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Resumo

Com o objectivo de identificar marcadores morfabdgi fisiologicos e bioquimicos
de mecanismos de resisténcia ao stress estudarasragpostas a défices hidricos e a
baixas temperaturas em dois clonegdealyptus globulus Labill. com sensibilidades

a secura putativamente contrastantes. O clone @Nsiente a secura) em resposta
ao défice hidrico e as baixas temperaturas, mostmaior desenvolvimento do
sistema radicular e maior capacidade de aumemiaparcéo de biomassa distribuida
para as raizes do que o clone ST51 (sensivel aa3ediambém, em ambas as
condicdes de stress, o clone CN5 manteve um ekiddoo foliar mais favoravel e
mostrou maiores redugfes do potencial osmoético wd @ clone ST51. A maior
resisténcia a secura do clone CN5, baseou-se ainoénte na optimizacdo da
relagdo entre a area de transpiracdo e a area stgcab e na manutencdo da
condutancia hidraulica em condi¢bes de secura. &sposta ao frio, o clone CN5
mostrou ainda uma mais rapida capacidade de aelj@atdo que o clone ST51.
Prevé-se uma melhor adaptabilidade do clone CN5,guw® do clone ST51, a
condig¢fes naturais de limitag&do hidrica ou sujditasorréncia de geadas ocasionais,

alargando-se, assim, os seus limites de plantagéo.

Palavras-chave: aclimatacdo, crescimento das rdiiZes genotipos, propriedades

hidraulicas, stress hidrico.



Abstract

We evaluated responses to water deficits and lompégatures in two Ealyptus
globulus Labill. clones with contrasting drought sensitviOur aim was to identify
morphological, physiological and biochemical maskeof stress resistance
mechanisms. In response to water deficit and oBillCN5 clone (drought-resistant)
sustained a higher root growth and displayed grezdebon allocation to the root
system than ST51 clone (drought-sensitive). In tamdi under drought and low
temperature conditions, CN5 ramets maintained hidggaf water potential (better
water status) and decreased leaf osmotic potestglificantly more than the
drought-sensitive ST51 ramets. Differences in tesponse to drought in root
biomass, coupled with changes in hydraulic propsrtiaccounted for the clonal
differences in drought tolerance, allowing CN5 résni® balance transpiration and
water absorption during drought and thereby proltimg period of active carbon
assimilation. Moreover, in response to low tempeed, CN5 clone exhibited a
higher capacity to acclimate in a shorter pericghtl®T51. We conclude that Clone
CN5 has greater plasticity in terms of adaptivetdrahan ST51, allowing its

plantation range to increase to sites subjectdsa@®al droughts or sudden frosts.

Keywords: acclimation, root growth, cold, genotypégdraulic properties, water

stress.
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Preféacio

Prefacio

Ao longo do tempo, e mesmo antes de dar inicidrabslhos desta tese, fui-
me deparando com a oposi¢céo latente e generalzadpécie que € objecto deste
estudo — o eucalipto. Esta oposi¢cédo, de que damos enuitas vezes, desde as
conversas a mesa de café até aos meios mais infosneacientificos, parece ter-se
enraizado como um preconceito ha mentalidade getatlo indica que dificilmente
serd ultrapassada, independentemente do conheoimfectivo que ja existe sobre a
espécie, fruto da larga investigacéo das Ultimaadis (e.g., Alves et al. 2007). Mais
cedo ou mais tarde, inevitavelmente, também a mensungiu a necessidade de tomar
uma posicdo e de, portanto, saber o que escregi@naia e o que alvitravam 0s
investigadores, formados a beira desses eucaligtescresciam tdo bem como os
seus opositores. Mergulhei entdo nas polémicasngmsctes ambientais do eucalipto
sobre os diferentes recursos — agua, solo, bisidade e paisagem — desde os
autores gque escrevem “cobras e lagartos” dessamples que acusam de néo os ter
(Caldas 1990), até aos outros mais apologistassdodasta espécie (Soares et al.
2007).

Do ponto de vista cientifico, e em poucas palayasjue ndo cabe aqui
alongar-me sobre o assunto, 0 que encontrei trirmpuime e vejo-me tentado a
resumi-lo da seguinte forma: Utilizando as técnidassilvicultura adequadas as
especificas condi¢gdes de cada meio € possiveliretuinpactes ambientais a niveis
negligenciaveis. Por outro lado, ndo deixa de secigo reconhecer que ao nivel da
paisagem e numa escala regional, se encontranmepes werdadeiros atentados, quer
devido ao incumprimento das boas praticas, quercensequéncia da ocupagao
desregrada de grandes extensfes continuas coragiiestdesta espécie (Silva et al.
2007).

No entanto, para além dos possiveis efeitos dmlstéruma hipotética e
indefinida qualidade ambiental, a expansdo do gioalé significativa pelas
importantes e concomitantes transformac¢des do mundbque Ihe estdo na origem
e que Ihe estdo associadas. E é por essa perapgatise compreende que a atribuida
degradacéo estética da paisagem, se deve nd@taatonento das areas de eucaliptal
mas a “desordenacdo” do territério, resultante, ggamde parte, do abandono dos

campos pela agricultura e a perda dessa malhauzatite. O tdo apregoado drama da
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eucaliptizagdo do pais foi, afinal, muito mais @amda do fim de uma ordem
tradicional rural onde as gentes tinham o seu ldgéinido, num equilibrio com o
meio e numa harmonia que atravessava 0s séculas, &dmo bem o viu e expressou
Oliveira Baptista (2007) num ajustado trecho: “Esesisténcia (ao eucalipto)
correspondeu ao confronto com uma mudancga profundanstatacdo inevitavel e
visual que o espaco deixara de ser os campos duebs¢ghavam e que se percorriam.
Os eucaliptais apareciam com 0 consagrar da rupiasgpopulacdes com 0 espago
gue as rodeava, e que estas agora viam com dest@rexterioridade. A recusa dos
eucaliptos era, assim, a descoberta da paisagesimaltaneamente, a recusa do
simbolo que as populagbes associavam as transfoesiaque viviam”. Esta
exterioridade forcada, que correspondeu na praa@dim de um modo de vida
secular, imposta pelas altas leis das economiasm®edcado comum, foi o verdadeiro
drama de um mundo rural que agonizava, 0rfdo descppacdes governamentais e
abandonado a sua sorte. E com o fim desse murwdonponés, esse “homem eterno”
que atravessava imutavelmente o tempo, deixou edrdegar e de integrar o espaco,
completando-o. Assim, a natural revolta dos camgesecontra o eucalipto
transcende em muito a arvore que lhe invadiu opoarainda antigos.

Sem duvida, que mesmo para quem ndo tem lagosnpiamucom o mundo
rural, ha algo de chocante quando, passeando g®pass fora, a Unica ordem que se
encontra em muitas paisagens nos € dada pelasdilglinhadas das plantagbes de
eucaliptos. Decerto, essa floresta ndo satisfanssannecessidade, muitas vezes
subconsciente, do elemento natural. Todavia, résdatido exigir a esta silvicultura
de produgédo intensiva que cumpra as fungbes quesgeram das florestas semi-
naturais. N&o €, pois, o eucalipto que esta a negise territorio entregue a si préprio,
mas um ordenamento e uma responsabilidade deeantgiu sobre a paisagem que se
encontram em falta. Como ja muitas vezes se repetieucalipto é uma é&rvore
“decente” e cumpre a sua funcéo, isto é, a de gnmespaco muito humano algures a
meio caminho entre uma seara e uma floresta. E cpralguer arvore, para além de
ser um elemento vertical da paisagem, evoca tamd®molunas ascendentes dos

templos sagrados, simbolizando pontes vivas engae 0 céu.
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Capitulo 1 — Introducao

1. Introducéo

1.1. Enquadramento do estudo

1.1.1. O eucalipto em Portugal

O eucalipto Eucalyptus globulus Labill.), depois de uma rapida expansédo ao
longo das ultimas cinco décadas, ocupa hoje um ladgsres centrais na floresta
portuguesa. A sua actual relevancia advém, nacaapaimportancia da area ocupada
— cerca de 21% da area florestal nacional — malséanda positiva contribuigéo para a
actividade economica do pais, de que é exemploso gignificativo da industria de
pasta para papel na balanga comercial externa c9% @b valor das exportacdes
florestais e 6% do valor total de exportacdesarais (Borges e Borges 2007). No
entanto, apesar da sua expressdo actual, a arealtde® do eucalipto cresceu
lentamente desde a sua introdugdo em meados do 3@Xuaté aos anos 50 do século
XX, ocupando entdo uma area de cerca de 50 000 ha.

E a partir desta época que se conjugam as inflagrntas politicas publicas
industriais com os interesses dos proprietariogagds e a pressao das industrias em
expansao, necessitadas de matérias-primas, rekultengrande expansdo da area de
eucaliptal até se chegar ao presente valor de 8878 (Alves et al. 2007). Para o
sucesso desta expansdo concorreram as carachsridsie. globulus, nomeadamente,
uma elevada qualidade do material lenhoso comoriagi#ma para pasta para papel e
uma elevada produtividade da espécie associada@sbeis condi¢cdes climéticas e de
solos em muitas regibes do pais. Por outro ladapl@acdo de novas técnicas de
silvicultura e o continuo desenvolvimento dos paoggis de melhoramento genético
possibilitaram a intensificagéo da cultura e o antméela sua produtividade.

Foi por iniciativa das empresas de celulose queinggaram e se tém
desenvolvido em Portugal, ha mais de 40 anos, tgidaces de melhoramento
genético dé&. globulus. No entanto, a utilizagdo extensiva de sementéisamaelas ou
plantas clonais apenas teve inicio nos finais deadB de 90. Actualmente, a
florestagdo por parte das empresas de celulosetasgease exclusivamente em
material seleccionado ou testado no ambito dos peagramas de melhoramento

(Almeida 2004). O objectivo geral destes progrardasmelhoramento genético é
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disponibilizar popula¢des mais produtivas, queryraracréscimo do crescimento, quer
pelo desenvolvimento de gendtipos qualitativamergeperiores pelas suas
caracteristicas tecnologicas. A possibilidade densificagdo em plantagbes de alta
produtividade permite também reduzir o esforco ptiod noutras regides,
contribuindo para resolver conflitos de competi¢dg., agricultura, expanséo urbana,
areas de lazer) pelas areas disponiveis.

Para além de procurar seleccionar e propagar gesotnais produtivos, o
melhoramento genético pode trazer outras vantageas conseguir produtividades
elevadas as plantas tém que se manter saudaveimefgas e 0s insectos herbivoros
que se alimentam de folhas s&o, com frequéncisgasado decréscimo na Producgéo
Primaria Bruta. Até ao inicio dos anos 80 do séeMoo eucalipto beneficiou, como
espécie exdtica, da quase total auséncia dos smuigds naturais. Actualmente, no
entanto, o niumero e dimensao dos focos de pragdeeecas aumentaram quase
exponencialmente (e.g?horacantha sp., Gonipterus scutellatus, Mycosphaerella sp.),
tornando-se num dos principais problemas do euocaém Portugal (Branco 2007).
Também, neste contexto, € provavel que o melhorangemético possa contribuir para
a producgéo de genotipos mais resistentes ou ttdsrarpragas e doencgas.

