedto calculate
watercontent(freshmass- dry mass/ dry mass)of leaf, stemandroot (WÇ , WC¾ ,
WCº , respectively), leaf arearatio (LAR, leaf areaper total plantdry mass),specific
leafarea(SLA, leafareaperleafdry mass),leafmassfraction(LMF, leafdry massper
totalplantdry mass),stemmassfraction(SMF, stemdry masspertotalplantdry mass)
androot massfraction (RMF, root dry massper total plantdry mass).Dry masswas
measuredafter drying the plant materialat 70Ó C, for 48 hours. ULR wasestimated
undertheassumptionthat theLAR wasconstantduringthesevendaysof thegrowth
analysis.

Traits relatedto C and N economy Gasexchangeparametersweredeterminedon
anareaof approximately7 cmÑ in themiddlepartof theyoungestfully expandedleaf
on themaintiller. Measurementsof COÑ andH Ñ O releaseandCOÑ uptake werecon-
ductedusingan IR gasanalyser(LI-6262, LICOR, Lincoln, NE) in the differential
modein anopensystem(Pootetal. 1996;Atkin etal. 1997).Threeleafcuvetteswere
connectedto a dataacquisitionsystem(Keithley 575,Cleveland,OH) andmeasured
simultaneously. Air in eachcuvettewasmixedwith a fan. Differentlight intensities
were obtainedby placing small-meshwire netting filters in front of slide projector
lampsmountedabove eachcuvette. Leaf temperaturewasmeasuredusingtwo ther-
mocouplespressedagainsttheabaxialsideof theleaves.After acclimationfor 30-45
minutes,COÑ andH Ñ O exchangewasmeasured.The conditionsin the cuvet were
similar to thosein the growth room, i.e. 35 Pa COÑ , leaf temperature:20Ó C anda
PPFDof 450 Ô mol mÕ Ñ sÕ Ò . ThereafterCOÑ andH Ñ O exchangeweredeterminedat
a PPFDof 1500 Ô mol mÕ Ñ sÕ Ò to assessphotosynthesisat light saturation.Finally,
plantswereplacedin thedarkfor 20 minutesanddarkrespirationwasmeasured.

Root respirationwasdeterminedon detachedrootsasthedecreaseof OÑ concen-
trationin anairtight cuvettecontaininga nutrientsolution,which wasair-saturatedat
thestartof theexperiments.The OÑ concentrationwasmeasuredusinga Clark-type
electrode(Yellow SpringsInstruments,OH, USA) (Lambersetal. 1993).

Todeterminetheconcentrationof C, totalN, NOÕÖ andorganicN, thethreeyoungest
fully expandedleavesof eachline usedin photosynthesismeasurements,werecom-
binedto onesample,which wasdeterminedin duplicate.TheC- andN-concentration
of the sampleswerequantifiedwith an elementalanalyser(Carlo Erba1110, Italy).
Nitratewasdeterminedaccordingto Cataldoet al. (1975). Nitrateconcentrationwas
thensubtractedfrom total N to determinetheorganicN-concentration.
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Mor phological traits Massof eachair-dried seed(coatedcaryopsis,without awn
or spikeletstalk)wasseparatelydeterminedwith a SartoriusR160P(Göttingen,Ger-
many) balance.Theseseedscontained6%wateronaverage.

Leaf thicknessand epidermalthicknesswere determinedmicroscopicallyin the
middleof theyoungestfully expandedleafat5 points:on themainvein,on thefourth
veinateachsideof themainveinandbetweenthefourthandthefifth veinatbothsides
of themainvein. Averageleafandepidermalthicknesswerecalculatedusingthesefive
datapoints. Leaf width wasmeasuredasthe averageof five pointsin the middle of
theyoungestfully expandedleaf. Theyoungestfully expandedleaf wasalsousedto
determineleaf angle.This wasdoneby determiningtheanglebetweenthehorizontal
planeandthemiddlepartof theleaf. Thatis, leaveswith a verticalorientationhadan
angleof 90Ó . Leaf lengthwasdeterminedon theyoungestfully expandedleaf asthe
distancebetweentheligule andthetopof theleafblade.Shootheightwasdetermined
asthedistancebetweenthebaseandthehighestpoint of theshoot. Root lengthwas
determinedasthedistancebetweenthebaseandthelowestpointof theroot.

Statistical analysis Differencesbetweenthe 140 FÖ lines werecalculatedwith the
one-way ANOVA- procedurein SPSSfor Windows (release8.0;SPSSInc., Chicago,
IL, USA). In theQTL analysisplantvaluesof theFÖ lineswereregressedonthemarker
genotypesof theparentalFÑ plants.

A computersoftwarepackage,MapQTL version4.0 (Van Ooijen & Maliepaard
1996) was usedfor interval mappingand restrictedMQM-mapping (Jansen1993;
Jansen& Stam1994). In the regionsof the sub-significantQTLs, the markerswith
thehighestLOD valuesweretakenasco-factors.WhenLOD valuesfor somemarkers
in otherregionsbecamesignificant,they weregraduallyaddedascofactors,until the
LOD profile stabilised.LOD valuesof 2.7 werecalculated(accordingto Van Ooijen
(1999))assignificantthresholdvaluesfor declaringaQTL significantat the95%con-
fidencelevel. Theadditive effect andthepercentageof thetotal phenotypicvariation
explainedby eachputativeQTL werealsoestimatedusingtheMapQTL software.

Results

Variation in phenotypicdata

Table4.1 shows all thetraits thatweremeasuredor calculated,categorisedinto three
groups:growth-analysis,C andN economy, andmorphologicaltraits.Almostall traits
showedsignificantline differences,exceptfor shootandrootrespiration,unit leafrate,
water-useefficiency (ambientandsaturatedlight conditions)andleaf thickness(Table
4.1: ANOVA). Figs4.1and4.2show thevariationin theFÖ populationbetweenlines
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for meanvaluesof growth analysis-related(Fig.4.1A-E)andC andN economy-related
traits (Fig. 4.1F-L), and morphologicaltraits (Fig. 4.2A-I). The rangeof the mean
valuesof all traits extendsbeyond that of the parents(exceptfor seedmassandleaf
width), exhibiting transgressivesegregation.

Relationshipsamonggrowth-r elatedtraits

Therewerestronginterrelationsamonggrowth-relatedtraits (Table4.2). The mea-
suredtraitsweredividedinto threegroups.Thefirst grouparetraitsthatarepositively
correlatedwith eachotherandincludesthe RGR andallocationtraits relatedto leaf
area(LAR andSLA) andwatercontentof the organs(WCleaf, WCstem,WCroot),
root respirationandmostmorphologicaltraits (height, leaf length,angle,width and
thickness).Thevariablesof thesecondgroupof traitsarenegatively correlatedwith
thoseof the first oneandcorrelatepositively with eachother. They includenet dry
massandcarbongain on an areabasis(ULR, PS» ), shootrespiration,stomatalcon-
ductanceandorganic nitrogenconcentration.A third groupof traits containingthe
leafdensity, biomassallocation(LMF, SMF, andRMF), carboncontent,water-useef-
ficiency, photosyntheticnitrogen-useefficiency andsomemorphologicaltraits (seed
mass,root lengthandepidermalthickness)show positiveor negativecorrelationswith
theothertwo groups.

QTL mapping

Quantitative trait loci mappingresultsarepresentedin Tables4.3and4.4. Significant
QTLsarelocatedonchromosomes1 (7H),2 (2H),4 (4H),5 (1H) and6 (6H) (Fig.4.3.
The rangeof varianceexplainedby eachQTL rangedfrom 11% to 29%. In most
physiologicalliteratureathresholdof 2.0of theLOD-scoreis takenasthesignificance
of a QTL. A more conservative thresholdvalue of the LOD -scorewas calculated
in this study, following (Van Ooijen 1999)andwas2.7. QTLs above this threshold
are shown in Table 4.3 and Fig. 4.3. A numberof QTLs below this thresholdare
presentedin Table4.4. Mostof thesesub-significantQTLs have LOD valuesbetween
2.0 and2.7 (P ù 0.19),but for someimportantgrowth-relatedtraits thehighestpeak
LOD valueis shown. More thanoneQTL wasfound for a numberof traits andwe
testedthesefor epistaticeffects.To testthis, only theQTLs on theAQ linkagegroup
were tested,becausethe QTLs on the ME linkagegroupsmight be the sameQTLs
ason the AQ linkagegroup. For RGR,LMF andleaf width a two-factoranalysisof
variancewasapplied(two QTLs for eachtrait) to testwhetherthe QTL effectsare
additive or whethersignificant interactionsoccur betweenthem. For leaf length a
three-factoranalysisof variance(threeQTLs)wasapplied.No significantinteractions
amongQTLsweredetectedfor any of thesetraits(datanot shown).
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Abbrevation Trait Unit Significance mean mean
in ANOVA Ashqelon Mehola

Growth-analysis
RGR relativegrowth rate mgg ú�û dayú�û *** 252 268
LAR leafarearatio mü kg ú�û *** 18.4 19.3
SLA specificleafarea mü kg ú�û ** 38.8 39.5
SLAy specificleafareaof mü kg ú�û *** 33.2 36.3

youngestfull-grown leaf
LMF leafmassfraction g g ú�û *** 0.48 0.49
SMF stemmassfraction g g ú�û *** 0.22 0.21
RMF rootmassfraction g g ú�û *** 0.31 0.30
C andN economy
ULR unit leaf rate g m ú ü dayúYû n.s. 13.7 14.0
PSý photosynthesisperunit þ mol COü m ú ü sú�û *** 16.3 16.7

leafarea
PSÿ photosynthesisperunit þ mol COü g ú�û sú�û * 545 602

leafmass
SR shootrespiration nmolg ú�û súYû n.s. 1.35 1.28
RR root respiration nmolg ú�û súYû n.s. 58.2 64.5
% Resp percentagerespiration - - 24.5 23.6
g� stomatalconductance mmol m ú ü súYû * 289 335
WUE water-useefficiency mgg ú�û n.s. 7.6 7.2
PNUE photosynthetic þ mol COü *** 143 157

nitrogen-useefficiency (mol N)-1 sú�û
N ý nitrogenperunit leaf mgm ú ü *** 2.2 2.0

area
C carboncontent mgg ú�û *** 389 400
NO� nitrate mgg ú�û *** 84.5 86.8
Org. NA organicnitrogenper mmol m ú ü *** 114 106

unit leaf area
Morphological
WCleaf watercontentof leaf g g ú�û *** 7.0 7.1
WCstem watercontentof stem g g ú�û *** 10.2 9.6
WCroot watercontentof root g g ú�û *** 13.3 12.4
Height plantheight cm *** 16.9 8.5
Angle leafangle

�
*** 15.0 8.7

Length leaf length cm *** 28.5 22.2
Width leafwidth mm *** 12.3 8.2
Thickness leaf thickness þ m n.s. 337 327
Epi Th. epidermalthickness þ m * 75.4 70.7
Rootl root length cm *** 56.9 52.7
Seed seedmass mg *** 50.4 16.4
Density leafmassdensity g mmú � *** 101 90
# till numberof tillers - *** 6.2 7.3
# leaf numberof leaves - *** 18.8 19.4

Table4.1: Abbrevationsof all thetraitsmeasured,units,thesignificancein one-wayANOVA
of 140 lines (*** = P � 0.001,** = P � 0.01,* = P � 0.05,n.s. = not significant)andthe
meanvaluesof theAshqelonandMeholaparent.
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Figure4.1: Frequency distribution of 140F� lines (A) RGR,(B) LAR, (C) SLA, (D) LMF,
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RGR + + + + + + + + - - - + - -
LAR 0 + + + + + + + - - - - - - + - - - +
SLA 010 + + + + + - - - - - - - + - +

WCleaf 01020 + + + + - - - - - - - +
WCstem 3142010 + + + + - - - - - +
WCroot 413201020 - - + + - -

RR 313 4 - + + - -
Height 324 0 + + + + - - - + +
Length 41423 0 + + + - - - - + +
Angle 0 014 + - +
Width 3 3 01024 + - + + +
Thickn 3 313 4 + + -
ULR 02010 313 + + + + + - + -
PS� 010201020 3132313 0 + + + + + +
g� 410201020 3 010 + + + +
SR 320102010 31024 + +

Org N � 010201020 310 0102014 + +
Density 02013 420 3 320 + - + + -
LMF 4102313201010 4 4 - - - -
SMF 3 320 4 3 0 - +
RMF 41323132010 4 323 42010 -
Seed 01020 4142313 0 3 0 02313 + -
Rootl 3 0 024 3 3
PSM 0 3 31020 020 0

C 4 + -
PNUE 3 3 0 -
WUE 023

Table4.2: Correlationtableof growth traits in H. spontaneum. The upperpart of the table
shows the significantpositive or negative correlation. In the lower part of the table the 3
denotessignificanceatP � 0.05, 4 denotessignificanceatP � 0.01and 0 denotesthestrongest
correlationswith aP � 0.001.
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QTLs co-factormarker chromo- Interval QTL Additive Peak % variance
some lengthG Position effectH LOD explainedI