O impacto do melhoramento genético na cultura dmlgio estd dependente
do valor genético das plantas utilizadas, da pgimdestas no total das plantagfes
realizadas e do seu comportamento nas condigdeanogo (Almeida et al. 2005). No
contexto da Silvicultura e das actividades de nrelimento, é a floresta clonal de
eucalipto que apresenta os maiores desafios tegioo) desde a producéo de plantas
até ao planeamento da floresta e conducdo dos pevias. Para uma silvicultura
clonal se desenvolver plenamente, Libby e Ahuj@8)3onsideraram trés aspectos
essenciais: (1) as operacdes culturais (e.g.lifagho, alocacdo) devem ser especificas
para cada clone seleccionado, (2) a diversidadétigardas plantacdes clonais deve ser
rigorosamente controlada e mantida e (3) as egiaast@e melhoramento devem ser
desenvolvidas continuamente dando resposta aoficdesalocados pela silvicultura
clonal. Escusado sera dizer que, necessariamedtes estas condigdes implicam e se
baseiam na detengcdo de um conhecimento solido efuagado dos clones da
populacdo de producao.

Na ultima década a propor¢cdo de plantas melhoradas plantacdes de

eucalipto tém crescido significativamente. Do tatal area plantada anualmente com
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eucalipto cerca de 36% correspondem a arborizaggieglantas melhoradas sendo de
realcar o peso da utilizacdo de plantas clonais repeesentam 70% dessas areas
melhoradas (Almeida et al. 2005). De facto, e ape®aa técnica de clonagem
apresentar dificuldades especificas de aplicagaagéobulus (e.g., Borralho e Wilson
1994), a floresta clonal tem vindo a aumentar @guénte e a ganhar importancia
entre nos produzindo-se anualmente e em média B®aw de plantas clonais nos
viveiros da Alianca Florestal. Deste modo, passagasanos das primeiras plantacdes
clonais em larga escala, a floresta clonal no geai® rondar presentemente os 25 000
ha, com taxas anuais de florestacao clonal da odten2000 ha. No entanto, se a area
florestal com material melhorado — clonal e seminabrresponde a cerca de 50 000
ha, representa ainda menos de 10% da florestacdéiga em Portugal (Almeida et al.
2005). Existe, portanto, uma clara oportunidade alfggar os beneficios para a
economia do sector por um maior investimento reagdo de material melhorado que
se estima poder levar a um aumento da produtivieatte 25 e 50% (Borralho et al.
2007).

1.1.2. Condicionantes da Produtividade: a agua etamperatura

A produtividade, isto €, a producdo de biomassaymdade de area e por
unidade de tempo, depende da capacidade das &reoresbterem recursos do
ambiente (radiagcdo, agua e nutrientes mineraisy efidiéncia de utilizacdo desses
recursos na fixacdo de g@tmosférico em biomassa. Deste modo, a maior péadu
de lenho de um determinado gendtipo pode dever-sen@ maior capacidade de
capturar os recursos disponiveis, a uma melhoiéatima no uso desses recursos ou a
uma maior particdo de biomassa para a formacaerdw I(Binkley et al. 2004). Por
outro lado, a produtividade encontra-se limitaddagpecondicbes do meio que
influenciam a quantidade de recursos disponiveiseicialmente, sdo as caracteristicas
do clima como a precipitacdo e a temperatura gquoialn a produtividade, embora as
caracteristicas do solo (nutrientes e capacidadarm@zenamento de agua) possam
também ser um factor limitante (Whitehead e Be20lg4). Considerando as diversas
condi¢cbes edafo-climaticas das plantagfes de etwadim Portugal e os principais

factores limitantes da sobrevivéncia e crescimeinteressam-nos em particular, no
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ambito do presente estudo, 0s stresses abibticawrrdates de uma baixa
disponibilidade hidrica e de baixas temperaturas.

O desenvolvimento d&. globulus é muito sensivel aos défices hidricos (Osorio
et al. 1998; Pereira et al. 1994), sendo a suaugixedbde essencialmente afectada
através da reducao da éarea foliar e das taxagaksiotese. Por exemplo, comparando
as produtividades de povoamentos de eucalipto taredies regides do pais de acordo
com as suas disponibilidades hidricas, observairsaumento de 0.9 Mg fianc® na
biomassa aérea para cada 100 mm de aumento npitagid anual (Soares et al.
2007). Igualmente, para uma regido do NordesterdsilB2 com clones dé. grandis x
urophylla, esta dependéncia foi observada ao longo de udiegte geografico com
um aumento de biomassa aérea de 2.3 Myam®' por cada aumento de 100 mm na
precipitagdo anual (Stape et al. 2004). Nas Ultidéesdas fizeram-se largos progressos
na compreensdo das respostas das plantas ao Héfigeo cobrindo os seus mais
variados aspectos — morfoldgicos, fisiolégicosagbimicos — desde o nivel molecular
ao da planta inteira (ver, por exemplo, Chavesl.e2@0D3; Chaves e Oliveira 2004;
Flexas et al. 2006). O facto de se terem j& enadatdiferencas significativas entre
genotipos de eucalipto ao nivel, por exemplo, deiégicia do uso da agua (Castro
2004; Le Roux et al. 1996) e da particdo de biomgsdas componentes da planta
(Osorio et al. 1998), deixa pressupor a existédeiama variabilidade intra-especifica
nas estratégias de resposta ao défice hidricomAssites resultados apoiam o interesse
de seguir esta linha de investigacdo e permitewvepi@ possibilidade de utilizar estes
conhecimentos tanto ao nivel da silvicultura clarmaho do melhoramento genético.

As plantagbes de eucalipto feitas no fim do Inveenprincipio da Primavera
permitem fazer coincidir o crescimento inicial gdantas com o periodo de mais alta
disponibilidade de 4gua no solo. Desta forma esiatradicular tem a possibilidade de
se desenvolver e colonizar o solo antes de seinicidéfice hidrico nos meses mais
secos. No entanto, o crescimento das plantas, anpora sua produtividade, séo
influenciados negativamente pelas baixas tempeasta estacao fria. Por outro lado, a
ocorréncia ocasional de temperaturas negativaspériemte, mesmo em regides de
clima Mediterranico, limitando as areas de plardad@E. globulus. Sendo as plantas
jovens de eucalipto mais sensiveis do que as adadtdrio, o grau de toleréncia ao frio
pode determinar o sucesso das plantagfes e, dissitar as distribuicbes da espécie e

genotipos por certas areas ou micro-estacoes.

10
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Em geral, uma diminuicdo da temperatura para ealmferiores a temperatura
Optima tende a reduzir o crescimento (Gavito et2@01; Peng e Dang 2003) a
eficiéncia fotossintética (Allan e Ort 2001; Clost al. 2000) e a capacidade de
absorcao e transporte de adgua pelas raizes (FenMarkhart 1998; Markhart et al.
1979; Wan et al. 2001). Comparando as respost&s di¢ens com as dee. globulus
em povoamentos sujeitos a baixas temperaturas éramupa média anual de 8-10 °C),
Battaglia et al. (1998) reportaram uma menor redwdd indice de &rea foliar (area
foliar por unidade de area de terreno, L) par. aitens com uma intercepcao da
radiacdo 10 a 15% superior & Haglobulus. Assim, para além das diferengas entre
espécies, estes autores mostraram que uma temped®ucrescimento abaixo do
optimo (13 a 14 °C), resulta numa reducdo de L m wonsequente e substancial
decréscimo da produtividade. Também entre genotipograstantes de uma espécie
séo de esperar diferencas nas respostas as leixasraturas, ao longo do processo de
aclimatacao ao frio que decorre numa escala deaemplias a semanas em resultado
de uma combinac¢do de mudancas fisiologicas e nmeabdPor exemplo, Leborgne et
al. (1995) mostraram haver diferengas significativea tolerancia ao frio entre
genotipos deE. gunnii relacionadas com diferentes metabolismos do carlmn
atribuidas a uma acumulacéo de agucares solUeeiseu efeito de crio-proteccao.

A maior parte dos cenarios para as alteracfesatitias na Peninsula Ibérica
sugerem um agravamento da aridez e um aumentegaéficia de eventos extremos
num futuro proximo (IPCC 2001). Neste contextopred-se o interesse do estudo das
respostas morfolégicas, fisiolégicas e bioquimicda E. globulus as baixas

disponibilidades hidricas.

1.1.3. O potencial genético

Para além das condigbes do meio de cresciment@ dattor limitante e
responsavel pela produtividade de um clone é @stncial genético. Porém, a maior
ou menor expressao deste potencial genético enutpriohde estd dependente da
existéncia de interaccdes gendtipo x ambiente (GgA@, quando importantes,
implicam uma troca de posi¢cdes no desempenho etdres (e.g., crescimento em

altura) em ambientes diferentes. Nao sO as corgliedafo-climaticas das estacoes,

11
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mas também diferentes anos ou operacdes cultyagem representar diferencas
ambientais passiveis de causar interac¢fes GxAsCodhecimento destas interacgcfes
em plantagBes clonais pode levar, em casos extreano®rte das plantas ou a uma
reducdo do crescimento e da qualidade, sendo muéass dificil reconhecer as
verdadeiras causas da perda de produtividade delssaacOes (Zobel e Talbert 1984).
De qualquer modo, a oportunidade de explorar éstaiaccdes € uma vantagem desde
h& muito tempo reconhecida da silvicultura cloaplstando os clones com os locais de
plantacdo e com as operagfes culturais. Esta \eantaxiste com os clones de
eucalipto, que mostram geralmente uma significati@racgdo GxA (Borralho et al.
2007; Zobel 1993), quando as condigbes ambientisina consideravelmente. Por
exemplo, algumas empresas no Brasil, Coldmbia eexexla, para além de uma
distribuicdo especifica dos clones de eucaliptmgébcais de plantagédo, aplicam
esquemas de fertilizagcdo ajustados a cada cloree(Z2893).

Por outro lado, a quantidade de testes clonaidetathes de caracterizagéo das
areas de plantacdo necessarios para uma elevastifiegtade de distribuicdo podem
ser tecnicamente e economicamente inviaveis (Ktbim# et al. 1993). Geralmente, 0os
testes clonais incluem somente um numero limitagl@saios, ndo permitindo, por
isso, conhecer os limites das plasticidades feica8pdos clones.€. a amplitude de
uma caracteristica de um genoétipo avaliada ao lahgoum gradiente ambiental
(Eriksson et al. 2006)). Assim, a dificuldade detrithuir clones muito especificos, isto
€, com uma alta plasticidade fenotipica, pelas sualhores estacdes, pode justificar
uma estratégia de seleccdo por clones com mai@eacidades de adaptacdo. A
plantagdo destes clones, mais estaveis nas syEstiaEs ao ambiente, € vantajosa em
areas de plantacdo espacialmente heterogéneasosndenes mais especificos ndo
poderdo alcancar as suas maiores produtividadedod®s as formas, um correcto
programa operacional de uma silvicultura clonal edeassegurar que o inerente
potencial dos clones de producgéo ndo é compromptidaima distribuicdo por locais
de plantagdo desajustados. Em Portugal, o grawaetabilidade (e.g., resisténcia a
agentes bidticos e abioticos) tem ainda uma impoidésecundaria nos programas de
melhoramento das empresas, sendo as variaveis-deagelec¢do o rendimento em
pasta, a densidade da madeira e o volume por bd&arralho et al. 2007).

Os testes clonais de campo, devido a multiplicidéeléactores ambientais que

intervém na formacgéo do fenoétipo observado, namipem identificar nem quantificar
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com rigor as variaveis que contribuem para a pidstile fenotipica dos clones. De

facto, o efeito das condi¢cdes ambientais pode deresi-se aleatorio, na medida em que
ndo sendo controlado, representa uma amostra @ad®iéreas de plantagdo possiveis
(Matheson e Cotterill 1990). No entanto, os experitas em condi¢des controladas,
estudando efeitos fixos e separando os efeitosada factor (e.g., temperatura, luz,

disponibilidade de agua), sdo uma ferramenta gderpgoermitir uma avaliagdo mais

precisa do valor dos genétipos e complementaraarirdcdo de campo. Assim, e dadas
as grandes variabilidades edafo-climaticas dassédeaplantacdo, a exploracdo das
diferencas entre os potenciais genéticos dos cldags globulus € uma possibilidade

de aumentar a produtividade da floresta clonal.

1.2. Escolha dos dois clones em estudo

O material vegetal utilizado no presente estudcsistio em rametos de dois
clones dekE. globulus Labill., designados CN5 e ST51, pertencentes alpgfo de
producdo do programa de melhoramento desenvolvielo RAIZ (Instituto de
Investigacdo da Floresta e Papel). Os ortetos slekiaes foram arvores de uma sub-
populacdo de uma mata comercial, seleccionadas gpyesentarem elevado
crescimento, bom estado fitossanitario e fustelimad. O orteto do clone CN5 foi
seleccionado em 1987 na Caniceira (Abrantes) gatoodo clone ST51 em 1986 na
zona de Santo Tirso. Estas arvores seleccionadas fabatidas, os seus rebentos de
touca recolhidos e postos a enraizar por macre#&sta Posteriormente, os rametos
destes clones foram plantados em ensaios clorgtitbdidos pela &rea de cultivo do
eucalipto.

A escolha destes clones para este estudo deveasseseas desempenhos
contrastantes nos ensaios clonais em distintasig@@yl edafo-climéaticas. Assim,
observou-se que em ensaios de campo sujeitos adekedéfices hidricos estivais, o
clone CN5 apresentava uma maior taxa de sobrevavéht%) e de crescimento (14%)
guando comparado com o clone ST51. Por outro kxtloensaios instalados em zonas
de elevada produtividade, onde a mortalidade écpraente nula, o clone ST51
apresentava maiores valores de produtividade (IB%«que o clone CN5. Com base

nestas observagdes, assumiu-se que o clone CNbctacteristicas de resisténcia a
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secura ao contrario do clone ST51 que seria seérstleficiéncia hidrica. Desta forma,
o fundamento desta escolha é também a possibilidiadestudo dos processos
bioldgicos envolvidos na resposta a diferentessséi® em clones que a partida

apresentarao caracteristicas morfologicas e fgicdd contrastantes.

1.3.  Objectivo geral e interesse do estudo

O objectivo deste estudo é avaliar os mecanismoesisténcia a diferentes
stresses em clones daicalyptus globulus e identificar marcadores morfolégicos,
fisiolégicos e bioquimicos associados as princigderencas nos processos bioldgicos
envolvidos. Como hipotese geral considera-se qua pabreviver e crescer num
ambiente com défices hidricos sazonais, como séeg#aes de clima Mediterranico, as
plantas perenifélias ou reduzem a transpiracao,ssmdacdo de carbono e o
crescimento, economizando agua durante o periodéfite hidrico, ou utilizam maior
percentagem da agua disponivel, com raizes prasuitita ambos os casos as plantas
tém a maior parte da sua assimilacéo de carbomroceedcimento no periodo chuvoso,
i.e, no Inverno Mediterranico e sujeitas ao efeitolukEizas temperaturas.

Clones com diferentes capacidades produtivas facisponibilidades em agua
devem ter caracteres biolégicos distintos. Assistudaram-se em particular as
respostas morfoldgicas, fisioldgicas e bioquimidas clones a défices hidricos, a
baixas temperaturas e a temperaturas negativas.ompreensdo dos processos
biologicos e a identificacdo das principais difg@n entre clones nas respostas aos
diferentes stresses tém interesse pela aplicacsse d®nhecimento na selecgéo da
populagdo de melhoramento, na distribuicdo dostgersidda populacdo de producgéo e
na implementacéo da silvicultura clonal:

a) Conhecimento biolégico dos clones. Para além dgpoeensdo dos processos
biolégicos 0s experimentos em condi¢gfes controlgdamitem identificar e
caracterizar as plasticidades fenotipicas dos sloBsta informacdo tem uma
importancia fulcral, sobretudo como complemento Esslltados dos ensaios

clonais, permitindo uma melhor interpretacdo e cleacdo desses resultados.
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b) Programa de melhoramento genético. Este conheanmarmite fundamentar
as decisdes e apoiar os critérios de seleccdo, gaerpopulacdo de
melhoramento, quer na populagdo de producdo. Paro olado, este
conhecimento € imprescindivel para a identificag@s genes responséaveis
pelas diferencas genéticas e aplicagdo da gemdbitecular aos programas de
melhoramento.

c) Eficiéncia da silvicultura clonal. Uma identificag@ quantificacdo dos efeitos
ambientais no crescimento, em condi¢cbes controlagasmite prever as
respostas dos clones em condi¢des naturais e agzodecisoes de distribuicdo
dos clones pelas diferentes areas edafo-climageasentando a produtividade

dos povoamentos.

1.4  Estrutura da dissertagcéo

A presente dissertacdo baseia-se essencialmentartigss cientificos que
foram publicados ao longo do tempo e a medida gueatalhos de investigagéo se
desenvolveram. Naturalmente, os resultados queorsenfobtendo, a sua analise e
discusséo, suscitaram novas questfes e, por \@azmsselharam novas metodologias
ou apontaram novas abordagens de estudo. Assingrae maior consisténcia da
dissertacdo, procurou-se, através da presentedugio (Capitulo 1), fazer o
enquadramento do estudo, expor o seu principalctilpe e interesse. Depois, do
Capitulo 2 ao Capitulo 6, apresentam-se em sequé&ncnoldgica — e porventura
desprovida de logica funcional — os artigos publisaou submetidos em revistas

internacionais e que séo 0s seguintes:
Capitulo 2 — Costa e Silva, F.; Shvaleva, A.; MarotP.; Almeida, M. H.; Chaves,
M.M.; Pereira, J.S. (2004). Responses to watessiretwoEucalyptus globulus clones

differing in drought tolerancéree Physiology 24:1165-1172.

Capitulo 3 — Shvaleva, A.; Costa e Silva, F.; Bréig Jouve, L.; Hausman, J.F.;
Almeida, M. H.; Maroco. J.P.; Rodrigues, M.L.; Reae J.S.; Chaves, M.M. (2006).
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Metabolic responses to water deficit in téacal yptus globulus clones with contrasting
drought sensitivityTree Physiology 26:239-248.

Capitulo 4 — Costa e Silva, F.; Shvaleva, A.; AldaeiM. H.; Chaves, M.M.; Pereira,
J.S. (2007). Responses to chilling of t&macalyptus globulus clones with contrasting
drought resistanc&unctional Plant Biology 34:793-802.

Capitulo 5 — Shvaleva, A.; Costa e Silva, F.; Scétt; Oufir, M.; Hausman, J.F.;
Guignard, C.; Ramos, P.; Almeida, M.H.; Rodrigudsd,..; Pereira, J.S.; Chaves, M.M.
(2008). Physiological and biochemical responsebw non-freezing temperature of
two Eucalyptus globulus clones differing in drought resistanc@nnals of Forest
Science, 65, 204. DOI: 10.1051/forest:2007087.

Capitulo 6 — Costa e Silva, F.; Shvaleva, A.; Bmef.; Ortuiio, M. F.; Almeida, M.
H.; Rodrigues M.L.; Chaves, M.M.; Pereira, J.S.080 Responses to chilling and
freezing in twoEucalyptus globulus clones with contrasting drought resistantese
Physiology (Submetido).

Assim, os artigos publicados, respeitantes aostutapi2 a 5, foram revistos por
investigadores reconhecidos internacionalmentesoisstas nas matérias em questao,
sendo uma medida da sua relevancia o Factor dectmr) da respectiva revista.
Deste modo, para o ano de 2006, o IF da revistag'Physiology” foi de 2.297, para a
“Functional Plant Biology” foi de 2.272 e para arials of Forest Science” foi de
1.29.

Finalmente, no Capitulo 7, faz-se um resumo dadtegs obtidos e das suas

implicacgdes, tecendo-se umas breves consideraigdes f
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2. Responses to water stress in tw&ucalyptus globulus clones

differing in drought tolerance

Summary

We evaluated drought resistance mechanisms in aghtdolerant clone (CN5) and a
drought-sensitive clone (ST51) Bficalyptus globulus Labill. based on the responses to
drought of some physiological, biophysical and nhotpgical characteristics of
container-grown plants, with particular emphasisawt growth and hydraulic properties.
Water loss in excess of that supplied to the costailed to a general decrease in growth
and significant reductions in leaf area ratio, gpeteaf area and leaf-to-root area ratio.
Root hydraulic conductance and leaf-specific hylitactonductance decreased as water
stress became more severe. During the experimeatdtought-resistant CN5 clone
maintained higher leaf water status (higher predawth midday leaf water potentials),
sustained a higher growth rate (new leaf area estparand root growth) and displayed
greater carbon allocation to the root system amektoeaf-to-root area ratio than the
drought sensitive ST51 clone. Clone CN5 possessggieh stomatal conductances at
moderate stress as well as higher hydraulic coadaes than Clone ST51. Differences in
the response to drought in root biomass, coupléd whanges in hydraulic properties,
accounted for the clonal differences in droughertahce, allowing Clone CN5 to balance
transpiration and water absorption during drougbatiment and thereby prolong the

period of active carbon assimilation.

Keywords: acclimation, allocation, hydraulic properties, root growth, water stress.
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Introduction

Economically,Eucalyptus globulus Labill. is one of the most important members
of its genus because of its high growth rate angesar pulp properties. More than
700,000 ha have been planted wihglobulus in Portugal. As a result of a combination
of breeding programs and improved techniques ferrtoting of cuttings, Portuguese
plantations have recently been established witimedoselected for their high growth
rates, high pulp yield and environmental adaptbili

Portugal has a Mediterranean climate with a sesenemer drought, even though
winter rain may be abundant. To develop improvexeting programs, it is important to
gain a better understanding of the physiologicapoases to drought of clones selected
for drought tolerance. Plant responses to wategsstrinvolve morphological and
biochemical changes that lead first to acclima#iod later, as water stress becomes more
severe, to functional damage and the loss of glarts (Chaves et al. 2003). During the
acclimation phase, water stress typically resuitssliower growth rates because of
inhibition of cell expansion and reduced carbonnaiation (Osoério et al. 1998 199&).
Aboveground plant growth can be further decreasedhanges in carbon partitioning
that favor root system development (Sharp and B3al®59), mainly because root growth
is less affected by drought than shoot growth (81800, Hsiao and Xu 2000). A change
in the balance between leaf surface (highly sessiib drought) and root surface (less
sensitive to drought) has obvious advantages fovival, because it permits water
savings in relation to water uptake potential. layed water balance also depends on the
capacity to transport water through the plant fromots to leaves. As water stress
increases in severity, plant survival depends enntlaintenance of xylem integrity as a
hydraulic conducting system (Sperry et al. 2002otRand leaf-specific conductances are
generally lower in drought-adapted species thanmiore water-demanding species
(Nardini et al. 1999). There are also differencesxylem cavitation vulnerability to
drought, which is lower (occurs at more negativeewgotentials) in drought-tolerant
plants than in more mesophytic plants (Tyree andr&wW991, Tyree 1999).
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Plant responses to drought depend heavily on thietoeshoot balance; however,
shoots and leaves have been studied in greater ttheta roots. For the plant to acclimate
to water stress and survive drought, roots havedmtain a viable water flow path along
the xylem, and root cells have to withstand somdemwatress and grow into new
unexploited soil to absorb water. Because the rolesot and leaf responses to drought
in E. globulus have not been fully elucidated, we evaluated thHatiomship between
water supply and demand and the hydraulic proediéwoE. globulus clones differing
in drought sensitivity. Specifically, we studied ethdrought responses of some
physiological, biophysical and morphological plaatiables, with particular emphasis on
hydraulic properties and root growth.