(cM) (cM) (%) score
Growth-analysis
RGR MeE42M51-280 ME1 16.0 6.90 1.2 2.8 12
RGR AqE33M54-568 AQ1a 16.1 62.6 -1.4 3.6 16
RGR AqE38M58-142 AQ5 45.5 46.4 -1.2 2.8 11
LAR AqE35M48-450 AQ1a 11.8 67.1 -2.7 3.5 17
SLA AqE35M48-450A AQ1a 17.1 67.1 -2.5 2.8 12
SLAy AqE42M48-130 AQ6 20.9 87.9 3.3 2.8 25
LMF AqE35M48-170 AQ1b 40.0 18.4 1.3 2.9 13
LMF AqE42M48-130 AQ6 20.9 87.9 -2.0 3.2 25
RMF MeE38M55-510 ME5 49.5 14.6 2.7 3.0 17
C andN economy
PSA(amb) AqE45M55-206 AQ4a 45.8 14.4 3.2 2.8 20
PSA(sat) AqE45M55-206 AQ4a 45.8 14.4 4.9 2.9 23
PSM(amb) MeE38M58-160 ME5 17.7 32.0 3.7 5.3 23
PSM(sat) MeE33M61-340 ME5 21.0 28.3 4.7 5.1 26
PSM(amb) AqE35M61-285 AQ5 72.4 9.4 -3.0 3.3 21
PSM(sat) AqE41M40-445 AQ5 72.4 33.9 -3.1 2.9 12
gJ (amb) AqE45M55-206 AQ4a 40.0 14.4 12.0 2.9 22
gJ (sat) AqE45M55-206 AQ4a 39.5 14.4 12.2 3.5 24
WUE AqE35M54-405 AQ1a 62.1 53.0 4.5 2.8 11
PNUE(amb) MeE38M58-160 ME5 23.5 32.0 3.5 2.7 13
PNUE(sat) MeE38M58-160 ME5 24.5 32.0 4.2 3.6 17
Org N K AqE35M48-246 AQ6 50.4 87.3 -5.0 2.9 23
Morphological
WCleaf AqE41M40-192 AQ1b 20.5 28.5 -2.4 3.5 16
WCstem AqE41M40-192 AQ1b 6.0 28.5 -3.1 5.4 25
WCroot AqE33M54-205 AQ1a 10.4 70.1 -3.1 3.7 20
Height AqE33M54-518 AQ2a 25.0 12.7 13.9 2.9 15
Angle AqE42M40-267 AQ4b 72.6 23.3 38.4 3.1 14
Length MeE39M61-120 ME1 30.0 15.1 5.2 4.7 19
Length AqE42M40-332 AQ1a 37.3 7.10 -5.7 3.5 21
Length AqE33M54-518 AQ2a 20.5 12.7 4.9 4.1 17
Length AqE35M61-106 AQ6 42.0 44.2 4.1 3.5 14
Width AqE33M54-518 AQ2a 42.5 12.7 4.1 3.0 12
Width AqE37M32-235F AQ6 69.0 40.2 4.2 3.3 14
Thickness MeE41M40-304E ME5 27.0 49.5 -3.8 2.8 15
Seedmass MeE33M61-182 ME2 27.3 0.00 -13.3 2.7 29G Thesupportinterval wasestimatedat aLOD fall off -2.00H On Ashqelonmap(meanof theAshqelonallelegenotype- meanof theMeholaallelegenotype)/2
On Meholamap(meanof theMeholagenotype- meanof theAshqelonallelegenotype)/2I Percentexplainedphenotypicvariance

Table4.3: Quantitative trait loci for growth traitsin a H. spontaneumF� population.
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suggestive co-factormarker chrome- suggestive Additive Peak % variance
QTLs some QTL Position effectH LOD explainedI

(cM) (%) score
Growth-analysis
RGR MeE40M38-323 ME3 25.0 1.2 2.3 10
LAR MeE42M51-280 ME1 6.9 -2.2 2.4 13
LAR MeE45M55-86B ME3 27.3 -2.7 2.5 18
LAR AqE45M55-206 AQ4a 14.4 -2.6 2.0 12
SLA AqE41M40-192 AQ1b 28.5 -1.9 1.9 9
SLA AqE42M40-452 AQ3 26.1 2.0 1.8 9
ySLA AqE38M55-433E AQ5 53.8 -2.0 2.4 14
LMF MeE38M54-238 ME5 0.0 1.4 2.1 12
LMF MeE33M54-317G ME7 0.0 1.3 1.9 10
LMF AqE35M48-391 AQ4a 42.5 -1.5 2.5 13
RMF AqE35M48-91B AQ1b 6.1 -1.9 1.9 10
C andN economy
ULR AqE35M54-318 AQ4a 33.9 1.6 1.3 7
PSL (amb) AqE37M33-428 AQ3 38.9 -2.5 2.0 11
PSL (sat) AqE33M54-128C AQ3 82.4 -3.8 2.6 18
PSM (amb) AqE42M48-130 AQ6 87.9 3.1 2.0 19
SR AqE42M32-231A AQ1a 0.0 4.7 2.5 16
%Resp AqE33M61-123 AQ1a 32.3 3.2 2.3 12
%Resp AqE37M33-428 AQ3 38.9 3.7 2.1 12
gJ (sat) AqE33M54-128C AQ3 82.4 -8.0 2.0 13
WUE (amb) MeE31M55-262 ME1 4.1 4.3 2.3 10
WUE (amb) AqE37M33-189 AQ4a 53.8 -4.8 2.0 12
WUE (sat) AqE35M54-405 AQ1a 53.0 3.2 1.8 5
PNUE AqE45M55-417 AQ6 67.0 3.4 1.8 11
C AqE33M55-178 AQ5 12.9 0.8 1.9 11
Org N L AqE45M55-206 AQ4a 14.4 3.5 1.8 11
Org N L AqE45M55-407 AQ3 64.4 -3.3 2.4 17
morphological
WCleaf MeE42M48-98 ME1 12.6 -2.0 2.3 11
WCstem MeE33M54-317G ME7 0.0 -2.1 2.3 11
WCstem AqE35M48-91B AQ2b 0.0 1.6 1.9 5
WCroot MeE42M51-280 ME1 6.9 -2.2 2.4 11
Height AqE39M61-505F AQ6 28.5 12.0 2.6 11
Height AqE42M40-267 AQ4b 23.3 11.2 1.9 9
Length MeE39M61-360G ME7 62.4 4.2 2.1 13
Length AqE35M48-169 AQ1b 0.0 3.7 2.0 7
Width MeE33M61-200 ME1 26.1 -4.0 2.0 11
Width AqE35M48-91B AQ2b 0.0 3.7 2.3 10
Epi Th. MeE42M48-98 AQ1 12.6 -3.2 1.8 8
Rootl AqE45M55-465 AQ2a 22.3 5.7 2.4 12
Seed AqE41M40-445 AQ5 33.9 7.0 1.7 7
Dens AqE39M61-530 AQ2b 19.9 -3.2 2.0 10
# till AqE33M55-329 AQ4b 49.5 -10.5 2.3 26H On Ashqelonmap(meanof theAshqelonallelegenotype- meanof theMeholaallelegenotype)/2

On Meholamap(meanof theMeholagenotype- meanof theAshqelonallelegenotype)/2I Percentexplainedphenotypicvariance

Table4.4: Sub-significantquantitative trait loci for growth traitsin aH. spontaneumF� popu-
lation.
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QTLs for growth analysistraits

On linkagegroupAQ1A andAQ5,on chromosome1 (7H) and5 (1H), respectively, a
QTL wasfoundfor RGR.Sincethereareno interactionsbetweenthem,togetherthey
explained(16%+11%)27%of thetotalvariance.TheQTL ontheME1 linkagegroup
is probablythesameastheoneon theAQ1alinkagegroup.Theadditive effectswere
-1.4% and-1.2% andcontributedby the Ashqelonparent. On chromosome1 (7H)
someotherQTLs wereoverlappingwith theQTL for RGR.LAR, SLA andWCroot
explained17%,12%and20%,respectively, of thetotal variance.Theadditive effects
of thesetraits werenegative, similar to the onesfor RGR, andwerecontributedby
the Ashqelonparent. On chromosome5 (1H) a QTL, explaining 21% of the total
variationin PSN , coincidedwith the QTL for RGR.The additive effect of this QTL
wasalsonegative; it wascausedby the Ashqelonallele. SeedmassandSLA of the
youngestfully expandedleaf(SLAy) hadsub-significantQTLsonchromosome5 (1H)
with LOD -scoresof 1.7and2.4,respectively, atpositionsthatwouldprobablyoverlap
with theQTL for RGR (Table4.4). Theadditive effectswerepositive for seedmass
andnegative for SLAy. Two QTLs werefoundfor leaf massfractionon chromosome
1 (7H) and6 (6H), explaining38%(13%+ 25%)of thetotal variance.For RMF one
QTL wasfound,which explained17% of the total variance.Two QTLs for WCleaf
andWCstemoverlappedwith theQTL for LMF onchromosome1 (7H) andexplained
16%and25%,respectively of thetotal variance.

QTLs for C and N economytraits

QTLs for therateof photosynthesisperunit leaf area,underambientaswell assatu-
ratedlight conditions,werefoundonchromosome4 (4H).Thetotalvarianceexplained
by theseQTLs wasbetween20 and24%. For all QTLs theAshqelonalleleincreased
the levels of photosynthesis(3.2% - 4.9%). QTLs for stomatalconductance,under
ambientaswell assaturatedlight conditions,werealsofoundonchromosome4 (4H),
co-locatingwith theQTLs for photosynthesis.The total varianceexplainedby these
QTLs wasbetween22 and24%,andalsotheAshqelonallele increasedthe levelsof
stomatalconductance.On chromosome3 (3H) moresub-significantQTLs for pho-
tosynthesisandstomatalconductancewerefound,but with a negative additive effect.
For ULR nosignificantQTL wasfound.ThehighestpeakLOD -score(1.3)wasfound
on chromosome4, probablyoverlappingwith theQTLs foundfor photosynthesisand
stomatalconductance.

A QTL for WUE underambientconditionswas found on chromosome1 (7H),
whichoverlappedpartlywith theQTL for RGR.It explained11%of thetotalvariance
in WUE andtheAshqelonallele increasedthelevel for WUE. TheQTL for WUE on
the Meholamap,undersaturatedlight conditions,wasnot significantandhasbeen
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listedassub-significant(Table4.4).
Photosyntheticnitrogen-useefficiency (underambientandsaturatedlight condi-

tions) was locatedon chromosome5 (1H) and explained13% to 17% of the total
varianceof PNUE.Theadditive effectswerepositive andcontributedby theMehola
parent.OneQTL for organicnitrogenperunit leafareawasidentifiedonchromosome
6 (6H), explaining23% of thetotalvariance.TheAshqelonallelewasresponsiblefor
a5%decreasein organicnitrogenperunit leafarea.ThehighestpeakLOD -scorefor
carbonconcentrationwas1.9; it waspositionedon chromosome5 (1H).

QTLs for morphological traits

ThreeQTLsfor leaf lengthwereidentifiedonchromosomes1 (7H),2 (2H) and6 (6H),
which explained21%,17%and14%of thetotal variance,respectively (total is 52%).
Onchromosomes2 (2H) and6 (6H) two QTLs for leafwidth werefound,overlapping
with theQTLs for leaf length;they explained(12%+ 14%)26%of thetotal variance.
On chromosome2 (2H) a QTL for plantheightwasfoundoverlappingwith theQTLs
for leaf lengthandleaf width. This QTL explained15%of thetotal variance.A QTL
for leafanglewasfoundonchromosome4 (4H); it explained14%of thetotalvariance.
For all thesemorphologicalQTLs,exceptfor theonefor leaf lengthonchromosome1
(7H), theAshqelonallelehadapositiveadditiveeffecton thesetraits.For plantheight
andespeciallyfor leafangletheseadditiveeffectswererelatively high,14%and38%,
respectively. A QTL for leaf thicknesswasfoundon thelinkagegroupof theMehola
parenton chromosome5 (1H). It explained15%of thetotal varianceandoverlapped
with theQTL for PNUE,but with anoppositeadditive effect. A QTL for seedmass
was found on chromosome2 (2H) explaining 29% of the total varianceandwith a
negativeadditiveeffect causedby theMeholaallele.

A sub-significantQTL for leaf massdensitywaslocatedon linkagegroupAQ2b,
whereno otherQTLs werefound. A sub-significantQTL for root lengthwaslocated
on linkage group AQ2a, probablyoverlappingwith the other morphologicalQTLs.
A sub-significantQTL for the numberof tillers waslocatedon linkagegroupAQ4b
overlappingwith theQTL for leaf angle.A QTL for WCrootwasfoundon theother
linkagegroupof chromosome1 (7H) andoverlappedwith theQTLs for RGR,LAR
andSLA. This QTL explained20%of thetotal variance.