Materials and methods

Plant materials and treatments

We selected a drought-tolerant clone (CN5) andoagirt sensitive clone (ST51)
of E. globulus. Based on observations in field plantations subpt¢o summer drought,
Clone CN5 has 29% higher survival and 41% highewtn rates (volume h3 than
Clone ST51. Rooted cuttings of both clones weravgrim plastic containers filled with
peat (60%) and Styrofoam beads (40%), and trantgulaafter 11 months to 10-l pots
filled with a fine sandy soil. One month after tspfanting, 32 cuttings per clone were
transferred from the nursery to a controlled-envinent greenhouse that provided a day/
night temperature of 22/16 °C and relative humiditgbout 60%. The mean reduction in
solar irradiance in relation to outdoor conditi@rmssunny days was about 25% (Faria et
al. 1996). Sixteen cuttings per clone were assigoether a well-watered regime (WW;
water supplied to equal transpirational losses)aowater-stress regime (WS; water
supplied equal to 50% of transpirational lossearHepot was enclosed in a dark plastic
bag tied to the stem to prevent soil evaporatiohe Experiment lasted 7 weeks
(September 9 to October 29, 2002). All plants weagered to runoff on the first day and

then twice per week (Mondays and Fridays). To avaffects caused by
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microenvironmental differences (light gradient)e ghlants were sorted by treatment and

moved to the neighboring position every watering. da
Measurements

Transpiration rate in every plant per clone andttrent i = 16) was determined
by measuring differences in pot weight between essgive waterings. Stomatal
conductancegs) was measured in fully expanded leaves at middajal time) with a
steady-state porometer (Li-1600, Li-Cor, LincolnE)N The leaf-to-air vapor pressure
deficit during gs measurements varied between 1.61 and 2.84 kP&.xyean water
potential (predawn¥p, and midday,¥mq) was measured with a Scholander-type
pressure chamber (PMS Instruments, Corvallis, ®fasurements ofs, Wpa and¥mq
were made on six plants per treatmert 6) four times during the experiment (Weeks 1,
3, 5 and 7). At Weeks 1, 5 and 7, stem xylem watgential x) was measured at
midday in attached leaves € 6) that were sealed in aluminum bags at dawne§on
1992). Hydraulic conductances of the plant-soiltays Ks) and leaf K)) were
calculated on a leaf area basis, assunfpgis an estimate of the soil water potential
(Jones 1992, Saito et al. 2003):

Ksp:L and Ki= E

pd = med pr - l'Ide

whereE is transpiration rate (frm ™ s™) through the system measured between predawn
and midday.

Plant biomass was evaluated at Weeks 1, 5 anddéstyuctively sampling five
plants per treatmentn(= 5). These plants were used to determine morpluzbg
parameters (height, diameter, number of branchesdss partition, leaf area and root
length). Specific leaf area (SLA) was calculatedlss ratio between leaf area and leaf
dry mass (DM), and leaf area ratio (LAR) was calted as the ratio between total leaf
area and total plant DM. All dry mass values webtamed after 48 h at 80 °C. Leaves

and roots were scanned and leaf area and root ptesr(length, diameter, area) were
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calculated with Delta T scan software (Delta-T @eg, Hoddeson, U.K.). Roots were
assumed to be cylindrical and root surface area easulated by multiplying the
projected area b

Nondestructive measurements of leaf expansion lected leaf blades (from the
second leaf pair) were recorded every 3 days ormplsimts per treatmenh (= 6), from
Day 12 to Day 47 (one stem leaf per plant). When sklected leaves reached full
expansion (during Week 5), the measurements beggin aith the youngest expanding

leaves.
Root water flow

Root water flow was evaluated at Weeks 1, 5 anal fhé same root systems as
the biomass studyn(= 5). Steady-state water flow rates in whole rostems Q,; mn?
s plant®) were measured by the hydrostatic pressure methad et al. 1999, Wan and
Zwiazek 1999) with some modifications. A rigid plascylinder was inserted into a
pressure chamber and filled with distilled watdreplant stem was cut 20 mm above the
cutting end and the root system immediately imntisedistilled water in the pressure
chamber. Samples were pressurized at 0.3, 0.40®&%nd 0.7 MPa. Flow was measured
by collecting the exudate for 5 min at each presdora pre-weighed capillary vial
containing cotton wool that was placed over thestein protruding through the stopper
in the pressure chamber. Volume flow densily, fm® m™ s?) was determined as a
steady-state flow rate per unit of root surfaceaRoot hydraulic conductanck;(mnr
s MPa?) was calculated as the slope of pressure versusriite where the relationship
was linear. Because this method measures hydraeafiductance on branched systems
with distal components present in parallel, hydcaabnductivity cannot be accurately
calculated (Kolb et al. 1996). Measurements wea@dsdrdized for the size of the root
system by dividind by the total leaf area of the plant, thereby ol@inthe leaf-specific
hydraulic conductance (LSC; m-sMPa?).
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Data analysis

Data were subjected to two-way analysis of variaffddOVA) to test for the
effects and interactions of watering treatment aamhe, using the STATISTICA
(Version 6, 2001, StatSoft, Tulsa, OK) data analgsiftware system. All variables were
tested for normality and homogeneity of variancésfferences were considered

statistically significant aP < 0.05.

Results

Transpiration

Under well-watered condition§ per plant increased throughout the experiment
(Figure 1A). Well-watered ST51 plants, with tharder leaf area, exhibited a higher

N
N
>

—e—— WWCN5

10 — = — WWST51 /E’d - i
———0-——— WSCN5 - /E%
gl o WS ST51 j \E

E (mol day ™ plant ™)
(2]

Figure 1. Leaf transpiration ratE)
expressed on a per plant basis (A)
and leaf area basis (B) in well-
watered (WW) and water-stressed
(WS) plants belonging to a drought-
tolerant clone (CN5) and a drought-
sensitive  clone  (ST51)  of
Eucalyptus globulus. Data are
means + SEn= 11-16).

E (mol day " m™)

Time (week)
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per plant than the CN5 plants. However, on a |leaé dasis, the clones had simitar
values (Figure 1B). In water-stressed plants ofi letdnesE increased until Day 14, and

then decreased until the end of the experimenu(Egy1A and 1B).

Plant water status and stomatal conductance

Plant water status was assessed by meas#pnand¥mq. Well-watered plants of
both clones maintained,y at about —0.30 MPa throughout the experiment, ed®¥q
of water-stressed plants declined throughout theeement and, in Week 7, it fell to —
1.71 £ 0.06 and —2.43 £ 0.27 MPa in CN5 and STédpectively. In both clones, the leaf
water potential curves of the water-stressed plaats be divided into two phases
(Figures 2A and 2B). In the first phase, moderattewstress developed slowly from the
beginning of the experiment until Week 5. During tbecond phase, from Week 5 to
Week 7, water stress became increasingly more seiidday leaf water potential did
not vary significantly in well-watered plants, weas by the end of the experiment, it
declined to —2.46 + 0.05 and —-3.26 * 0.26 MPa irtewsatressed plants of CN5 and
ST51, respectively (Figure 2B). Not only were thiéedences between watering regimes
statistically significant® < 0.001), but there were also significant differenhdetween
clones. Clone CN5 had high#tq and¥mg than ST51 during the experime € 0.05).
Water-stressed ST51 plants exhibited a greateerdifice betwee,q and Ynq than
water-stressed CN5 plants until Week 5, indicatimgt they experienced more severe
stress during the day.

The fall in¥pq and¥mq in water-stressed plants of both clones was coitaain
with a decline irgs from 167 mmol i s in Week 1 to about 12 mmolfs ™ in Week
7 (Figure 2C). Water-stressed ST51 plants displaygdificantly lowergs than water-
stressed CN5 plants in WeekB< 0.05). Well-watered plants of both clones hadlaim
gs that increased to about 342 mmol’ra™ at Week 7. The increase in theof well-
watered plants from Week 3 to Week 5 was probabbgoaated with changing light
conditions because it closely followed the PPF eRigure 2D).
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Figure 2. Predawn leaf wat
potential ¥pq, A), midday leaf
water potential ¥ng B),
midday stomatal conductance
(gss C) and photosynthetic
photon flux (PPF; D) in well-
watered (WW) and water-
stressed (WS) plants belonging
to a drought-tolerant clone
(CN5) and a drought-sensitive
clone (ST51) of Eucalyptus
globulus. Data are means = SE
(n=6).

Water stress led to a general decrease in growathaths reflected in reductions in

total biomass, leaf area, number of branches aadrtmt length (Table 1).

Under well-watered conditions, Clone ST51 had afgreleaf area than Clone

CNS5 (Figure 3A), which explains its higher growtte. Despite having similar leaf areas
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Table 1. Total biomass, leaf area, number of brasctotal root length, dry mass partitioning (petagf total biomass) and leaf
growth analysis in well-watered (WW) and waterssed (WS) plants belonging to a drought-toleramel(CN5) and a drought-
sensitive clone (ST51) dducalyptus globulus evaluated at the end of experiment (Week 7). Diaareeans + SEn(= 5). Symbols:

* ** *** represent statistical significanceRat 0.05, 0.01 and 0.001, respectively; and ns =igaifcant atP = 0.05.

Significance of 2-way

Morphological WWCN5 WWST51  WSCN5 WS ST51 ANOVA
characteristics
Watering
Clone (C) regime (W) CxW

Total biomass (Q) 15.4+1.1 18.7+1.6 9.2+0.6 9.310.4 ns rxk ns
Leaf area (f) 0.12+0.007 0.16+0.008 0.05+0.005 0.05+0.003 * * xk *
Number of branches 10.84£0.6 10.0+0.3 6.2+0.7 5%+0. ns Fxk ns
Total root length (m) 111+10 121+21 98+13 5944 ns * ns
Dry-mass partitioning
Stem (%) 27.8+1.5 23.8+1.2 31.7+1.3 35.4+1.3 ns rxk *
Branches (%) 5.3+0.22 6.4+0.24 1.7+0.63 2.8+0.52 * rk ns
Leaves (%) 51.4+1.6 56.0+1.1 46.8+2.3 48.4+1.3 ns *ox ns
Root (%) 15.5+0.8 13.7+1.2 19.8+1.7 13.5+0.8 *x ns ns
Leaf growth analysis
Leaf area ratio (fkg™) 8.1+0.3 8.8+0.5 5.840.3 5.7+0.3 ns ok ns
Specific leaf area (frkg™) 15.6+0.3 15.7+0.6 12.4+0.3 11.8+0.4 ns Hkk ns
Leaf area / root area 0.98+0.10 1.12+0.13 0.55+0.120.76+0.08 ns *x ns
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at the beginning of the experiment (Figure 3A),r@&N5 had a greater total root length
than Clone ST51R < 0.05). At Week 5, both clones displayed greateraases in root
length in the water-stress regime than in the wellered regime (59 and 16% in CN5
and ST51, respectively)P(< 0.05). Thereafter, water-stressed CN5 plants sdow
continual increases in root growth (32 and 66% ateWlg 5 and 7, respectively), whereas
root growth ceased completely after Week 5 in waterssed ST51 plants (Figure 3B).
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5 o (WS) plants belonging to a
e drought-tolerant clone (CN5) and
S Ll a drought-sensitive clone (ST51)
o of Eucalyptus globulus. Data are

il means * SEn(= 5).

0

Time (week)

At the end of the 7-week experiment, water-stregdadts of both clones had
significantly decreased the proportion of biomakscated to branches and leaves (Table
1). On the other hand, the water stress treatnamer! an increase in the ratio of stem
axis biomass to total biomass, particularly in STB1L.6%). In addition to differences in
responses to water availability, the clones diffene biomass partitioning. The CN5
plants invested a larger proportion of total drysman roots than the ST51 plants
(particularly water-stressed plants), whereas Sdlafts invested a larger proportion of
total dry mass in leaves and branches, especiatlgruwvell-watered conditions.
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At Week 7, decreases in leaf area ratio and spelaéif area were observed in
water-stressed plants of both clones, with no sttedlly significant clonal differences
(Table 1). As a result of restrained leaf area ginoand sustained root growth in response
to drought (Figure 3), the leaf area/root areabrdécreased to 0.55 in CN5 and to 0.76
for ST51.

Leaf growth was strongly correlated with water dypFigure 4). The effect of
water shortage on leaf area expansion was detedtalthe first phase of the experiment
(up to Week 4), with a decrease of 24 and 44%oned CN5 and ST51, respectively (
< 0.001). In this phase of moderate stress, lesf akpansion was 25% greater for water-
stressed CN5 plants than for water-stressed STbitplin the second phase (from Week
5 to Week 7), when severe water stress developatigrowth decreased by 44 and 53%
in water-stressed plants of CN5 and ST51, respagt{ < 0.001).

60
—@&—— WW CN5

50f — -—®— WWST51 -
——-O0-—— WSCN5
40 F oo Oeeens WS ST51

30 |

20

Leaf area (cm ?)

10

Time (week)

Figure 4. Leaf area expansion measured in thedirdtsecond leaves that agred after
the beginning of the experiment in well-watered (Wawd water-stressed (WS) plants
belonging to a drought-tolerant clone (CN5) andraught-sensitive clone (ST51) of
Eucalyptus globulus. Data are means + SBE £ 6).

Hydraulic properties

Root water flux J,) decreased from the beginning of the experimeatjqularly
in plants in the water stress treatment (Figure, B&yl was strongly correlated with root
growth. The watering regime had a significant dfi@cJ,, with higher values for well-
watered plantsK < 0.001).
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Root hydraulic conductanc&) was reduced by soil water deficits in Weeks 5
and 7 P < 0.01 andP < 0.001, respectively) (Figure 5B). Although thexas no
significant clone effect oK, there was a significant interaction between clamel
treatment effectsR < 0.05), so that, by Week 7, ST51 plants exhibiteel highest
(+36%) and the lowest (—45%K in well-watered and water-stressed conditions,
respectively. At Week 7, both CN5 and ST51 wategssied plants displayed a decrease
in K (=27 and —35%, respectively) compared with valié¥eek 5.

Throughout the experiment, LSC decreased in piarddi treatments (Figure 5C).
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Figure 5. Root water fluxJ,; A),
root hydraulic conductanceK| B)
c| and leaf specific conductance (LSC,;

% C) in well-watered (WW) and
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ol belonging to a drought-tolerant
< clone (CN5) and a drought-
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However, LSC declined in well-watered plants beeaofa large increase in leaf area,
whereas it declined in water-stressed plants becadisreducedK. During drought
treatment, Clone CN5 maintained higher LSC tham€I8T51 (+43% at Week 5 and
+79% at Week 7).

In well-watered plants, hydraulic conductance oé tpil-plant systemKgy)
remained stable throughout the experiment, althdCighe ST51 clone had higher mean
values than Clone CN5 (0.54 x1@ersus 0.69 x IO m s* MPa* in CN5 and ST51,
respectively) (Figure 6A). In both clonds;, decreased with increasing soil water stress
at Weeks 5 and P(< 0.001); however, water-stressed CN5 plants dysplaa smaller
decrease iisp in the first 5 weeks and maintained higher valuetd Week 7 than water-
stressed ST51 plants (on average, +26%).

The development of drought stress led to compar@bfeds in leaf conductance
(K)) in both clones (Figure 6B). There were significtneatment differences iK; at
Weeks 5 and 7R < 0.001 andP < 0.01, respectively). Nevertheless, water-stregs &
greater effect o, of ST51 plants compared with CN5 plants at bottekges and 7 (—
54 and —58%, respectively).
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Figure 6. Hydraulic conductance
the soil-plant systenK¢,A) and leaf
(K;; B) in well-watered(WW) and
water-stressed (WS) plants belonging
to a drought-tolerant clone (CN5) and
a drought-sensitive clone (ST51) of
Eucalyptus globulus. Data are means
+ SE n=6).
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Discussion

We observed a reduction of about 46% in mean tmtahass growth in young
container-grownEucalyptus plants when water supplied to the pots was only 5%
plant water use. This treatment resulted in a 68%rahse in total leaf area and a 45%
decrease in the ratio of leaf area to total biomasstive to values for well-watered
control plants. In addition to the decrease in kmafa, stomata of water-stressed plants
closed for longer each day, contributing to deedagowth as a result of reduced carbon
assimilation (Figures 1 and 2C).

Acclimation to slowly declining soil water availdiby occurs before the onset of
tissue dehydration and results in physiological andrphological adjustments that
improve plant water balance (Pereira and Chaves3)198e distinguished an initial
period of slowly developing water stress during fingt 5 weeks of treatment when the
tested clones responded differently. Stomatal cotashee in ST51 plants fell steeply in
response to 3 weeks of moderate water stresswialljpwhich the plants entered a period
of severe water stress. As a consequence, thesghaat only limited time for drought
acclimation. A plant’s ability to prolong moderad&ess or postpone severe stress and
thereby maintain a more favorable leaf water staiusng the first phase of a drought
may enable the plant to avoid damage by severerwatss later on. We observed that,
in response to water stress, the drought-toleréh €lone had a significantly smaller
difference betweel,q and¥nq than the drought-sensitive ST51 clone, leading toore
favorable leaf water status as a result of a higiater supply for a given stomatal
conductance (Figure 1). In addition, under drowgimditions, CN5 plants had noticeably
greater root length (Figure 3B) and rate of new kgansion (Figure 4) than ST51
plants. The maintenance of a continued higher droate in young leaves of CN5 plants
under drought conditions compared with ST51 plaméy have contributed to recovery
of carbon assimilation after rehydration (data sbbwn), because the photosynthetic
capacity ofE. globulus is robust during periods of drought (Quick et &92) and
younger leaves are generally less affected by dhtotltan older leaves (Pereira and
Chaves 1993).
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Until Week 5, increases in root length were greatewater-stressed plants than
in well-watered plants of both clones (Figure 3Byicating that water stress had less
effect on root growth than on leaf growth (Shar®@@9Hsiao and Xu 2000). Similar
results were reported by Blum et al. (1983) andMxyDonald and Davies (1996).
Enhanced biomass partitioning to roots may resolhfa drought-induced reduction in
the sink strength of the aboveground plant tissoeking more assimilates available for
root growth.

Compared with the drought-sensitive ST51 clone diteeight-tolerant CN5 clone
had a higher investment in root system developniaibore drought was imposed
(assessed on Day 1 of the experiment), suggeshat this characteristic partially
accounts for the enhanced drought tolerance erlibity this genotype. In addition,
water-stressed CN5 plants showed continually great# growth until Week 7, whereas
root growth of water-stressed ST51 plants ceasetpliely after Week 5 (Figure 3B).
Thus, we conclude that the initially larger roost®m of Clone CN5, coupled with its
ability to rapidly increase the proportion of biossaallocated to the root, resulting in
optimization of the relationship between transpiratarea and absorption area under
drought conditions, explains its superior drougbsistance compared with plants of
Clone ST51. Moreover, we predict that, in field dibilons where soil volume is
unrestricted, the benefits of a larger investmamtroot extension under drought
conditions will be enhanced because Clone CN5hwilhble to access as yet unexplored
volumes of soil, resulting in increased water uptak

Water transport in trees is regulated by the hyldrazonductance of the soil—
root—shoot—leaf pathway. Because stomatal condcetand photosynthesis depend on
the transport of water from soil to leaf to atmce@) changes in whole-tree hydraulic
conductance may affect gas exchange (Tyree andsEl®&1, Hubbard et al. 1999). It is
possible that, with the intensification of watetess after Week 5, a hydraulic limitation
developed — mainly in Clone ST51 — that considgraddluced young leaf expansion and
root growth. During drought, ST51 plants displagedreater restriction in water supply
to leaves, with both lowek and LSC values (Figures 5B and 5C) and loigrandK;
values (Figure 6) than CN5 plants.

35



Capitulo 2 -E. globulus responses to water stress

Several studies have shown that changes in whal#-fiydraulic conductance
affectgs and photosynthesis (Bond and Kavanagh 1999, Wah 4999, Brodribb and
Field 2000, Hubbard et al. 2001). In our studyh@ligh middaygs was low after Week 5
in water-stressed plants of both clones (Figure, 2@nts with a more limited water
supply closed their stomata earlier in the day thkmts with a greater water supply.
When measured in the afternoon in Weelgssof water-stressed ST51 plants was 45%
lower than in water-stressed CN5 plants (data rmmws), indicating a difference
between the clones in hydraulic systems. In wellened conditions, despite similar total
root system length, Clone ST51 exhibited higkeand Ks, in both Weeks 5 and 7
compared with Clone CN5. This matches the genamndirigs of lower root and shoot
hydraulic conductances in drought-adapted spedesd(ni et al. 1999). However, we
cannot disregard the possibility that genotypidedldnces in root architecture influenced
the hydraulic systems. We can assume that waess&d plants were subjected to a
certain loss in conductance as a result of embadisoavitations, or both, given both the
low P, values that were attained and the highealues exhibited by well-watered plants
throughout the experiment. At Week 5, for similaotr system dimensions between
clones (Figure 3B), water-stressed Clone ST51 alygal a significantly loweK
(-52%), presumably as a result of cavitation. Camgbavith water-stressed CN5 plants,
water-stressed ST51 plants displayed lower steenxylressures (-33% at Week 5) and
lower K values. We speculate that, compared with Clone @N\tine ST51 suffered from
a greater cavitation-induced loss in conductanceiclw took place before Week 5.
Differences in vulnerability to cavitation have beassociated with drought tolerance
both between species (e.g., Tyree and Ewers 199thatd 1992) and between
genotypes of the same species (e.g., Tognetti .etl@®7, Vander Willigen and
Pammenter 1998).

In summary, our data show that successful drougbliraation in E. globulus
clones may be the result of different processesluding changes in root biomass
coupled with changes in hydraulic properties of it systems. A greater allocation of
biomass to roots and higher hydraulic conductammade it possible to prolong the
water-stress-free period for active carbon asstiailain the clone that was least

susceptible to drought. These developmental changbikh maintained the balance
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between transpiration and absorption areas whenvater availability declined, seemed
to be the key determinant of performance underghbaonditions.
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3. Metabolic responses to water deficit in twé&ucalyptus globulus
clones with contrasting drought sensitivity

Summary

We compared the metabolic responses of leavesomtsi of twoEucalyptus globulus
Labill. clones differing in drought sensitivity ta slowly imposed water deficit.
Responses measured included changes in concensrasfosoluble and insoluble
sugars, prolin, total protein and several antiomidanzymes. In addition to the general
decrease in growth caused by water deficit, we vskea decrease in osmotic
potential when drought stress became severe. Inddohes, the decrease was greater
in roots than in leaves, consistent with the obsgrincreases in concentrations of
soluble sugars and proline in these organs. Insradtboth clones, glutathione
reductase activity increased significantly in resg®to water deficit, suggesting that
this enzyme plays a protective role in roots dumingught stress by catalyzing the
catabolism of reactive oxygen species. Clone CNbdtgess avoidance mechanisms

that account for its lower sensitivity to drougbtpared with Clone ST51.