Discussion

Variation in phenotypicdata

Variationin RGRandits underlyingcomponentshasbeenstudiedextensively, but to
whatextentthesetraitsaregeneticallylinkedand/orcausedby commonfactorsis un-
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known. We thereforetried to locatethesetraitson thegenomeusingQTL analysis,to
reveal theplaceof controlof thesetraits,andto determinecoincidenceof sometraits
on the genome.Oneof the prerequisitesof QTL analysisis that thereis a mapping
populationof plantsdisplayinggeneticvariability as well as phenotypicvariability
(Prioul et al. 1997; Stam1998). This canbe achieved by crossingtwo populations
thatalreadydiffer in thetrait of interest.It wasshown (Chapter3) thatthetwo parents
(MeholaandAshqelon),usedfor thecross,showed largedifferencesfor sometraits.
Also in this study, theparentalpopulationsindicatedthatvariationin mosttraitswas
sufficiently largefor QTL detection.For sometraits theparentsdid not differ signif-
icantly, but transgressive segregationoccurred,leadingto a largervariationin theFO
population.The exceptionswereseedmassandleaf width, whereparentalvariation
wasgreaterthantheextremesof theFO population.

QTLs for RGR and growth analysistraits

Two QTLs for RGRweredetectedon chromosomes1 (7H) and5 (1H). TheQTL on
chromosome1 (7H) overlappedwith QTLs for SLA andLAR. The additive effects
for all threeQTLs werein thesamedirection,andthis wasconfirmedby correlation
(Table4.2),wheretherewasa strongpositive correlationbetweenall threetraits. The
QTL for RGRon chromosome5 (1H) alsooverlappedwith a sub-significantQTL for
SLA of theyoungestfully expandedleaf.

LAR canbeanalysedfurtherastheproductof SLA andLMF, whichareall simple
ratiosthatcanbeeasilymeasured.SLA hasoftenbeenfoundto bethemostimportant
factorexplaininginherentdifferencesin RGR(Poorter& Remkes1990;Garnier1992;
Hunt & Cornelissen1997; Poorter& van de Werf 1998). This studysuggeststhat
thereis a geneticbasisfor this relationship. We expectedto find more coincident
QTLs for RGRandSLA, but thereareno indicationsfor this. RGRis mostprobably
a complex compositephysiological trait, which is controlledby several loci on the
genome. ProblemsarisewhenQTLs only have a small individual contribution and
arethereforemoredifficult to detect(Kearsey & Farquhar1998b).TheQTL analysis
may provide few major QTLs with large effects,but may fail to detectmany QTLs
with smalleffects.Thepresenceof two QTLsfor bothRGRandSLA identifiedonthe
samelocationmaybedueto two closelylinkedgenesor to mechanisticdependency. A
densermarker mapmight helpresolve this question,but it is alsointerestingto search
for candidategenesthathave beenlocatedin identifiedareas.

Onepossibility is a gene,controllingbothRGRandSLA, which is influencedby
hormones,suchasgibberellinor abscisicacid. A positive correlationbetweenRGR
andtheendogenousGA concentrationwasfoundfor maizeby Roodetal. (1990)and
for tomatoby Nagelet al. (2001). Application of GA increasedleaf expansionin
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bean(Brock & Cleland1989)andin barley (Smith et al. 1996)andincreasedRGR
andSLA in Plantago major (Dijkstra et al. 1990)andSLA in two Aegilops species
(Bultynck 2001). Nagelet al. (2001)found that GA-deficienttomatomutantshada
decreasedRGRandSLA. ThereareGA-insensitive dwarfinggenesmappedin culti-
vatedbarley on chromosome2 (2H) (Börneret al. 1999)andon chromosome4 (4H)
(Ivandicetal. 1999),but to ourknowledgenotonchromosome1 (7H). It would in this
respectbeinterestingto identify thegenomelocationsof GA biosynthesisgenesin H.
spontaneum.

Thereareenzymesthat may play a role in determiningrelative growth rate. In
maizephysiologicalandgrowth QTLs werelocatedin thesameregionsanda strong
correlationbetweeninvertaseactivity and growth (daysrequiredfor leaf 3 to fully
mature)hasbeenfound (Causseet al. 1995). A probableexplanationwould be that
in thoseregionsseveral genesencodingenzymeactivity arevery tightly linked. As
(Bettey et al. 2000) stated,one shouldnot infer too much from coinciding QTLs,
becauseit is very likely that several candidategenesarewithin theconfidencelimits
of a QTL.

Theothercomponentof theLAR is thefractionof biomassallocatedto theleaves.
Two QTLs for LMF were found on chromosome1 (7H) and 6 (6H). The QTL on
chromosome1 (7H) overlappedwith the QTLs for WCleaf andWCstem. LMF and
WCleafor WCstemhadanoppositeadditiveeffect,whichwasconfirmedby thenega-
tivecorrelationbetweenthesevariables(Table4.2).Thismeansthatplantswith ahigh
allocationof dry massto theleavesusuallyhave lowerwatercontentin theleaves.On
chromosome6 (6H) a QTL for LMF wasfoundwith anoppositeadditive effect. This
QTL overlappedwith a QTL for SLAy that hadan oppositeadditive effect; this was
confirmedby thecorrelationanalysis.It alsooverlappedwith aQTL for organicnitro-
genperunit leaf area,with anadditive effect in thesamedirection,but not supported
by thecorrelationanalysis.This meansthatplantswith a high biomassallocationto
theleaves- havea low SLAy andahighconcentrationof organicnitrogenperunit leaf
area.

QTLs for C and N economy

A QTL for photosyntheticratehasbeenmappedin Helianthusanuus(Hervé et al.
2001),but in somestudiesphotosyntheticrateis discussedwithoutmeasuringit. Traits
relatedtophotosyntheticrate,suchasSLA andtranspirationefficiency, havebeenmea-
suredfrequently; they are thendiscussedin relationwith photosyntheticrate (Mian
et al. 1998;Thummaet al. 2001). QTLs for Rubiscoconcentration,solubleprotein
andnitrogenin flag leavesof rice have alsobeenmapped(Ishimaruet al. 2001). In
the presentstudywe measuredphotosyntheticrateandassociatedtraits. A QTL for
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PSP on chromosome4 (4H) co-localisedwith a QTL for stomatalconductance.Both
QTLs hada positive additive effect in the samedirection, which was supportedby
the correlationanalysis.A positive correlationbetweenphotosyntheticcapacityand
stomatalconductanceis known for quitesometime (Wonget al. 1979;Körneret al.
1979). The diffusion of COQ into leaf dependson the stomatalconductanceandthe
differencein COQ in andoutsidethe leaf (Von Caemmerer& Farquhar1981). The
intercellularCOQ concentrationwassimilar amongsttheFO -lines(datanot shown), as
wasalsofoundin acomparisonof 24speciesdiffering in relativegrowth rate(Poorter
& Farquhar1994) as well as in 27 speciesnative to the temperateforest region in
Japan(Yoshie1986).ThissuggeststhattheintercellularCOQ pressureis not important
in determiningvariationin PSP . Interestingly, no coincidingQTLs weremappedin
Helianthusannuusfor PSP andgR (Hervé et al. 2001). A goodreasonto believe that
thecoincidenceof theQTLsfor PSP andgR is causedby onegeneis themappingof the
Rubiscoactivasegene(Rca) onaH. spontaneummaponchromosome4 (4H) (Becker
& Heun1995). Rubiscoactivaseis an importantphysiologicalenzymebecauseCOQ
assimilationis mediatedby RubiscoandRubiscois activatedby Rubiscoactivase(Far-
quharet al. 1982). It is possiblethatRubiscoactivasecontrolsprocesseslike therate
of photosynthesisperunit leaf areaandperhaps,indirectly, thestomatalconductance.
Anotherinterestingdetailis thataQTL for totalchlorophyll concentrationperunit leaf
areawasalsofoundon chromosome4 (4H) in barley (This et al. 2000). This makes
chromosome4 (4H) avery importantlocationfor many traitsrelatedto photosynthetic
traits.

No significantQTL wasfound for ULR, but the locationwith highestpeakLOD
scorewasfoundon linkagegroupAQ4a,probablyoverlappingwith theQTLsfor PSP
andgR . ULR is a complex trait that involvesthecarbongain via PSP , carbonusevia
respirationandcarboncontent(Poorter1989).Photosyntheticrateis themostimpor-
tant trait explaining differencesin ULR andis often positively correlatedwith ULR
(Konings1989; Van der Werf et al. 1998; Evans1998). A QTL for photosynthetic
rateperunit leaf masswasfoundon chromosome5 (1H) coincidingwith a QTL for
RGR. It hasoften beendemonstratedthat RGR of youngseedlingsundercontrolled
conditionsis stronglycorrelatedwith photosyntheticrate,especiallyon a massbasis
(Poorteret al. 1990;Reichet al. 1992;Walterset al. 1993;Kitajima 1994;Walters
& Reich1996). Photosyntheticrateperunit leaf massis calculatedasthephotosyn-
theticrateperunit leafareatimestheSLA. Poorteretal. (1990)statedthatthisstrong
correlationbetweenphotosyntheticrateperunit leaf massandRGRis mainly dueto
differencesin SLA. This is confirmedby our datasincethe sub-significantQTL for
SLAy (SLA of theyoungestfully expandedleaf andthe leaf thatwasusedin photo-
synthesismeasurements)is alsolocatedonchromosome5 (1H).

A QTL for photosyntheticnitrogen-useefficiency (PNUE, carbongain per unit
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leaf nitrogen)waspresenton chromosome5 (1H). This QTL overlappedwith a QTL
for leaf thicknesshaving anoppositeadditive effect, which wasnot confirmedin the
correlationanalysis.Theremight bea reasonablebiologicalexplanationconsidering
thatplantswith thick leavesseemto have a lower concentrationperunit leaf massof
theenzymeRubisco(Field& Mooney 1986;Evans1989b).An alternativeexplanation
is thatplantswith a high SLA oftenhave a high PNUE(Poorter& Evans1998b),and
SLA is oftennegatively correlatedwith leaf thickness.

QTLs for morphological traits

All QTLs for watercontentin leavesstemsandrootswere locatedon chromosome
1(7H).This is in accordancewith Teulatet al. (1997)who studiedbarley underwater
stressandin anirrigatedtreatment,andfounda QTL for relative watercontentunder
theirrigatedregimeonchromosome1(7H).Unfortunately, theuseof differentmarkers
madeit impossibleto comparethe locationof the QTLs in the two studies. A sub-
significantQTL for SLA wasfoundon thesamelinkagegroupof chromosome1 (7H)
astheQTL for watercontentof theleaf. Thecorrelationanalysisalsoshowedastrong
positive correlationbetweenthe two traits aswasalso found by Garnier& Laurent
(1994a)in a studyof 14 congenericannualandperennialgrassspecies.Garnier&
Laurent(1994a)alsofoundthatplantswith ahighSLA andhighWCleafshow ahigher
proportionof mesophyll tissueand lower proportionof sclerenchyma and vascular
tissue(whichmight thereforefavour leafproductivity) thanplantswith a low SLA and
low WCleaf, which might favour leaf persistence.In the presentstudy the Mehola
parenthada high SLA andhigh WCleaf. The site of origin of this parentis more
xeric than that of Ashqelon,and might thereforefavour leaf productivity over leaf
persistencesothattheplant’slife cycleiscompletedbeforeextremedroughtconditions
occur. SLA is the reflectionof both leaf massdensityandleaf thickness(Witkowski
& Lamont1991). Garnier& Laurent(1994a)andVan Arendonk& Poorter(1994)
foundthat in grassspeciesleaf massdensityis moreimportantthanleaf thicknessin
explaining differencesin SLA (but seeAtkin et al. (1996)). Although, we found a
strongnegativecorrelationbetweenSLA andleafmassdensityin ourstudy, we found
noevidencefor coincidingQTLsor sub-significantQTLsfor SLA andeitherleafmass
densityor leaf thickness.