Keywords: antioxidant enzymes, osmotic potential, proline, sugars, water stress.
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Introduction

Soil and atmospheric water deficits are among thlestnimportant factors
limiting plant growth and photosynthesis. Both lsnaccur during the Mediterranean
summers, together with high temperatures and higldiancesEucalyptus globulus
Labill., an economically valuable species in Poalugs an evergreen tree that can
survive all but extreme Mediterranean summer cat It grows best along the
Atlantic coast where the Mediterranean climateesgered by oceanic influence
(Pereira and Chaves 1993).

To cope with periods of drought, plants rely onimas drought-avoidance and
drought-tolerance mechanisms that vary with geret{haves et al. 2002). Adaptive
mechanisms enabling plants to withstand abiotiGrenmnental stress include changes
in morphological, physiological and biochemical @weristics such as: (1) root
system deph (Volaire et al. 1998); (2) control oeaf transpiration rates (Maroco et
al. 1997) or transpirational surface, either thitoleaf abscission or growth inhibition
(Chaves et al. 2003, Munné-Bosch and Alegre 20(3)psmoprotectant pool sizes
(Delauney and Verma 1993); and (4) tissue dehyahratolerance (Volaire et al.
1998). At the cellular level, drought can affece throduction of reactive oxygen
species (ROS) (Smirnoff 1998), that may play a molmtracellular signaling (Finkel
1998) beside causing oxidative stress, which casidgmnosed by the accumulation of
lipid peroxides, oxidized proteins and modified DNfases (Rubio et al. 2002).
Detoxification of ROS is dependent on a system ofioaidant enzymes and
metabolites (Polle and Rennenberg 1992). Enzymek as glutathione reductase
(GR), ascorbate peroxidase (APX), superoxide diasei{SOD) and catalase (CAT)
play a key role in the scavenging of ROS such aersxide (Q), hydrogen peroxide
(H205), hydroxyl (OH) and singlet oxygert@), which are the initiators of a reaction
chain leading to the degradation of cellular congrds (Sgherri et al. 2000). Under
optimal growth conditions, antioxidant enzymes ametabolites from leaves detoxify
ROS, thus minimizing oxidative damage (Smirnoff 89 During periods of
environmental stress, e.g., periods of droughtigih radiance, additional protective
processes involvin§-carotene, zeaxanthin, and anteraxanthin syntipesigipate in
the deactivation of ROS (Garcia-Plazaola et al.7188drano et al. 2002).
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Although the antioxidant defenses of trees haven ksadied in relation to
environmental stresses, such as high altitude éRoltl Rennenberg 1992), pollution
(Wingsle and Hallgren 1993) and low temperaturekéid@ra and Sagisaka 1984),
few studies have focused on the activity of sudiesys in response to water deficits,
and rarely in water-stressed eucalypgilents (Osawa and Namiki 1985, Osawa et al.
1992). Because some regions in whighglobulus is grown commercially, e.g.,
southern Portugal, experience hot, dry summersylauge of the role of antioxidants
as a protective system may be useful in tree bmggutiograms.

During dehydration, osmolytes (mainly proline, ghe betaine and sugars)
can help preserve protein and membrane structudefamction (Smirnoff 1998).
Although changes in soluble and insoluble sugarseotrations in leaves of water-
stressecE. globulus have been studied (Quick et al. 1992), little i®wn about the
changes in osmotically active compounds in rootsater-stressef. globulus.

Fast growingeucalyptus species are likely to be severely affected by dinbu
Costa e Silva et al (2004) studied tvi®o globulus clones differing in drought
sensitivity in the field (Clone ST51 is more drougensitive than Clone CN5) and
found clonal differences in the type and magnitofleesponse to water stress. The
better performance of Clone CN5 under drought damr was associated with faster
root growth and higher stem hydraulic conductarmmagared with Clone ST51.

In recent years, new. globulus plantations have used clones selected for high
pulp yield. In Portugal, it is desirable that sédecclones are well adapted to the
Mediterranean summer drought. The present studyuwdsrtaken to determine if the
leaves and roots d&. globulus Clones ST51 and CN5 exhibit metabolic differences
when subjected to a gradually imposed water deflM#tabolic responses to water
deficit were investigated by measuring leaf pigmemrmposition as well as osmotic
potential, osmotically active compounds (prolingygars) and enzymes with

antioxidant activity in leaves and roots.
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Materials and Methods

Plant material

Rooted cuttings ofE. globulus Clones ST51 and CN5, grown in plastic
containers filled with a 3:2 (v/v) peat:styrofoamxmwere obtained from Alianca
Florestal, Portugal, and transplanted after 11 imowof growth in a nursery to 10-I
plastic pots filled with a fine sandy soil. One rtfoafter transplanting, each pot was
enclosed in a dark plastic bag tied to the stepréwent soil evaporation. The potted
cuttings were placed in a greenhouse in a day/nehperature of 22/16 °C and a
relative humidity of about 60%. The mean reduciiosolar irradiance in relation to
outdoor conditions on a sunny day was about 25%gfed al. 1996). On September
9, 2002, 16 cuttings per clone were assigned telawatered regime with watering
equal to transpiration loss. The remaining 16 ng#iper clone were assigned to a
water-stressed regime with watering equal to 50%awfspiration loss. The amount of
water supplied was calculated from the differentg@ot weight between successive
watering. All plants were watered to the point ohoff on the first day and then
watered twice per week (Monday and Friday) accardim treatment regime. The

treatments continued for 7 weeks (September 9 tol@c 29, 2002).

Plant water status

Predawn ¥,q) and midday ¥mq) leaf water potential were measured daily at
0500 and 1300 h, respectively, with a Scholandee-tpressure chamber (PMS
Instruments, Corvallis, OR) in six plants per treant f = 6).

Measurements of osmotic potentidl;] were made on previously frozen 6-
mm diameter leaf discs and root segments by thesople psychrometry, using C-52
sample chambers connected to a Wescor HR-33T dew4pacrovoltmeter (Wescor,
Logan, UT). The chambers were calibrated with stashdNaCl solutions. After
thawing, and following a 2-h equilibration periaasmotic potential of the samples
were measured by the dew-point method. Room temyerduring the measurements
was 20 £ 1 °C.
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Sampling

At the end of the 7-week treatment, 6-mm diamedaf tiscs were collected
from fully expanded leaves (0.5 g fresh mass) atdlawn and root segments were
excised from the central part of the root systerd (P fresh mass and diameter < 2
mm). Samples were collected from five plants peatiment, frozen immediately in

liquid nitrogen and stored aB0 °C until analyzed.

Growth analysis

At the end of the 7-week treatment, the plants war@ested and shoots were
separated into stem, lateral branches and sterade&oots were gently washed and
carefully separated from soil and other debrisnPtzomponents were dried for at
least 48 h at 80 °C in the oven and cooled in datics for dry mass determination.
Leaves and roots were scanned before drying arfdalea and root parameters
(length, diameter, area) of each seedling (fivengglgoer treatment) were calculated
with Delta-T scan software (Delta-T Devices, Cambridge, U.K.). Ros&se assumed
to be cylindrical and root surface area was catedldy multiplying the projected

area byr.

Soluble and insoluble sugars

Soluble and insoluble sugars in leaves and roots assayed by the anthrone
method (Robyt and White 1987). Frozen leaf disd32@) and root segments (0.05 g)
were ground with a cold mortar and pestle in ligilg with 1 ml of 70% (v/v)
ethanol. The homogenate was thermomixed twice &C6fdr 30 min, centrifuged at
14,000 g for 5 min and the supernatant used fagraenation of soluble sugars. To
extract insoluble sugars from the pellet, 1 ml oétane was added, the mixture
centrifuged at 14,000 g for 5 min and the supematiscarded. One ml of HCI
(1.1%) was added to the dry pellet, which was tlmenmed twice at 60 °C for 30 min
and centrifuged at 14,000 g for 5 min. Absorbantehe insoluble sugars in the
supernatant was determined at 620 nm with a spewitometer (U-2001; Hitachi,

Japan). A calibration curve was prepared with stashdlucose solutions.
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The contribution of sugars and proline to osmotiteptial was calculated,

according to the Van’'t Hoff equation:

Y,= - cRT

wherec is molal concentration of soluble sugars or pelRis the gas constant afd
is absolute temperature. Estimates of the contabubdf these solutes to osmotic

potential were based on the water content of thepkes.

Proline and leaf pigments

About 100 mg of fresh plant material was homogetie 1.5 ml of 3%
thiobarbituric acid, shaken vigorously for 1 mindacentrifuged at 15,000 g for 10
min at 4 °C. The supernatant was assayed for grols described by Bates et al.
(1973), by incubating 0.5 ml of extract with 1 nihimydrin acid and 1 ml glacial
acetic acid for 1 h at 100 °C. The reaction mixtwees rapidly cooled in ice and 1 ml
of toluene added and mixed vigorously. Absorban€ethe toluene phase was
measured at 520 nm. Proline concentration was rdeted against a standard curve
(0 to 0.5umol mi*) with L-proline (Sigma-Aldrich CHEMIE GmbH, Steietm,
Germany).

Pigments were extracted from frozen leaf discsdniragy 2 ml acetone:water
(9:1, v:v) and grinding with a pestle and mortareextract was centrifuged at 10,000
g for 10 min at 4 °C and the supernatant was @&ttethrough a 0.2-um filter.
Pigments were analyzed by high performance ligthdomatography (HPLC) as
described by Wright et al. (1991).

Antioxidant enzymes

For SOD, GR and CAT, frozen leaves (0.5 g freshanasd roots (0.5 g fresh
mass and diameter < 2 mm) were ground with 2% paypolypyrrolidone (PVPP)
(Sigma Chemical Co., St. Louis, USA) and sea sambtlaen homogenized with 5 ml
of 100 mM phosphate buffer, pH 7.8, containing 26toh X-100 (Solon Ind. Pkwy.

Solon, Ohio) (Gogorcena et al.1995). The same eidramedium supplemented with
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2% ascorbic acid (10 mM) was used for APX (Nakamal #sada 1981). The
homogenates were centrifuged at 15,000 g for 20 anoh the supernatants assayed
for enzyme activity. All steps were performed a4

Catalase (EC 1.11.1.6) activity was determined byO,Hconsumption
measured as the decrease in absorbance at 24@coondiag to the method of Aebi
(1983). The assay medium contained 50 mMRB/K,HPO, (pH 7.0), 40 mM
H,O, and 100um extract. Catalase activity was calculated basedo extinction
coefficient of 3.94 mM cm™. Controls lacking either extract or,®, showed no
changes in absorbance.

Glutathione reductase (EC 1.6.4.2) was measureidllmwing the oxidation
of NADPH at 340 nm by a modification of the metrafd=oyer and Halliwell (1976).
The assay medium contained 500 mM HEPES (Sigma €h§nipH 8.0), 0.25 mM
EDTA (Sigma Chemical), 2 mM NADPH (Sigma Chemica®) mM oxidized
glutathion (GSSG) and 10d extract. Control rates were obtained in the abseof
GSSG or NADPH. Glutathione reductase activity wadculated based on an
extinction coefficient of 6.22 mMcm™.

Ascorbate peroxidase (EC 1.11.1.11) was measureal opdification of the
method of Nakano and Asada (1981). The assay mediamained 50 mM
KH,PO/K,HPO, (pH 7.0), 20 mM HO,, 8 mM ascorbate, and 10d extract.
Control rates were obtained in the absence of extescorbate, or 4,. Ascorbate
peroxidase activity was calculated base on an etidgim coefficient of 2.8 mM cm*
for ascorbate at 290 nm.

Total superoxide dismutase (EC 1.15.1.1) activitgswdetermined by the
inhibition of the formation of epinephrine at pH.4@nd 30 °C (Kroniger et al. 1995).
The assay medium contained 62.5 mM@Ga; (pH 10.4), 0.125 mM EDTA, 20 mM
KH2POy/K,HPO, (pH 7.8), 20 mM epinephrine and 1l0extract. Control rates were
obtained in the absence of extract. One unit okesuwpde dismutase activity was
defined as the amount of enzyme that inhibitedegginine formation by 50%.

Standard enzymatic assays were performed in avolaie of 1 ml at 25 °C.
A commercial Bio-Rad protein assay (Bio-Rad Labmiias GmbH, Munich,
Germany) was used to measure soluble protein ctratiom by the Bradford method
(Bradford 1976).
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Satistical analysis

Data were subjected to two-way analysis of varigideOVA) to assess the
effects and interactions of treatment and clonsisiguthe STATISTICA data analysis
software (Version 6, StatSoft, Tulsa, OK). Valugsesented are means + SE. All

statistically significant differences were testétha P < 0.05 level.

Results

Leaf water potential and growth response

The ¥yq of well-watered plants of both clones was maintadiae about-0.30

MPa throughout the experiment (Table 1), wherégsof water-stressed ST51 and
CNS5 plants declined t62.43 + 0.27 and1.71 £ 0.06 MPa, respectively (cf. Costa e
Silva et al. 2004). Midday leaf water potential didt vary significantly in well-
watered plants, whereas it declined-®26 + 0.26 and-2.46 + 0.05 MPa in water-
stressed ST51 and CNS5, respectively by the endhefexperiment. There were
significant differences not only between waterirgggimes P < 0.001), but also
between clones(< 0.05) (Table 2), with Clone CN5 maintaining gher leaf water
status than ST51 in the water-stress treatment.

Table 1. Predawn and midday leaf water potentiaP&Min Eucalyptus globulus
Clones ST51 and CN5 subjected to water deficit. deaments were made throughout
the 7-week experiment in well-watered (WW) and wateessed (WS) plants. Values
are means = SEE 5).

Leaf water

. Week ST51 WWwW ST51 WS CN5 WW CN5 WS
potential

Predawn 1 -0.35+0.04 -0.35+0.04 -0.28+£0.03 -0.28 +0.03
3 -0.34+0.02 -0.89+0.19 -0.33+£0.01 -0.53+0.08

5 -0.29+0.02 -1.28+0.21 -0.28£0.02 -0.83 +0.07

7 -0.27 £0.01 -2.43+0.27 -0.25+0.02 -1.71+0.06

Midday 1 -1.24+0.06 -1.24+0.06 -1.37+£0.04 -1.37+0.04
3 -0.64+0.05 -1.66+0.26 -0.63+0.04 -1.11+0.05

5 -0.68£0.04 -1.87+0.22 -0.60+0.04 -1.37 £0.05

7 -0.68 +0.06 -3.26+0.26 -0.78 £0.04 -2.46 +0.05
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The water-stress treatment significantly reducedwtit in terms of total
biomass P < 0.001), leaf areaP(< 0.001), root lengthR < 0.05) and leaf to root area
ratio P < 0.01) (Figure 1 and Table 2). In addition tofeli€nces in responses to
water availability, the clones differed in leaf aravith Clone ST51 having higher
values under well-watered conditions than Clone @& 0.01). Relative to control
values, the water-stress treatment caused a gréateease in growth (particularly
root length) in ST51 plants than in CN5 plants @reyl).

Table 2. Statistical significance of the effectsnaitering regime (W), clone (C)
and their interaction as determined by 2-way anslyd variance of leaf
variables: leaf water potential (predawi,q and midday¥Ymq), leaf area, leaf
area/root area, soluble and insoluble sugar coratésri, protein, proline,
osmotic potential at full turgor, violaxanthin + tharaxanthin + zeaxanthin
(VAZ), lutein, total chlorophyll, glutathione rediase, ascorbate peroxidase and
catalase in twdeucalyptus globulus clones. Symbols: *, ** and *** represent

statistical significance & < 0.05, 0.01 and 0.001, respectively; and ns = not

significant atP = 0.05.

Leaf parameters Watering regime Clone WxC
led *k*k * *

led *k*k * **
Total biomass ok ns ns
Leaf area kk *x o
Leaf area/root area *x ns ns
Soluble sugars ns ns ns
Insoluble sugars ns ns ns
Protein ns ns ns
Proline kk ns *x
Osmotic potential *kk ns ns
VAZ * ns ns
Lutein * ns ns
B-carotene il ** *
Total chlorophyll ns ns ns
Glutathione reductase *kk ns *
Ascorbate peroxidase *x ns rkk
Catalase ns ns ns

Osmotic potential

Well-watered plants of ST51 and CN5 had Mafof -1.14 £ 0.03 and1.19 +
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0.05 MPa, respectively (Table 3). By the end of élkperiment ¥, had declined by
43% in water-stressed ST51 leaves and 75% in vsatessed CN5 leaves with
significant differences between watering treatmdms< 0.001). In roots, drought
stress caused a significaft € 0.001) and larger reduction ¥, than in leaves. By
the end of the experimen¥,, had declined by 92% in water-stressed ST51 raads a

87% in water-stressed CN5 roots with no signifiaifferences between clones.

100

11

Total biomass ~ Leaf area Rootlength  Leaf area/root
area

O ST51WS
BECNSWS

Percent

Figure 1. Morphological characteristics of plants Eucalyptus globulus clones
ST51 and CN5 subjected to water deficit: total kism(g), leaf area (cA), root
length (m) and leaf-to-root area ratio (clmaf area/criroot area). Measurements
were made at the end of the 7-week experiment engrasented as a percentage of
the value of well-watered plants. Abbreviation: W®ater-stressed

Table 3. Osmotic potential (MPa) in leaves and oot
Eucalyptus globulus clones ST51 and CN5 subjected to water
deficit. Measurements were made at the end of tixeek
experiment in well-watered (WW) and water-stres§étb)
plants. Values are means + SE=(5).

Osmotic potential

Treatment
Leaves Roots
ST51 WW -1.14 £ 0.03 -0.36 £ 0.04
ST51 WS -1.63 £0.41 -0.69 £0.10
CN5 Ww -1.19 £ 0.05 -0.37 £ 0.04
CN5 WS -2.08 £0.12 -0.69 £0.11
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Carbohydrates and soluble protein concentration

There were no statistically significant differendetween clones or watering
regimes in leaf soluble sugars concentration (Takded 4). By contrast, there was a
significant @ < 0.05) increase in soluble sugars concentratiomobts of water-
stressed plants and the increase was higher in lE5its than in CN5 plants (55
versus 21%).

There were no significant differences in leaf inkdé sugars concentrations
between watering regimes or between clones (Talsled?4). However, water stress
led to a significant® < 0.05) increase in insoluble sugars concentrationots, with
ST51 plants showing a slightly higher increase tkab plants (49 versus 39%)
(Table 4 and 5).

In leaves of well-watered plants, soluble sugarsoanted for 40% of the
osmotic potential value in ST51 and 37% in CN5, #mel corresponding values in
water-stressed plants were 51 and 28. In rootsetifwatered plants, soluble sugars
accounted for 25% of the osmotic potential in SEsH 24% in CN5, whereas in
roots of water-stressed plants the correspondihgesavere 41 and 33%.

There were no significant differences in leaf orotrasoluble protein

concentrations between treatments or clones (Tahla 5).

Proline concentration

The water-stress treatment caused a significamease P < 0.001) in leaf
proline concentration in ST51 plants but not in QRiure 2A). In roots, water stress
led to a significant increaseP (< 0.001) in proline concentration in both clones
(Figure 2B), and the increase was greater in CN&rthan in ST51 roots (253 versus
194%).

In leaves of well-watered plants of both cloneg, tlontribution of proline to
the osmotic potential was 0.97% (on average) coetpaith 1.16% (on average) in
leaves of water-stressed plants. In roots of btithes, the contribution of proline to
osmotic potential was 0.12 and 0.43% (on averagelvell-watered and water-

stressed plants, respectively.
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Table 4 Soluble and insoluble sugars concentrations iveleand roots cEucalyptus
globulus clones ST51 and CN5 subjected to water deficitsaddirements were made
at the end of the 7-week experiment in well-watgp@¥V) and water-stressed (WS)
plants. Values are means + SE=(5).

Leaf sugars (umolfdry mass)  Root Sugars (umat dry mass)

Treatment
Soluble Insoluble Soluble Insoluble
ST51 WW 460 + 50 200 + 30 310 +60 200 + 30
ST51 WS 520 + 90 190 + 30 480 + 40 290 + 20
CN5 WW 400+ 70 280+ 70 270 + 40 180 + 30
CN5 WS 450 + 60 140 + 40 320 + 40 250 + 40

Table 5. Statistical significance of the effectsaaftering regime (W), clone (C) and
their interaction as determined by 2-way analy$isasiance of root variables: root
length, soluble and insoluble sugar concentrafwatein, proline,, osmotic potential
and activities of glutathione reductase, ascorpatexidase, catalase and superoxide
dismutase in twcEucalyptus globulus clones. Symbols: *, ** and *** represent
statistical significance aP < 0.05, 0.01 and 0.001, respectively; and ns = not
significant atP = 0.05.