Onchromosome2 (2H) and6 (6H) coincidentQTLs for leaf lengthandleafwidth
were found. A QTL for plant height was also found on chromosome2 (2H), and
chromosome6 (6H) showeda sub-significantQTL for plantheight.Thesethreemor-
phological traits seemto be highly correlatedand all had a positive additive effect
contributed by the Ashqelonallele. In maize,QTLs for thesethreemorphological
traits were found at the samelocation (Causseet al. 1995). In H. spontaneumpo-
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pulationsplantsfrom xeric environmentshadnarrower leaves(Van Rijn et al. 2000).
However we have to considerthat theenvironmentaldatawerenot directly measured
at the site of origin of thesepopulations(Van Rijn et al. 2000). In this study the
broaderandlongerleavesoriginatefrom theAshqelonparent,which grows in a more
humidhabitatthantheMeholaparent.An explanationfor this is thatplantsfrom drier
habitatshave smallerleavesto reducetranspiration(Von Willert et al. 1992). This
waspartly demonstratedin this studyby the oppositeadditive effect of the QTL for
WUE andpartly overlappingQTL for leaf lengthon chromosome1 (7H). Loci for
plantheighthavebeenmappedin cultivatedbarley onchromosome1 (7H), 3 (3H) and
6 (6H) (Hayesetal. 1993).

A sub-significantQTL for seedmasswasfoundto overlapwith theQTL for RGR
on chromosome5 (1H). This QTL hadanoppositeadditive effecton seedmassto the
onefor RGR.This wasalsosupportedby the correlationanalysis,wherea negative
correlationbetweenthetwo traitswasobserved. In interspecificstudiesacrossgenera
a negative relationshipis frequentlyfound betweenseedmassandRGR (Shipley &
Peters1990; Jurado& Westoby1992;Marañón & Grubb1993;Reichet al. 1998).
In intraspecificstudiesthis relationshipis not found(Clevering1999;Van Rijn et al.
2000) (Chapter2) or a positive relationshipis found (Meerts& Garnier1996). No
QTL overlappedwith the QTL for seedmassfound on chromosome2 (2H), which
explaineda largepart (29%) of the total variance.This QTL might be relatedto the
QTL for grainyield mappedby Hayesetal. (1993).

OneQTL for leafanglewasmappedonchromosome4(4H),but cautionis required
hereasthis linkagegrouphadrelatively few markersin this region. Sanguinettiet al.
(1999) reportedthat amongthe ten QTLs found for leaf angle in maize,only one
coincidedwith a QTL for leafABA-concentration.

In conclusion,for several traitsat leastoneQTL wasmapped.Most studiesmap
QTLs for physiologicaltraitsunderdifferentstresstreatmentsandusuallyfind several
QTLs for eachtrait. However, in this studyQTLs weremappedundernear-optimal
growth conditions.Oftenstresssituationsaccentuatedifferencesalreadyfoundunder
non-stressedconditions,resultingin higher LOD-scoresat the positionof the QTL
(Bettey et al. 2000).This meansthatsometimesQTLs for traitsremainundetectedin
unstressedconditions.

In the presentstudy we useda H. spontaneumS H. spontaneumcross,which
resultedin a relatively smallnumberof markersthatarecommonto theconsensusH.
vulgare map.Togetherwith thelow rateof polymorphismdetectedwith SSRmarkers
usedin H. vulgaremaps,thescopefor conclusionsaboutQTLsfoundin thisstudyand
mappedcandidategenesin cultivatedbarley is very limited. However, we arethefirst
to mapQTLs for RGRandmany of its underlyingtraits. Also theoverlappingQTLs
of photosyntheticrateandstomatalconductanceimprove thephysiologicalinsight in
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alreadymappedphotosynthesis-relatedtraits. Furtherwork is requiredto improve the
mapwith moremarkersrelatedto otherpublishedmapsin barley, but alsoto determine
thepreciselocationof theQTL by fine mapping(Hanetal. 1999).
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Abstract

In this paperthequantitative trait loci (QTLs) asidentifiedwithin a specificcrossbe-
tweentwo wild barley (HordeumspontaneumC. Koch) populations(Chapter4) are
comparedwith marker-trait associationsassessedacrossa setof 81wild barley acces-
sions.Theaccessionsweremeasuredfor 31traitsrelatedto growth, C andN economy
aswell asplantmorphology, for plantsgrown undercloseto optimalconditions.The
accessionsweregenotypedfor 70 AFLP markers,mappedearlierin cultivatedbarley
aswell as in wild barley. Of the 70 markers63 hadsignificantcorrelationsto one
or moretraits. Several QTLs weresupportedby marker/trait associations.The QTL
mappedonchromosome1 (7H) for relativegrowth ratewassupportedbyamarker/trait
associationin themiddleof theinterval for theQTL-location.Fourmarkersrelatedto
photosyntheticrateperunit leafareaweremappedonchromosome4 (4H), wherealso
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theQTL for photosyntheticrateandstomatalconductancewerefound. Oneof them
wasalsorelatedto chlorophyll content,suggestingthat this locationon chromosome
4 (4H) might be very importantfor photosynthesis-relatedtraits. Specificleaf area
differedlittle amongstthe21 populationsandthereforeonly onegeneticmarker was
associatedwith this trait. On chromosome1 (7H), 2 (2H) and4 (4H) markerswere
stronglyassociatedwith leaf thickness,leafwidth andseedmass,suggestingthatthese
traitsaregeneticallylinked.

Intr oduction

Plantspeciesdiffer considerablyin their potentialrelative growth rate(RGR,net in-
creasein biomassperunit biomassalreadypresentperunit of time)with plantspecies
from fertile habitatsshowing muchhigherRGRsunderoptimalconditionsthanthose
from infertile habitats(Grime& Hunt1975;Poorter1989).Theseinherentdifferences
in RGR aremainly dueto variationin specificleaf area(SLA, the leaf areaper unit
leaf mass)and to a lesserextent to the leaf massfraction (LMF, leaf massper unit
of plant mass)(for a review see(Poorter& van de Werf 1998)). A rangeof physio-
logical,chemicalandmorphologicaltraitsarecorrelatedwith a plant’s potentialRGR
(Lambers& Poorter1992). To whatextent thesegrowth traitsaregeneticallylinked
is still unknown. To answerthis questionthe knowledgeof interspecificdifferences
in RGR and its underlyingcomponentsis not of much help, becausespeciesdiffer
largely in their geneticbackground.An approachwhereonespeciesis studied,with
a largegeneticaswell asphenotypicvariationin growth traits,would bemoreuseful.
Wild barley (H. spontaneum), theprogenitorof cultivatedbarley is widely distributed
in theFertileCrescent(Zohary& Hopf 1988)andoccupiesa wide rangeof different
habitats(Nevo et al. 1979). Geneticdiversity is presentbetweenpopulationscol-
lectedfrom aroundtheFertileCrescent(for a review seeNevo (1992),Forster(1999)).
Thespeciesalsoshows largemorphologicalandphysiologicalvariationwhich canbe
relatedat leastpartly to the ecogeograpicalorigin of the populationsstudied(Nevo
et al. 1983;Nevo et al. 1984;Nevo et al. 1986;Forsteret al. 2000). The variation
in physiologicalandmorphologicalgrowth traits within andamongstpopulationsin
Israelhasbeendeterminedunderstandardised,controlledconditions(Van Rijn et al.
2000).Two accessionsof thesepopulations,contrastingin growth- relatedtraits,were
usedin acrossandanAFLP markermapwasconstructed(Vanhalaetal.,unpublished
results).Growth-relatedtraitsweredeterminedon theoffspring (FO -lines)andquan-
titative trait loci (QTL) weremapped(chapter4). QTL mappingis a useful tool in
locatinggenomicregionsunderlyingtheexpressionof phenotypictraits in fields like
plantbreedingandplantphysiology (e.g. Quarrieet al. (1997),Teulatet al. (1997),
Yin et al. (1999a)and This et al. (2000)). QTL analysiscommonlyis performed
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usingthe simultaneoussegregation of markersandtraits within a crossbetweentwo
contrastinglinesof anagronomicplantspecies.Lately, QTL mappingin naturalpopu-
lationshasbecomeaninterestingoption,sinceit harboursasourceof interesting,little
exploited genomeareas. Also in wild barley QTLs for several physiological traits,
suchasnitrogencontentperplantmass,X T O C, X TZY N (Ellis etal. 1997)(for areview see
Forsteret al. (2000))andrecentlyalsofor growth-relatedtraits,suchasRGR,SLA,
ULR andphotosyntheticrate(chapter4).

An alternative way of linking geneticmarker diversity to trait diversity is analysis
of marker/traitassociationsin a setof accessionsor populations.This is doneby way
of aregressionanalysisbetweenmolecularmarkers,suchasAFLP, RAPDor SSRson
the onehand,andphenotypicdataon the other(Forsteret al. 2000). Pakniyatet al.
(1997)described39 wild barley genotypesandassociationbetweentraits involved in
salt toleranceandAFLP markers. They found5 AFLP markersto beassociatedwith
salttolerance,of which3 couldbemapped.Forster(1999)describedSSRvariationin
29wild barley linesfrom Israelandmapped11SSRs.Oneof thosewaslocatedin the
Rubiscoactivasegene(Rca), andwasfoundto becorrelatedwith site-of-origin water
availability.

Using a setof wild barley lines, accessionsor populationsinsteadof a mapping
populationof a crossbetweentwo parentshasa numberof advantages.First, there
is no needto develop a rangeof recombinantinbredlines,which often take yearsto
develop.Second,theobservedassociationsarenot limited to asinglecross(Kraakman
et al. 2000),which enablesevaluationof a muchwider germplasm.A third, related
advantageis that screeningof a wider rangeof genotypesminimizesthe risk run in
QTL experimentsthat both parentsby chancehave the sameallele for a numberof
traits (Kraakmanet al. 2000). However, this approachalsohasclearcaveats. The
problemis thatseveralmechanisms,suchasfoundereffects,geneticdrift, population
admixture,or selection,can generatelinkage disequilibrium(Janninket al. 2001).
This may causespuriousassociationsbetweenmarker andphenotypein populations
with severalpolymorphicloci, whereallelesat two loci occurtogethermoreoftenthan
expected.This is especiallya problemin selfingspeciessuchasH. spontaneum, as
linkagedisequilibriumis moreextensivein suchcases(Nordborg 2000).A highdegree
of homozygosityreducesrecombinationandthereforecomplicatesthedetermination
of theadaptivesignificanceof aparticulartrait or gene(Eckardt2001).

Notwithstandingthesecaveats,thereis scopefor applicationof thismethod.In our
opinion,bestinsight is to begainedby combiningtheresultsof themarker/traitasso-
ciationswith thoseof a QTL analysis.In this way we canseewhich of theobserved
QTLsaresupportedby additionalevidence,basedonarangeof differentpopulations.
ThereforeAFLP markerswereassociatedwith the variation in growth traits, earlier
foundby (VanRijn et al. 2000)in H. spontaneumpopulationsandcomparedwith the
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QTLsfoundin chapter4. Someof theAFLP markersarecommonto aH. spontaneumS H. spontaneummap (Vanhalaet al., unpublishedresults)and someare common
with aH. vulgare map(Qi etal. 1998).

Material and Methods

Plant material

Eighty-onewild barley (H. spontaneumC.Koch)accessionsgroupedin 21populations
from awiderangeof locationsin Israel,wereusedin thisstudy. Thepopulationsalong
with availableclimaticdataof thelocationsarelistedin VanRijn etal. (2000).

Seedsweregerminatedon moistenedfilter paperin Petri dishesin a refrigerator
at 6[ C andan irradianceof 10 \ mol m] Q s]^T . After oneweekseedlingsweretrans-
ferredto acontainerwith drainageholeswhichwasfilled with cleanwhitebeachsand.
Thesandwassaturatedwith half strengthof thefollowing nutrientsolution: 603 \ M
Ca(NOO ) Q , 795 \ M KNO O , 190 \ M KH Q POW , 270 \ M MgSOW , 0.2 \ M MnSOW , 0.9\ M ZnSOW , 20 \ M H O BOO , 0.3 \ M NaQ MoOW , 40 \ M Fe-EDTA, 40 \ M FeSOW and
47 \ M SiOQ . Thecontainerwasplacedin agrowth roomfor fivedaysin thefollowing
conditions:14/10h day/night,20[ C day/night,irradianceof 450 _ 25 \ mol m] Q s]^T ,
relativehumidity70%.Thereafterseedlingsweretransferredto 33L tankscontaining
thenutrientsolutiondescribedabove,aeratedandat full-strength,whichwasreplaced
weekly. ThepH of thenutrientsolutionwasadjustedregularly to 5.8with H Q SOW . To
avoid mutualshading,thenumberof plantson eachcontainerrangedfrom 18 and6,
dependingon thesizeof theplants.Plantswererotatedfour timesa weekwithin the
growth room.

DNA isolation and AFLP analysis

Four to tenplantsweregrown peraccessionfor DNA isolation.Leaveswerecollected
from two-weekold plants.Thesampleswerestoredat -80[ C. DNA wasisolatedfrom
200-300mg of frozenleavesaccordingto the CTAB protocol(Saghai-Maroofet al.
1984).

The AFLP protocolwasusedasdescribedin Vos et al. (1995). The DNA was
digestedwith restrictionenzymesEcoRI andMseI. TheAFLP bandswerevisualised
by radioactive [ ` OaO P]-ATPlabelling.Thepresenceor absenceof AFLP fragmentswas
scoredby eye(dominantscoring),andall clearbandswith lengthsbetween80and500
nucleotideswereincluded.In total 10 primercombinationspreviously testedwith H.
vulgare ssp.vulgare (Qi & Lindhout1997)wereused:E32M61,E33M55,E35M48,
E35M55,E35M61,E38M54,E38M55,E39M61,E42M51,E45M55. Only markers
thatweremappedin a cultivatedbarley cross‘L94 S Vada’ (Qi et al. 1998)andin a
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wild barley cross‘Ashqelon S Mehola’ (T.K. Vanhalaet al. unpublished)weretaken
into theanalysis.

Experimental design

Of eachpopulation,plants from four accessions(the progeny group from a single
plantcollectedin thefield) weregrown. Of eachaccessioneightplantswereusedto
measurea rangeof traits,somewhatarbitrarily categorisedin threegroupsrelatedto
growth analysis,C andN-economyandto morphology. Plantsweremeasuredat 23-
25 daysaftergermination,whentherewere2-10tillers. Whole-shootphotosynthesis
andshootandroot respirationweremeasuredon two plantsof eachaccession.Fresh
anddry massof leaves,stemsandroots,leaf area,leaf width, leaf angle,shootheight
andthenumberof leavesandtillers werealsodeterminedon thesetwo plantsaswell
ason two additionalplants.Two otherplantswereusedfor measurementsof osmotic
potentialandto determinethechlorophyll concentrationandtheremainingtwo plants
wereusedfor measurementof leaf thickness.Thelatterfour plantswerealsousedfor
chemicalanalyses.Becauseof thelargenumberof plantsandthetimerequiredfor the
physiologicalmeasurementswe staggeredthe germinationandgrowth of the plants.
Four randomlychosenaccessionsof differentpopulationsweremeasuredeachweek.

Measurements

Seedmassof eachseedwasdeterminedseparately. Leaf width and thicknesswere
measuredon theyoungestfully expandedleaf. Leafanglewasassessedastheaverage
angleof thefour oldestleaves.Plantheightwasdeterminedby measuringtotal shoot
length.

Leaf area,freshanddry massof the leaves(leaf blades),stems(leaf sheaths)and
rootsweredeterminedto calculatewatercontent((freshmass- dry mass)/ dry mass)
of leaf,stemandroot (WCleaf, WCstem,WCroot,respectively), leafarearatio(LAR,
leafareapertotalplantdry mass),specificleafarea(SLA, leafareaperleafdry mass),
leaf massfraction (LMF, leaf dry massper total plant dry mass),stemmassfraction
(SMF, stemdry massper total plantdry mass)androot massfraction(RMF, root dry
masspertotal plantdry mass).

Carbonconcentrationandnitrogenconcentrationweredeterminedwith anelemen-
tal analyser(CarloErba1110,Milan, Italy). Nitrateconcentrationwasquantifiedac-
cordingto Cataldoet al. (1975).Ash andashalkalinity weredeterminedasdescribed
by Poorter& Villar (1997). Resultswereusedto calculateconcentrationsof organic
acids,mineralsandorganic nitrogencompounds.The osmoticpotentialof the leaf
sapwasmeasuredusinga WescorVapourPressureOsmometer(Logan, UT, USA).
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The chlorophyll concentrationof the leaf wasdeterminedaccordingto Lichtenthaler
& Wellburn (1983)afterextractionwith 80%acetone.

Net photosynthesis,dark respirationandroot respirationweremeasuredasCOQ
exchange.COQ andH Q O exchangeweremeasureddifferentially to calculatephoto-
synthesisperunit leaf areaandper unit leaf mass,shootrespiration,root respiration
andwateruseefficiency.

Furtherdetailson thephenotypicanalysesaregivenin VanRijn etal. (2000).

Calculations and statistical analyses

Relativegrowth rate(RGR)wasestimated,on thebasisof aplant’sC-economy, using
theformulagivenin Poorter& Pothmann(1992b):

RGR b PSPcS SLA S LMF d ShR Sfe LMF g SMFhid RR S RMF
C

(5.1)

where,PSP = daily rateof photosynthesisperunit leafarea,ShR= daily shootrespira-
tion, RR = daily root respiration,SLA = specificleaf area,LMF = leaf massfraction,
SMF = stemmassfraction,RMF = root massfractionandC = carbonconcentration
of theplantbiomass).We only determinedthecarboncontentof theleaves,assuming
that it is representative of that of the whole plant. In reality, the carboncontentof
rootsandshootstendto beslightly lower thanin leaves(Poorter& Bergkotte1992a),
but thesedifferencesarenot likely to affect theRGR-calculationto morethana small
extent. A secondassumptionis that the ratesof photosynthesisandrespiration,both
measuredover a two-hourperiod,canbe integratedover 24 hours.All parametersof
theRGR-formulaweremeasuredon thesameday.

To studymarker-trait associations,simpleproductmomentcorrelationswerecal-
culated(Pearsoncorrelations)betweenaselectedsetof markersandthe31quantitative
traits describedearlier. Markerswereincludedon the basisof membershipof either
‘Ashqelon S Mehola’or the‘L94 S Vada’map.Of theoriginal643polymorphicmar-
kers,70 retained.A testfor thecorrelationis in this caseequivalentto a two-sample
t-testcomparingthemeanof theaccessionswith aspecificmarkerbandwith themean
of theaccessionswithout thatmarkerband.As levelsof testa liberal0.05waschosen,
besidesa more strict 0.0007(0.05 divided by the numberof selectedmarkers), the
latterbasedon a Bonferronicorrectionfor simultaneoustesting. All thecalculations
wereperformedusingSAS(SASsystemfor Windows 6.12,1989-1996SASInstitute
Inc. Cary, NC, USA).
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Results

Of the70 markers,63 correlatedsignificantly(p j 0.05)with at leastoneof themea-
suredtraits. For these63 markersin total 274marker-trait correlationswereobserved
at the0.05significancelevel. At thestrict significancelevel of 0.0007,33marker-trait
correlationswerefoundsignificant.Thestrongestcorrelationwasfoundbetweenseed
mass and a marker from chromosome4 (37.6cM in ‘Ashqelon S Mehola’ map)
(r=-0.70).Figure5 shows theresultsof themarker-trait correlationspositionedon the
‘L94 S Vada’ and‘Ashqelon S Mehola’ maps. The QTLs from chapter4, arealso
addedfor comparison.

Mapped QTLs supportedby marker-trait associations

Nine QTLs wereclearlysupportedby at leastonemarker-trait correlationat the0.05
significancelevel (Table5.1). At thestrict 0.0007significancelevel onemarker-trait
correlation(leaf width with a marker at chromosome4, 50.9 cM in ‘L94 S Vada’
map)supporteda QTL at thesameposition. Supportive marker/traitassociationsare
indicatedasgrey boxesin Fig. 5.

Mapped QTLs not supportedby marker-trait associations

Therewere18 QTLs thatwerenot clearlysupportedby themarker-trait correlations.
In six casessignificantmarker-trait correlationsweredetectedat the samechromo-
someasthecorrespondingQTL, but not in theactualpositionof theQTL. In two of
thesecases(seedmass,chromosome2 (2H), 7.8 cM ‘L94 S Vada’ map, andPSk
chromosome5(1H),111.5cM ‘L94 S Vada’map)thecorrelation(r=-0.46andr=-40,
respectively) washighly significant(p j 0.0001andp j 0.0004,respectively). Noneof
thesub-significantQTLs describedin chapter4 wassupportedby marker- trait corre-
lations.

Figure5.1(next pages):Thesignificantmarker-trait correlationsamongH. spontaneumac-

cessionsandQTLs for 29 traitsin a H. spontaneumcross.The63 markerswerebasedon two

linkagemaps;’L94 l Vada’(Qi etal. 1998)and’Ashqelon l Mehola’ (Vanhalaetal.,unpub-

lished).Thearrows point to themap-basedmarkerpositions.Themarker-trait correlationsare

shown ontheleft sideof thechromosomes.Thetraitsthatcorrelatewith amarkerat the0.0007

significancelevel areshown in boldface,andthosethatcorrelateat the0.05significancelevel

areshown in italics. The traits that correlatewith a marker andsupporta QTL areshown in

grey boxes. Theconfidenceintervals of thedetectedQTLs aregiven on the right sideof the

’Ashqelon l Mehola’ map. The commonmarkerssharedbetweenthe two mapsareshown

with connectinglines. Dashedlinesareusedto point to theapproximatepositionsof theSSR

markersin the’L94 l Vada’map.
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Trait Numberof marker-trait QTLs Numberof QTLs
correlationså detected supportedå

Pæ 0.05 Pæ 0.0007 Pæ 0.05 Pæ 0.0007
LeafAngle 12 1 1
C 9 0
Chlorophyll 9 0
Leafmassdensity 9 1
Height 14 0 1
LAR 2 0 1
Leaf thickness 14 3 1 1
Leafwidth 20 4 2 2 1
LMF 14 3 1 1
Mineral content 13 1
N 5 1 1 1
NOO 8 0
Organicacids 7 0
OrganicN P 9 0
Osmoticpotential 1 0
PSP 15 0 1 1
PSk 9 1 1
%Respiration 2 0
RGR 11 1 3 1
RMF 14 2 1 1
Rootrespiration 10 0
Seedmass 18 7 1
SLA 1 0 1
SMF 10 0
Shootrespiration 0 1
WCleaf 15 4 1
WCroot 4 1 1 1
WCstem 14 2 1
WUE 5 0 1
Total 274 33 20 9 1
å Thenumbersat0.0007significancelevel areincludedin thecolumnsfor p æ 0.05.

Table5.1: The29 traits measuredin 81 wild barley accessions,thenumberof marker- trait
correlationsat0.05and0.0007significancelevels,numberof QTLsdetectedin anearlierstudy
(seeChapter4) andthenumberof supportedQTLsby oneor moremarker-trait correlationsat
the0.05and0.0007significancelevels.
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Other marker-trait associations

Thestrongestcorrelationswith geneticmarkerswereobservedfor morphologicaltraits
suchasseedmassandleaf width or thickness.RGRalsoshoweda strongcorrelation
with a marker on chromosome2 (2H) togetherwith two of its components,LMF and
RMF. On chromosome5 (1H), severalchemicaltraitswerehighly significantaswell
asthe rateof photosynthesispermassandleaf width. Chromosomes3 (3H), 6 (6H)
and7 (5H) containedonly few strongmarker-trait correlationswhereaschromosomes
1 (7H), 2 (2H) and4 (4H) containedmany highly significantassociations.

Discussion

Variationin RGRandits underlyingcomponentshavebeenstudiedextensively, but to
whatextentthesetraitsaregeneticallylinkedand/orcausedby commonfactorsis un-
known. ThereforewehavecarriedoutaQTL analysis,in orderto determinetheplace
of controlof thesetraitsandto assesstheoverlapof sometraitson thegenome(chap-
ter 4). In the presentstudywe want to comparethe QTLs found for growth- related
traitswith themarker/traitassociationsfoundin 81accessionsof H. spontaneum. The
AFLP analysisdetermined643polymorphicbandsbetweenthe81accessions.Wewill
only focuson 70 AFLP markers,becausethesemarkerscouldbe linkedeitherto the
‘Ashqelon S Mehola’ map(Vanhalaet al., unpublishedresults)or the ’L94 S Vada’
map(Qi et al. 1998). A numberof linkagegroupsin the ‘Ashqelon S Mehola’ map
couldbeassignedto aspecificchromosomedueto markersidenticalwith thosefound
for Hordeumvulgare. However, in somecasestherewasonly onecommonmarker,
which complicatesthe comparisonbetweenthe two approaches.This is becausea
marker/traitassociationcouldor couldnot fall into anobservedQTL region,depend-
ing on how this linkagegroupwould align to the ‘L94 S Vada’map. In thosecases
we choosethemostconservativeoption,consideringit asno evidencefor a QTL.

Mark er/trait associationsfor growth-analysistraits

A total of eleven markers was associatedwith RGR. The marker that showed the
strongestcorrelationwith RGR explained15% of the variationandwasmappedon
chromosome2 (2H). Oneof theothermarkersthatcorrelatedwith RGRwaslocated
in themiddleof the interval for the locationof a QTL mappedfor RGR on chromo-
some1 (7H) andexplained11 % of thetotal variation.For theothertraitswith QTLs
in this sameregion no marker-trait correlationswith this ‘RGR-marker’ werefound,
with the exceptionof WCroot. However, someotherinterestingtraits, suchasPSP ,
biomassallocationto leavesandroot,watercontentsof all organsandseedmass,were
alsocorrelatedwith thismarker. This is interesting,asoftennocorrelationis foundbe-
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tweenPSP andRGRin interspecificstudies(Mooney etal. 1978;Deluciaetal. 1989;
Poorter1989),with theexceptionof shadespeciescomparedto sunspeciesunderhigh
light (Pons1977),wherepositivecorrelationsarefound.

TheQTL for RGRmappedon chromosome5 (1H) wasnot supportedby markers
that were associatedwith RGR. However, two flanking markers that were mapped
outsidethe two-LOD supportfall-off of the QTL werecorrelatedwith RGR.Oneof
thesemarkerswasalsoassociatedwith PSk .

In many studiesSLA is themostimportanttrait explainingdifferencesin RGR(see
for a review Poorter& vandeWerf (1998)).However, therewasalmostno difference
in SLA in the 81 accessions(Van Rijn et al. 2000), and no significantdifference
betweenthe 21 populations.Only onemarker wascorrelatedwith SLA, locatedon
chromosome7. In contrastwith theseresults,the FO populationshowed substantial
differencein SLA (rangefrom 33 - 45 mQ kg]^T ) anda QTL wasdetectedat thesame
locationasthe QTL for RGR.Clearly, the resultsfor the specificcrossaredifferent
from thoseof thepopulations.TheQTL for LMF mappedonchromosome6 (6H) was
supportedby amarkerthatwasalsolinkedto LMF. Themarkeronchromosome4 (4H)
thatwaslinkedto LMF wasa neighbouringmarker of thepositionof a subsignificant
QTL for LMF. Two markerswerestronglycorrelatedwith LMF, oneonchromosome1
(7H) andoneonchromosome4 (4H).Themarkeronchromosome1 (5H) wasthesame
onethatwaslinkedto RGR.LMF is usuallynot themostimportantfactorexplaining
differencesin RGR,but is sometimespositively correlatedwith RGR(Ingestad1981;
Poorter& Remkes1990),sometimesnegatively (Hunt et al. 1987;Shipley & Peters
1990).

Mark er/trait associationsfor C and N economy-relatedtraits

Four markers that were correlatedwith PSP were mappedon chromosome4 (4H),
wherealsotheQTL for PSP wasmapped.Thesefour markerstogetherexplained32%
of thetotalvariation,whereastheQTL explained20%.Oneof thesemarkersappeared
on the Ashqelon S Meholamapandwaslocatedin the supportinterval of the QTL
for PSP , the othermarkerswerecontainedin the L94 S Vadamap. Two common
markers in this region gave a good indication that thesethreemarkers are located
within theQTL for PSP . Notethatphotosynthesiswasdetermineddifferently in both
studies.In theQTL studyphotosynthesiswasmeasuredon a singleleaf, in this study
photosynthesiswasdeterminedon thewholeplant. Thefact thatbothmeasurements
point to thesamedirectionmakestheseobservationsrelatively robust

Anotherinterestingdetail is thatalsoa QTL for chlorophyll contentwasfoundon
chromosome4 (4H) in barley (Thisetal. 2000).In theQTL studychlorophyll content
was not measured,but in the populationstudy we did and the marker that showed
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thebestcorrelationwith chlorophyll contentwasalsolocatedonchromosome4 (4H).
Theseresults,togetherwith themappingof a Rubiscoactivasegeneon chromosome
4 (4H) in H. spontaneum(Becker & Heun1995)supportagain that this locationon
chromosome4 (4H) might bevery importantfor area-basedphotosynthetictraits.

Mark er/trait associationsfor morphological traits

The QTL for leaf width on chromosome2 (2H) is supportedby a marker strongly
correlatedwith leaf width. The other QTLs on this chromosomeoverlappingwith
theQTL for leaf width wereplantheightandleaf length. Theseparameterswerenot
measuredin thepopulationstudy. Onchromosome4 (4H) onemarker is stronglycor-
relatedwith several morphologicaltraits, suchasleaf thickness,leaf width andseed
massandthebiomassallocationto leavesandroots. On chromosome2 (2H) another
marker is alsostronglycorrelatedwith leaf width andseedmass.On chromosome1
thereis alsoa marker mapped,which is stronglyrelatedto leaf thickness,leaf width
andseedmass.Theseresultssuggestthatthesemorphologicaltraitsareat leastgenet-
ically linked,but maybecontrolledby acommonfactor. Sinceonchromosome2 (2H)
(Börneret al. 1999)aswell ason chromosome4 (4H) (Ivandicet al. 1999)dwarf-
ing genesaremappedin barley, a GA controlledgenemight be a likely candidate.
However, thesegenesweremappedin cultivatedbarley andthis doesnot necessarily
meanthat thosegenesarealsopresentin H. spontaneum. Thetwo QTLs for WCleaf
andWCstemwerenotsupportedby marker/traitassociations,alsobecausenomarkers
weremappedin this area. The QTL for seedmasson chromosome2 (2H) wasnot
supportedby marker/traitassociationseither, althoughonemarker on chromosome2
(2H) wasstronglycorrelatedwith seedmass.

Conclusions

SeveralQTLs mappedin the formerstudyaresupportedby marker/trait associations
in 21 wild barley populations. The QTL detectedon chromosme1 (7H) for RGR
wassupportedby anassociationof amarker with RGR.However, noassociationwith
SLA wasfoundat this marker position.Markersassociatedwith PSP andchlorophyll
contentweremappedon chromosome4 (4H), wherealsoQTLs for PSP andstomatal
conductancewerefound.Many markersareassociatedwith leaf thickness,leaf width
andseedmass,suggestingthatthesetraitsaretightly linked.
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Chapter 6

Summarizing discussion

Intr oduction

Whengrown undernear-optimal conditionsplant speciescharacteristicsof nutrient-
rich habitatsshow fasterrelative growth rate (RGR) than plantsfrom nutrient-poor
habitats(Grime& Hunt1975;Poorter& Remkes1990).Undertheseconditions,fast-
growing speciesproducemoreleaf areaper leaf mass,which contributesto a larger
carbongain per unit plant mass(Lambers& Poorter1992). Photosynthesisper unit
leafareais notnecessarilydifferedwhenfast-andslow-growing speciesarecompared,
dueto anequalamountof biomass,whichis ‘diluted overalargerleafarea(Dijkstra&
Lambers1989b;Poorteretal. 1990).Fast-growing speciesalsotendto havefasterres-
pirationrates,but whenexpressedasa fractionof thetotalamountof carbonfixedper
day, they uselessin respiration(Lambers& Poorter1992).Thegeneticbackgroundof
suchcorrelationsfoundbetweenaspecies’relativegrowth rateandnumerousgrowth-
relatedtraits is still unknown. In this thesisthemainquestionis: To whatextentare
thesegrowth-relatedtraitsgeneticallylinked and/orcausedby a commonfactor?To
answerthis questionthepresentinformationaboutdifferencesbetweenspeciesis not
suitable.Thereforeananalysiswasperformedamongstpopulationsof asinglespecies
andcrossesbetweenthem.HordeumspontaneumC.Koch,theprogenitorof cultivated
barley (H. vulgare L.) waschosenfor this study, becauseit occupiesa wide rangeof
differenthabitatsandpossessesa largegeneticvariation(Nevo etal. 1983;Nevo etal.
1984;Nevo etal. 1986;Corke etal. 1988;Nevo 1992).
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Variation in growth characteristics in H. spontaneum populations,
the genusHordeum and the F ç -population of a crossbetweentwo H.
spontaneum populations

As a first stepin this researchprogramthe variation in growth characteristicsof 21
populationsof H. spontaneumfrom differentsitesin Israelwasdetermined(Chapter
2). Fromeachpopulationfour accessionsweregrown in agrowth chamberundernear-
optimalconditionsandarangeof physiological,morphological,allocation-relatedand
chemicalgrowth characteristicsweremeasured.RGR wasestimated(Equation2.1)
asthecarbongain in photosynthesisminusthecarbonlossin shootandroot respira-
tion dividedby thecarbonconcentrationof theplantmaterialalreadypresent.Aver-
agedover all traits measured,the variationexplainedby differencesamongstpopu-
lationswas26%, amongstaccessions21% whereasthat within accessionswas53%
(Fig. 2.2a).As H. spontaneumis aninbreedingspecies,it wasexpectedthatthevari-
ation explainedby differenceswithin accessionswasmuchlower. Maternaleffects,
environmentaldifferenceswithin thegrowth chamberand/ortheinfluenceof rareout-
crossingrates(1.6%averagedover 26 populations(Brown etal. 1978b))mightbethe
causeof the large within-accessionvariation. Whenthis variationwasseparatedfor
thefour groupsof traits,it showedthatthepercentageof thetotal variationexplained
by differenceswithin accessionsfor physiologicaltraitswaslarge that it andwasthe
smallestin morphologicaltraits(Fig. 2.2b).Oneof thereasonscouldbethatthemea-
surementerrorsinvolved in determiningphysiologicaltraitsarelarger thanthosefor
morphologicaltraits.Also thenumberof replicateswassmallerfor physiologicaltraits
thanfor morphologicaltraits.

Thevariationexplainedby differencesamongstpopulationswaslargein morpho-
logical traits (46%). The sameconclusioncould be drawn from the growth analysis
amongstspeciesin thegenusHordeum(Chapter3). Nevo etal. (1984)showedthatH.
spontaneumpopulationsarecharacterisedby a largevariationin morphologicaltraits.
The morphologicaltrait that differedthe mostin all threestudies(Chapters2, 3 and
4) wasseedmass.AmongstHordeumspeciesthedifferencewas25-foldandamongst
thepopulationsit was4-fold.

ThevariationamongstHordeumspecieswassomewhatlargerthanwithin H. spon-
taneum. However, for mostof the traits studied,the variationamongstthe H. spon-
taneumpopulationswas of the samemagnitudeas for the Hordeumspecies. This
makesH. spontaneuma very interestingspeciesfor ananalysisinto thegeneticbasis
of variationin growth-relatedtraits.
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RGR and SLA

Differencesin RGRcanbeexplainedby differencesin LAR or by differencesin ULR.
LAR is theproductof SLA andLMF. ULR will bediscussedin thefollowing section.
Poorter& vandeWerf (1998))concludedin a metaanalysisof 111studiesthatLAR
andmorespecificallySLA is themostimportantfactorexplaining inherentvariation
in RGR.However, no significantvariationin LAR andSLA wasobserved in a com-
parisonof H. spontaneumpopulations(Chapter2). Onehasto considerthat this was
a study within a species,which might have causedthis little difference. Therefore
growth traitswerestudiedalsoamongstHordeumspecies.In this experiment,which
showed larger differencesin RGR, the relation with LAR was significant,with the
differencesin LAR mainly dueto variationin SLA (Chapter3). Therewasa strong
negativerelationbetweenULR andLAR (Fig. 3.2).Thiswasalsotruefor 20Aegilops
species,grown in the sameconditions(Villar et al. 1998). Two explanationshave
beenoffered for a negative relationshipbetweenULR andLAR by Konings(1989)
andPoorter(1989). Firstly, a higherLAR generallygoeswith a large leaf areaper
unit root mass.This could imply that wateruptake is low comparedto the transpir-
ing surface,causingthewaterstatusof the leavesto beimpairedandtherebytherate
of photosynthesis.Alternatively, an increasein ULR mayrequireanincreasein pho-
tosyntheticrate,which canbe realisedby decreasingthe SLA, so that the nitrogen
contentperunit areawill behigher, andtherebyphotosyntheticcapacity. As theneg-
ative correlationbetweenULR andLAR is mainly causedby a negative correlation
betweenULR andSLA, thesecondexplanationis expectedto bethemostprobable.

Thetwo parentsof thecrossdid not differ very muchin SLA (Chapters3 and4),
but their offspring in the FO populationshowed a substantialvariation in SLA. One
QTL wasdetectedfor SLA andwasco-localisedwith a QTL for RGR on chromo-
some1 (7H). Both QTLs hada negative additive effect, contributedby theAshqelon
parent(allele). This wasalsosupportedby the correlationanalysiswhereRGR and
SLA showeda strongpositive correlation.On chromosome5 (1H) theotherQTL for
RGRoverlappedwith a sub-significantQTL for SLA of theyoungestfull-grown leaf,
with additive effectsin thesamedirection. Theseresultssuggestthat theremight be
a geneticbasisfor the positive relationshipbetweenRGR andSLA. A point of con-
siderationis thatRGRis a complex compositetrait, which is probablycontrolledby
several loci on thegenome.ProblemsarisewhenQTLs only have a small individual
contribution andare thereforemoredifficult to detect(Kearsey & Farquhar1998b).
The QTL analysismay provide few major QTLs with large effects,but may fail to
detecta rangeof QTLs with small effects. The co-locationof QTLs for RGR and
SLA might be causedby two closelylinked genesor by just onegenehaving an ef-
fect on both traits. Onepossibility is that the level of a hormone,suchasgibberellin
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or abscisicacid affectsRGR andSLA. A positive correlationbetweenRGR anden-
dogenousGA concentrationwasfoundfor maizeby Roodet al. (1990). Application
of GA increasedRGR andSLA in Plantago major (Dijkstra et al. 1990), increased
SLA in two Aegilops species(Bultynck 2001)andincreasedleaf expansionin bean
(Brock & Cleland1989)aswell asin barley (Smithet al. 1996). Nagelet al. (2001)
found that GA-deficienttomatomutantshada decreasedRGR andSLA. Therefore,
genescontrolling theactionof thesehormonesmight beunderlyingtheQTLs found
for RGR andSLA. A possiblemechanismcould be that GA affects leaf expansion,
which increasesSLA andtherebycausinganincreasein RGR.Sincethereis notmuch
informationaboutwherethesegenesmight belocatedon thebarley chromosomeand
sincedifferentmarkersareusedin otherstudiesit is asyet hardto focuson specific
candidategenes.Growth-relatedtraitshave hardlybeenthesubjectof QTL-analysis.
Oneof thefew is thestudyof Causseetal. (1995)in whichacorrelationwasfoundbe-
tweeninvertaseactivity andthenumberof daysrequiredfor leaf3 to fully mature.The
mostprobableexplanationfor the co-locationof the QTLs found for RGR andSLA
would bethat in thoseregionsseveralgenesencodingenzymeactivity (thatmight be
undercontrolof GA or ABA) arevery tightly linked.

ULR and photosyntheticrate

ULR is acomplex trait thatrepresentsthecarbongainin photosynthesisandthecarbon
lossesin shoot-androot respirationandexudationaswell asthecarbonconcentration
of theplantLambers& Poorter(1992).AmongstHordeumspeciestherewasnosignif-
icantcorrelationbetweenRGRandULR (Fig. 3.1a). In orderto evaluatetherelative
importanceof growth parametersin explaining variation in RGR, Poorter& van de
Werf (1998) introducedthe so-calledgrowth responsecoefficient (GRC, the relative
changein growth parameterssuchasULR andLAR, scaledto therelative changein
RGR).They found that,combinedover a rangeof studieswithin a genus,ULR only
explained4%of thevariationin RGR.In thegrowth studyof the16 Hordeumspecies
ULR explained38%of thevariationin RGR.This valueis closerto theaveragevalue
(26%)that Poorter& vandeWerf (1998)foundfor a compilationof 57 experiments.
In Chapter3 theGRCvaluesof astudyof 20Aegilopsspecies(Villar etal. 1998)was
calculatedandin thatstudyULR (54%)wasevenmoreimportantthanLAR (46%)in
explainingvariationin RGR.

Photosyntheticrateis themostimportanttrait explainingdifferencesin ULR and
is in generalpositively correlatedwith ULR (Konings1989;VanderWerf etal. 1998;
Evans1998). This wasalsotrue for the FO population,wherea strongpositive cor-
relationbetweenPSP enULR wasfound(Table4.2). No significantQTL wasfound
for ULR, but the QTL with the highestpeakLOD -scorewasoverlappingwith the
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QTL for PSP (Tables4.2and4.3). In themarker/traitassociationsfrom 81accessions,
a marker on every chromosomewasassociatedwith PSP (Table5.1). The strongest
correlationswerewith markersonchromosome1 (7H),2 (2H) and4 (4H).Themarker
onchromosome4 (4H) coincidedwith theQTL foundfor PSP , explaining20%of the
totalvariation.Onchromosome1 (7H) thismarkerwasassociatedwith severalgrowth
traits,but alsowith RGR.ThemajorQTL for RGRwasalsodetectedonchromosome
1 (7H), explaining 16% of the total variation. In the studyof 21 populationsof H.
spontaneum, PSP andRGRwerepositively correlated(Chapter2, datanotshown) but
in theFO populationthey werestronglynegatively correlated(Table4.2). An explana-
tion might bethatPSP in theformerstudywasmeasuredon thewholeplantandfrom
thesemeasurementsRGRwascalculatedandmight thereforecauseapositivecorrela-
tion. In thelatterstudyPSP wasmeasuredastherateof photosynthesisof asingleleaf,
andRGRwasdeterminedin a growth analysis.It might give a betterperspective on
growth whenthesetwo traitsaremeasuredindependently. Thestrongnegative corre-
lation betweenthetwo variablesis probablycausedby thestrongpositive correlation
betweenRGR andSLA. SLA is negatively relatedto leaf massdensityandorganic
nitrogenperunit leaf area.This meansthatplantswith a high RGRandSLA have a
low photosyntheticrateper unit leaf area,causedby lower organic nitrogenper leaf
area.Thereis oftenno correlationbetweenRGRandPSP (Poorter& Remkes1990;
Reichetal. 1992;Walters& Reich1996).

The QTL for PSP on chromosome4 (4H) co-localisedwith a QTL for stom-
atal conductance(Fig. 4.3b). Interestingly, in HelianthusannuusseveralQTLs were
mappedfor PSP andstomatalconductance,but noneof themwereoverlapping(Hervé
etal. 2001).A positivecorrelationbetweenphotosyntheticcapacityandstomatalcon-
ductancehasbeendescribedby Wong et al. (1979)andKörneret al. (1979). The
rateof photosynthesisis dependenton thestomatalconductanceandthedifferencein
COQ insideandoutsidetheleaf (Von Caemmerer& Farquhar1981).Theintercellular
carbondioxideconcentrationwasthesameamongsttheFO -lines(datanot shown), as
wasalsofoundin acomparisonof 24speciesdiffering in relativegrowth rate(Poorter
& Farquhar1994)aswell asin 27speciesnativeto thetemperateforestregion(Yoshie
1986).A reasonto believe thatthecoincidenceof theQTLs for PSP andgR is caused
by onegenehaving an effect on both traits, is the mappingof the Rubiscoactivase
gene(Rca) on a H. spontaneummapon chromosome4 (4H) (Forsteret al. 2000).
COQ -assimilationis mediatedby Rubisco,andRubiscoactivaseis anenzyme,which
activatesRubisco.MaybeRubiscoactivasemaycontrolprocesseslike photosynthetic
rateandindirectly thestomatalconductance.AnotherinterestingQTL, alsofoundon
chromosome4 (4H) in barley, is thechlorophyll contentperunit leaf area(This et al.
2000). In the marker/trait analysisfour markerswerefound on chromosome4 (4H)
whichwereassociatedwith PSP (Fig. 5.1).Chromosome4 (4H) might thereforebean
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importantchromosomefor many traitsrelatedto photosyntheticcapacity.
Theothertwo componentsdeterminingvariationin ULR arethefractionof daily

fixed carbonthat remainsin the plant and is not respiredor exudedby the various
organsof the plants(FCI) andthe carbonconcentrationof the plant ([C]) (equation
1.2). Differencesin thefractionof daily-fixedcarbonincorporatedbetweenfast-and
slow- growing specieshave beenfound,asfast-growing speciesrespirerelatively less
of the daily carbongain in photosynthesis(Poorteret al. 1990; Van der Werf et al.
1993). Somecarehasto be taken in the interpretation,asa numberof assumptions
wereinvolvedin estimatingthesetraits.However, in theFO populationbothtraitswere
not significantlycorrelatedwith ULR. Thereforeit is concludedthat thesefactorsare
of minor importance.Thesetwo traitsdid not differ to a largeextentamongstthe21
populationsor in theFO population.

The correlation betweenearly biomass,RGR and seedmass

Differencesin biomasscanresult from differencesin seedmass,emergencetime or
variationin RGR(VanAndel& Biere1990).Nevo etal. (1984)studieddifferencesin
biomassamongstpopulationsoriginatingfrom differenthabitatsin Israel.Whenthese
populationsweregrown underfavourableconditionsin a gardenexperiment,biomass
of populationsfrom mesicsiteswasabouttwice thatof populationsfrom xeric sites.
In our studyof populationsof H. spontaneum(Chapter2) grown undernear-optimal
conditionssimilar resultswereobtained.However, thesedifferencesin biomasswere
not asmuchcausedby differencesin RGR(Fig. 2.4b),but largely dueto differences
in seedmass(Fig. 2.4a).Thiswasalsofoundin astudyof Hordeumspecies(Fig. 3.3).
This is in agreementwith Chapinet al. (1989),whereseedsizewasfoundto bemore
important than RGR, in determiningvariation in plant size (35 daysafter sowing)
acrossfour different Hordeumspeciesgrown underfavourablenutrition. Also in a
studyto determinethemajor factorsthatareresponsiblefor variationin earlyvigour
in barley, wheatandoat,embryosizewasfoundthemostimportant(López-Castãneda
etal. 1996).

No correlationbetweenseedmassandRGRwasfoundin thebetween-population
study(Chapter2) or the amongstspeciesstudy(Chapter3). Seedsizeusuallycor-
relatesnegatively with RGR in interspecificstudiesacrossgenera(Shipley & Peters
1990; Jurado& Westoby1992;Marañón & Grubb1993;Reichet al. 1998). In in-
traspecificstudiesthis relationshipis not found (Clevering 1999)or a positive rela-
tionshipis observed(Meerts& Garnier1996).However in theFO populationa strong
negativerelationshipbetweenRGRandseedmassoccurred(Table4.2).OneQTL, on
chromosome2 (2H), wasdetectedfor seedmass,which explaineda largepartof the
total variation(29%),but wasnot overlappingwith any otherQTL (Fig. 4.3a).A sub-
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significantQTL for seedmasswasfound on chromosome5 (1H) which overlapped
with aQTL for RGR,with oppositeadditiveeffects.Threemarkersonchromosome1
(7H) werestronglyassociatedwith seedmass.Oneof themwaslocatedon theposi-
tion of theQTL for RGR(Fig. 5.1).Thismayimply thatalsotherelationshipbetween
seedmassandRGRmight have ageneticbasis.

The correlation of growth traits with envir onmental factors

In all experimentsdescribedin this thesisplantsweregrown underfavourablecon-
ditions with an amplesupplyof nutrientsandwater. This might be a reasonfor the
poorcorrelationbetweengrowth traitsandenvironmentalfactorsamongst21H. spon-
taneumpopulations.Althoughenvironmentaldataof thenaturalhabitatof thepopula-
tions(Chapter2) andthespecies(Chapter3) wasratherpoor, anattemptwasmadeto
determinethecorrelationbetweengrowth traitsandenvironmentalfactors.Most traits
werenot relatedto any environmentalfactorat thesiteof origin of the21populations.
Photosyntheticratewasfasterfor plantsfrom xericenvironmentsthanfor plantsfrom
mesicenvironments(Chapter2). Also, plantsfrom xeric habitatshadsmallerleaves,
a lower leaf angleandmore tillers. Narrower leavesmight help reducingthe tran-
spirationin dryerenvironments(Von Willert et al. 1992). A lower leaf anglemeans
that plantshave a higher light absorptionand that might explain the higher rate of
photosynthesis.For Hordeumspeciesit seemsthat thepotentialRGRdecreaseswith
increasingaltitudein thenaturalhabitat.H. comosumandH. brevisubulatumoccurat
highaltitudesin theAndesin SouthAmericaandathighaltitudesin Asia,respectively
(Von Bothmeret al. 1995)andbothshow low RGRvalues(Chapter3). Theparents
of thecross,showedalsodifferencesthatcanbesomehow relatedto theirnaturalenvi-
ronment,but cautionis requiredsincetheenvironmentaldatawerenotacquiredat the
site-of-originof thenaturalpopulation.TheMeholaparentoccursin theJordanValley
with a steppicclimate,and the Ashqelonparentoccursin a Mediterraneanclimate.
Resultsthatwerefound in chapter2 werealsotrue for theparents.TheMeholasite
is a drier environmentandtheplantshadmuchsmallerseeds,muchnarrower leaves
with a lower leaf anglethantheAshqelonparent.Also theRGRof theMeholaparent
washigher thanthat of the Ashqelonparent,which might imply droughtavoidance
strategy of theMeholaparent;growing fastandreproducebeforethedry seasonstarts.

Main conclusions

Theaim of this researchwasto elucidateto whatextentgrowth characteristicsarege-
netically linkedor causedby a commonfactor. CoincidentQTLs for RGRandSLA
werefound on chromosome1 (7H) andprovide evidencethat SLA andRGR might
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begeneticallylinked.TheoverlappingQTLsof photosyntheticrateandstomatalcon-
ductanceimprove thephysiologicalinsight in alreadymappedphotosynthesis-related
traits. SincetherearemoreQTLs andcandidategenesfoundon chromosome4 (4H)
involvedin photosynthesis-relatedtraitsthischromosomemightbevery importantfor
area-basedphotosyntheticcapacityin barley. However, thesupportintervalsof most
QTLs mapped,arestill ratherlargeandcontainprobablymany genes.To reducethe
interval length,fine-mappingin near-isogeniclinesis required.Perhapsto begin with,
adenserlinkagemarkermapwith alargenumberof co-dominantmarkerswill provide
amoreaccuratelocationfor growth traitsQTLs.
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Samenvatting

Vraagstelling

Plantensoortenhebbenverschillendegroeisnelheden,zelfsalszeonderidentieke om-
standighedenwordenopgekweekt.Soortendieuit voedselrijkemilieuskomen,groeien
bijna altijd snellerdanplantenuit voedselarmemilieus.Welke eigenschappenveroor-
zakendezeerfelijkeverschillenin maximalegroeisnelheid?Verschillenin derelatieve
groeisnelheid(RGR;biomassatoenamepereenheidvanaanwezigebiomassapereen-
heidvantijd) vaneenplantwordenvoornamelijkveroorzaaktdoordatsnellegroeiers
veel meerbladoppervlakper gramtotaleplant vormen. Tweefysiologischefactoren
diebelangrijkzijn in hetgroeiprocesvaneenplantzijn defotosynthesesnelheid(snel-
heid waarmeeeenplant koolzuuruit de lucht haalten omzettot suikersdie voor de
groei gebruiktworden)en ademhalingssnelheid(snelheidwaarmeeeenplant suikers
weeromzettot koolzuurwaarbijenergie vrijkomt). Wat echternogniet bekendis, is
waardezeeigenschappenvoorkomenopdechromosomen.Zijn sommigeeigenschap-
penmisschienaanelkaargekoppelden erven ze daarombijna altijd samenover of
wordensommigeeigenschappenbepaalddoordezelfdefactor?Omdezevraagstelling
te beantwoordenis er gebruikgemaaktvan eenplantensoort;Wilde Gerst(Hordeum
spontaneum), de vooroudervan Cultuurgerst(Hordeumvulgare). Wilde Gerstheeft
eengrote genetische,fysiologischeen morfologischevariatie en komt voor in zeer
verschillendemilieus.

Resultaten

Voordatmet de eigenlijke vraagstellingbegonnenwerd, is er eerstgekeken naarde
variatie in groei-eigenschappenin 21 populatiesvan wilde gerst,die voorkomenin
verschillendemilieusin Israel(hoofdstuk2). Vanelkepopulatiewerdenvier accessies
(= nakomelingenschapvaneenenkeleplantverzameldin hetveld)opgekweektin een
klimaatkameronderpreciesdezelfdecondities,met eenroyaal aanbodvan wateren
nutriënten.Vervolgenswerdenaandezeplanteneenaantalfysiologische,groei-gere-
lateerde,chemischeen morfologischegroei-eigenschappengemeten. Hieruit bleek
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dat, gemiddeldover alle groei-eigenschappen,de variatieverklaarddoor verschillen
tussenpopulatiesen tussenaccessieskleiner wasdande variatieverklaarddoor ver-
schillenbinnenaccessies.Degroei-eigenschappenwaardepopulatiesdegrootstever-
schillen in vertoondenwarende morfologischeeigenschappen,in het bijzonderhet
zaadgewicht, debladdikteendebladbreedte.Ookwerdgevondendatzaadgewicht be-
langrijker is danderelatievegroeisnelheidin hetbepalenvandebiomassavanplanten
meteenleeftijd vandrieweken.

In hoofdstuk3 werderbepaaldof devariatiein groei-eigenschappen,die in hoofd-
stuk2 gevondenwerd,binneneensoort(Wilde Gerst)te vergelijkenwasmetdevari-
atie tussen15 soortenbinnenhet geslachtHordeum. Hieruit bleek dat de variatie
binneneensoortvergelijkbaarwasmetdevariatietussensoortenendatweerdegroot-
stevariatiegevondenwerdin morfologischegroei-eigenschappen.Ook werder weer
geconstateerddatzaadgewicht erg belangrijkis in hetbepalenvandedebiomassavan
planten.Er warengeenverschillenin relatieve groeisnelheidwanneerannuelleHor-
deumsoortenvergeleken werdenmet perenneHordeumsoorten.We washet zo dat
annuellenover het algemeeneengroter zaadgewicht haddenen daardoorook meer
biomassa.

Hoofdstuk4 is hetkernhoofdstukvandit proefschriftendaarinwordt geprobeerd
eenantwoordtegevenopdecentralevraagstelling,waargroei-eigenschappenvoorko-
menop dechromosomenenof zeaanelkaargekoppeldzijn danwel bepaaldworden
dooreenzelfdefactor. Omdezevraagtebeantwoordenis ereersteenkruisinggemaakt
tussentweepopulatiesvanWildeGerstdieverschildenin groei-eigenschappen.Hierna
werdeenFO -generatiegeproduceerddoormiddel vanzelfbestuiving vandenakome-
lingen. Dezewerdenvervolgensgebruiktom zowel eenmoleculairemerker-kaartte
ontwikkelen(Plantenveredeling,Wageningen)als voor het karakteriserenvan groei-
eigenschappen.Eenmoleculairemerker-kaartlaatzienwaardegenetischeverschillen
zijn tussende nakomelingen. Wanneerdezegenetischeverschillengekoppeldwor-
denaandeverschillenin kwantitatieve groei-eigenschappenin denakomelingendan
kunnener locatiesop de chromosomen(QTL = kwantitatieve eigenschaplocaties)
wordenaangewezendie verantwoordelijk zijn voor dezeverschillen.Uit dezeanalyse
bleekdateenQTL op chromosoom1 verantwoordelijk is voor devariatiein relatieve
groeisnelheiden dat dezesamenvalt met eenQTL die de variatie in de hoeveelheid
bladoppervlakpergrambladgewicht bepaald.Het is moeilijk te voorspellenof deze
locatiesnu aanelkaargekoppeldzijn of dathetgaatom eenonderliggendefactordie
beideeigenschappenbepaalt.Misschiendat dezefactorhet bladoppervlakper gram
bladgewicht bepaalten daardoorook de variatiein relatieve groeisnelheid.Wanneer
menmoetspeculerenover welk genhierbij betrokken zou zijn, zou gedachtkunnen
wordenaaneengenbetrokken bij de activiteit van gibberellinezuur, eenplantenhor-
moondatdoorgaansdegroeivanplantenbevordert.Opchromosoom4 werdeenQTL
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gevondenverantwoordelijk voor devariatiein fotosynthesesnelheid.Dit QTL bevond
zichopdezelfdelocatiealseenQTL voorstomatairegeleidbaarheid(= eigenschapdie
aangeefthoever dehuidmondjesgeopendzijn). Waarschijnlijkis chromosoom4 een
belangrijkchromosoomin fotosynthese-gerelateerdeprocessen.Morfologischeeigen-
schappenzoalsbladlengte,bladbreedteendehoogtevaneenplantwordenmisschien
ookwel gereguleerddooreengemeenschappelijke factoropchromosoom2 en6.

In hoofdstuk5 wordt de associatievan merkers met groei-eigenschappenin 21
populaties,zoalsgebruikt in hoofdstuk2, van Wilde Gerstbeschreven. Associaties
van merkers met eigenschappengeven eenbeeldvan de correlatiestussenmerkers
en eigenschappen.Dezeanalyseis mindergedetailleerddaneenQTL-analyse,om-
dat er geengebruik wordt gemaaktvan de informatie van merkers die ’in de buurt
liggen’ en daaromis dezeanalysealleengebruikt als ondersteuningvan de QTL-
analyse.De QTL voor relatieve groeisnelheidop chromosoom1 werd ondersteund
door eenmerker- eigenschapassociatie.Ook de QTL voor fotosynthesesnelheidop
chromosoom4 werd ondersteunddoor 4 merker-eigenschapassociaties,waarvan er
een ook nog geassocieerdwas met de hoeveelheidbladgroenper vierkantemeter
bladoppervlak.Er werdendusweerveel fotosynthese-gerelateerdeeigenschappenop
chromosoom4 gevonden.Het bladoppervlakpergrambladgewicht verschildeniet zo
veeltussende21populatiesendaaromwerderookgeenmerker-eigenschapassociatie
gevonden.Opchromosoom1, 2 en4 werdenmerkersgevondendiesterkcorreleerden
metbladdikte,bladbreedteenmetzaadgewicht. Dit suggereertdatdezeeigenschappen
aanelkaargekoppeldzijn.

Conclusies

Het doel van dit onderzoekwasom er achterte komenin welke mategroei- eigen-
schappengenetischgekoppeldzijn of gereguleerdwordendooreenzelfdefactor. Op
chromosoom1 werdenop dezelfdelocatieQTLs voor zowel relatieve groeisnelheid
alsdehoeveelheidbladoppervlakpergrambladgewicht gevonden.Dit suggereertdat
dezeeigenschappenzeerwel genetischgekoppeldzijn. NaastQTLs voor fotosynthe-
sesnelheidenvoor stomatairegeleidbaarheidwerdenop chromosoom4 ook verschil-
lendemerker- eigenschapassociatiesvoor dezeeigenschappengevonden.Dit maakt
dit chromosoomeenbelangrijklocatiein Wilde Gerstvoor fotosynthese-gerelateerde
processen.



122 Samenvatting



Dankwoord

Na bijna vijf jaar onderzoekis dandit proefschrifttot standgekomenmededankzij
diversepersonenmet wie ik hebmogensamenwerken. Bij dezewil ik iedereendie
hierbij betrokken wasvan hartebedanken. Tweemensenwil ik in het bijzonderbe-
danken: HendrikPoorterenYvonnedeJong-VanBerkel. Hendrik, ik hebontzettend
veel van je geleerd.Jouwkritischekijk op mijn manuscriptenen jouw enthousiaste
begeleidinghebbeneenenormeinvloedgehadop dit proefschrift.Jij bleefook altijd
in mij en het onderzoekgeloven op momentendat ik daarzelf aantwijfelde. Mijn
dankvoor alles. Yvonne,jij waseenenormesteunvoor mij tijdens onzeomvang-
rijkeexperimenten.Jij hebtnietalleenpraktischheelveelwerkvoormij gedaanmaar
jij wasook gezelligecollega die me door die experimentenheeftgesleept.Hartelijk
dankhiervoor! Verderwil ik natuurlijk mijn tweepromotorenHansLambersenRens
Voesenekbedanken. Eigenlijk geldtvoor jullie beidehetzelfdeal wasdatvoor Hans
meerin de eerstehelft van mijn oio tijd en voor Rensmeerin de tweedehelft: jul-
lie deurstondaltijd open,jullie zorgdenondermeervoor eenaantalzeerbelangrijke
randvoorwaarden,zoalseenprettigewerkplek,praktischsteunbij mijn experimenten
(engezelligebarbequesen kerstdinersbij jullie thuis). Verderwil ik jullie bedanken
voor de kritische kijk op mijn manuscripten,de steunen het vertrouwenin mij als
onderzoeker in opleiding. Ik wil Thijs PonsenRobWelschenbedankenvoor dehulp
bij fotosynthesemetingenen Rob en Paul van de Ven voor de CN-analyses.Ik wil
ook Erik de Swart bedanken die tijdenszijn stageveel werk heeftverricht. Hoewel
ik zelf maareenstudenthebbegeleidwil ik ook Ingrid Heerschebedanken voor het
werk wat zij heeftgedaantijdenshaarstagevoordatik begon als oio. Ik heb in al
die jarenop heelwat verschillendekamersgezetenen zowel lief en leedals weten-
schappelijke discussiesgedeeldmet mijn kamergenoten. Daarvoor wil ik Catarina
Mata,MarionCambridge,LieveBultynck,MargreetterSteege,Ingeborg Scheurwater
enSonsolesMarin-Ramirezbedanken. Vanmijn collega aio/oiowil ik in hetbijzon-
derLieve Bultynck, FrankMillenaarenFabioFioranibedankenvoor degezelligheid
zowel tijdensals na het werk (poolwedstijdjesin Lunterenis eenbegrip geworden).
Verderwil alle ’oud’ zowel als ’nieuwe’ collega’s van de leerstoelgroepEcofysiolo-
gie vanPlantenbedankenvoor alleswat zij gedaanhebbenenvoor degezelligheidin



124 Dankwoord

degroep:Wim Baas,JorisBenschop,Marc Bergkotte,Alex Boonman,Neil Bridson,
JaapBuntjer, Marjolein Cox, Henri Groeneveld, Nico Houter, Wim Huibers,Oscar
Nagel,GerardNiemann,FrankadenOuden,TonPeeters,Kristel Perreijn,PieterPoot,
Toon Rijkers,Danny Tholen,Astrid Volder, RobertVreeburg, Niels Wagemaker en
Wim Vriezen. Ik wil ook alle mensenbedanken van de anderegroepenop de 3e en
4everdiepingvoor degezelligheidtijdensde koffie en lunchpauzes(Fytopathologie,
Transportfysiologie,PlantenecologieenLandschapecologie).Verderwil ik bedanken
BertusEbbenhorst,LeonardBik, TheoMastwijk, Bor Duplica,HansdeNooijer, Ge-
rarddeMarie, Margriet Dekker, MarleneGoes,PetravandenBeemt,Sonjavanden
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