Root parameters Watering regime Clone WxC
Total root lenght * ns ns
Soluble sugars * ns (0.07) ns
Insoluble sugars * ns ns
Protein ns ns ns
Proline Fork ns ns
Osmotic potential rkk ns ns
Glutathione reductase ok Frk ns
Ascorbate peroxidase ok ns ns
Catalase ns ns ns
Superoxide dismutase * * *
Leaf pigments

In both clones, violaxanthin + antheraxanthin +xzedhin (VAZ) and lutein
concentrations were significantly highd? € 0.05) in water-stressed plants than in
well-watered plants (Figure 3). Water-stressed @duspposite effects on thg
carotene concentrations of the clones (Figure 36¢. significant clone x treatment
interaction P < 0.05) resulted from a 226% increase3inarotene concentration in
ST51 plants and a 56% decrease in CN5 plants. Wene no significant treatment or

clonal differences in total chlorophyll concentoati(Figure 3D).
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Proline (umol g *y,,)
[e0)

0 : : ‘
ST5S1WW ST51WS CNsWw  CNsws  Figure 2. Proline concentratiotin

Treatment leaves (A) and roots (B) of
7 Eucalyptus globulus clones ST51
< 6 B | and CN5 subjected to water deficit.
j;’ 5 | Measurements were made at the
S 4] ¥ end of the 7-week experiment in
e well-watered (WW) and water-
o, | stressed (WS) plants. Values are
S means + SEn(= 5). Abbreviation:
a1
o DM = dry mass.
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Figure 3. Pigment concentrations in leave&atalyptus globulus clones ST51 and
CNS5 subjected to water deficit. Measurements weaearat the end of the 7-week
experiment in well-watered (WW) and water-stres$@5) plants. (A) VAZ =
violaxanthin + antheraxanthin + zeaxanthin, (Bgint (C)p-carotene and (D) total
chlorophyll. Values are means + Sk 5). Abbreviation: DM = dry mass.
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Antioxidant enzymes

The effects of water stress on antioxidant enzyerettivities in leaves of the

clones were variable (Figure 4). Leaf GR activitybioth clones was significantly (

< 0.001) decreased by water stress, but partigulariClone CN5, resulting in a

significant clone x treatment interaction. The wat&ess treatment also decreased

APX activity, but only in CN5 plants (Figure 4A amtB), again leading to a

significant clone x treatment interaction (Table. 2here were no significant

differences in leaf CAT activity between treatmemtslones (Figure 4C).
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Figure 4. Glutathione reducta
(A), ascorbate peroxidase (B) and
catalase (C) activities in leaves of
Eucalyptus globulus clones ST51
and CN5 subjected to water
deficit. Measurements were made
at the end of the 7-week
experiment in well-watered (WW)
and water-stressed (WS) plants.
Values are means + SHB € 5).
Abbreviation: DM = dry mass.
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In roots, the effects of water stress on antioxidamzymatic activities were
more marked than in leaves (Figure 5). In bothefiGR activity was observed only
in water-stressed plants and it was significanRy<(0.001) higher in ST51 plants
than in CN5 plants (Figure 5A). The activity of ARXroots increased significantly
(P < 0.001) in both clones in response to water stf832% and 613%, respectively),
but there were no statistically significant diffeces between clones (Figure 5B).
There was no significant effect of water streBs=(0.09) or clone on root CAT
activity (Figure 5C). The activity of SOD in roatsmained stable in CN5 plants and
declined in ST51 plants under water stress. Thexg avsignificant interactiorP(<

0.05) between treatment and clone.
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Figure 5. Glutathione reductase (A), ascorbate yigage (B), catalase (C) and
superoxide dismutase (D) activities in rootdatalyptus globulus clones ST51
and CN5 subjected to water deficit. Measurement® weade at the end of the
7-week experiment in well-watered (WW) and wateested (WS) plants.
Values are means = SR £ 5). Abbreviation: DM = dry mass.
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Discussion

We examined several biochemical and physiologiesponses to water
deficits in leaves and roots d&. globulus clones, reported to differ in drought
sensitivity (Costa e Silva et al. 2004). We conédnthat Clone CN5 maintained
higher leaf water status (high#ps and¥mq) and sustained a higher growth rate than
Clone ST51 as a result of drought avoidance meshan{Costa e Silva et al. 2004).
A slowly imposed water deficit resulted in a redoistin total biomass in botk.
globulus clones, and the general decline in growth wasrapamied by a reduction in
the leaf area/root area ratio. Although the drougtiiced reductions in total biomass
and leaf area did not differ between clones, totait length of Clone CN5 was
significantly higher than that of Clone ST51 in tliater stress treatment. A reduction
in shoot/root ratio, attributable mainly to a retioic in shoot growth, has been
associated with tolerance to limited water avaligbfPereira and Chaves 1993).

Both clones responded to water stress by alterisghotic potential,
osmoprotectants (sugars and proline), antioxidativiy and pigment composition.
In general, osmolyte accumulation in plant cellsutes in a decrease in cell osmotic
potential and thus improves water absorption addteegor pressure, which might
help sustain physiological processes, such as swropening, photosynthesis and
expansion growth under drought conditions (Blum @6)99Furthermore, the
accumulation of sugars and proline, mostly in thgoglasm, can protect cell
membranes and proteins and enhance dehydratiogariote (Rathinasabapathi 2000).

In response to the water stress treatment, theseawemall accumulation of
soluble sugars in leaves of both clones and afsignily higher accumulation in
roots, especially in ST51 plants. The increasedimctation of soluble sugars may
reflect osmolyte accumulation as a consequenceatémdeficits causing a decrease
in growth and hence reduced consumption of orgasotutes, rather than a
physiological mechanism involved in an adaptivenplesponse (Munns 1988). The
difference in growth rates between clones suppbisshypothesis: roots of ST51 had
lower growth rates and higher soluble sugar coma@ahs than roots of CN5,
whereas leaves of both clones ceased growth andeshsimilar increases in soluble

sugar concentrations in response to water stress.
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Water stress led to a declineif in both clones. The contribution of proline
to the change in osmotic potential was only abd&at however, indicating that the
drought-induced increase in proline concentratimhrt significantly contribute to
osmotic adjustment in the water-stressed plantsnéisated in other studies, the role
of proline in drought-stressed plants may be aasediwith preservation of enzyme
structure and activity (Delauney and Verma 1993reHet al. 1999), and with the
protection of membranes from damage by ROS producesponse to drought
(Hamilton and Heckathorn 2001). However, the grmeaterease in leaf proline
concentration in the drought-sensitive ST51 cldrantin the less sensitive CN5 clone
in response to the water-stress treatment cannekpl@ined on the basis of either a
protective or osmotic role. In both treatments,ubtd sugars in leaves and roots
contributed less to th#, in Clone CN5 than in the drought-sensitive Cloi®&5(30
versus 50%), indicating that there is no link beswehe better performance of CN5
plants and an osmotic role of soluble sugars.

The absence of significant differences in prot@naentrations both in leaves
and in roots indicates that short-term water stiesd little or no effect on the
synthesis and hydrolysis of soluble proteins, @mtto previous reports of inhibition
of protein synthesis in response to drought (Chah@%l1). On the other hand, the
increase in insoluble sugar concentrations in robtsoth clones under severe water
stress suggests a storage function of these oligadsying soil. In summary, the
absence of clonal differences in leaf and rfgtand osmolytes in the water-stress
treatment indicates that differences in droughsimity between the clones are not
associated with osmotic adjustment in leaves aatsro

Under well-watered growth conditions, the productémd destruction of ROS
is well regulated in plant cells. However, undervimnmental stress, the balance
between the production of ROS and the quenchingiigcof the antioxidant system
may be upset (Polle 2001). The capacity of theoamtative defense system
determines whether a cell under stress continuefriotion or suffers oxidative
stress.

Activity of GR in leaves of both clones decreasedesponse to water stress,
particularly in CN5 plants (Figure 4A). Thus, under experimental conditions, we
found no evidence that GR plays a protective ml&eaves of water-stressed plants.

In contrast, the induction of a high GR activity rimots of water-stressed ST51 and
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CNS5 plants (Figure 5A) suggests that GR has a gtiotefunction against drought in
roots of both clones, perhaps by preventing oxigagiress or slowing the progression
of root senescence, or both (Munné-Bosch and Al@@fet). The large increase in
root GR activity in response to drought closelyerabled the results obtained by
Porcel et al. (2003) for soybea@lycine max (L) Merr.) plants.

The significant treatment x clone interaction caf l&PX activity suggests that
APX has no protective effect against oxidative sgtri leaves of the ST51 and CN5
clones. In contrast, water stress resulted in arease in root APX activity in both
clones, particularly in CN5 plants. Because bothd®@ APX are key enzymes of the
ascorbate-glutathione cycle, we speculate thatdjtde provides a mechanism for
drought adaptation iucalyptus roots. Increases in GR and APX activity have also
been observed in roots of salt-stressed baf&ydeum vulgare L.) (Liang et al.
2003), conforming to a commonly observed respoasedter and salt stress (Munns
2002). Thus, although leaves are highly prone tdSRf@neration, oxidative stress
protection also appears to be critical in plantsaturing soil drying.

The lack of statistically significant effects oke&tments or clones on CAT
activity suggests that this enzyme does not propidéection against drought-induced
ROS in leaves or roots d. globulus plants. The only alteration in SOD activity
occurred in ST51 roots, where drought led to a ebes® in activity. Similarly,
decreasing SOD activity has been reported in swefldn response to salt stress, in
cucumber in response to chilling stress and in wheadlings in response to water
deficit (Lee and Lee 2000, Sgherri et al. 2000,t&xet al. 2001). According to Lee
and Lee (2000), the metabolism of ROS is depenaentseveral functionally
interrelated antioxidant enzymes. Chilling stresduced a significant increase in
SOD activity in leaves of cucumber only during first hours of stress imposition
and thereafter, SOD activity decreased to coniables. A similar transient increase
in SOD activity may have occurred in roots of watessed CN5 plants.
Alternatively, it is possible that the higher basadt SOD activity in CN5 plants than
in ST51 plants was sufficient to cope with the djtaibsinduced increase in superoxide
production and thereby contribute to the highet gyowth rate of CN5 plants.

Overall, our results reflect the importance of @®X and SOD as a system
for scavenging ROS iB. globulus roots These enzymes appear to be more important
than CAT in ROS detoxification iB. globulus.
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Leaf concentrations of VAZ and lutein increasedhath clones in response to
severe water stress, suggesting that carotenoigisbmanvolved in stress protection
of leaves, even in plants subjected to moderataligince, as was the case in our
study. Based on the finding that water stresssethas226% increase fcarotene in
ST51 plants and a 56% decrease in CN5 plants, \wethgsize that legi-carotene
was more rapidly metabolized in CN5 plants thar8b1 plants, indicating that it
served as a protective mechanism in deactivatioR@$ (cf. Pefiuelas and Munné-
Bosch 2005). The concentration of carotenoids diddiffer significantly between the
clones under severe water stress, suggesting tbatlcdifferences in drought
sensitivity are related more to drought avoidan@zimnisms than to tolerance of
water deficits. In previous work, a comparison bé tleaf-level mechanisms for
coping with summer stress in central Portugal ur fevergreen tree species indicated
that E. globulus was able to utilize more light in PSIl photochemyisand therefore
down-regulation of photosynthesis was less seuwbs in the evergreen oaks and
olive trees (Faria et al. 1998).

In studies of plant responses to drought, it hasnobeen found that one
specific mechanism does not confer resistance oovitn, but that the interplay of
several mechanisms simultaneously is essentialv@hat al. 2003). We found that
bothE. globulus cloneshad the ability to respond to water deficits atdbtular level
by altering both osmotic components and the agtigit the antioxidant protection
system. Differences in metabolic responses betwdenes may reflect different
degrees of stress experienced during the drouglatnient, because the drought
avoiding CN5 plants never reached the same dedredelyydration as the ST51
plants. An important finding of this study was threetabolic response of roots to
drought. Although GR activity was not detected aots of well-watered plants, it
increased dramatically in response to water stregggesting that GR plays an
important role in root responses to drough€&irglobulus, possibly preventing fine-
root death caused by dehydration.
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4. Responses to chilling of twoEucalyptus globulus clones with

contrasting drought resistance

Abstract

The effect of chilling on growth and plant hydrauproperties in a drought-resistant
clone (CN5) and a drought-sensitive clone (ST51)wdalyptus globulus Labill. was
evaluated. Chilling (10/5 °C, day/night) led toengral decrease in growth of both clones
and significant reductions in root hydraulic contikity, rate of photosynthesis and
stomatal conductance in comparison to plants gratveontrol temperature (24/16 °C).
The drought-resistant CN5 clone maintained higlet growth and lower leaf-to-root-
area ratio than the drought-sensitive ST51 clome,both temperature treatments.
Conversely, ST51 exhibited greater carbon allocatiothe foliage and higher hydraulic
conductance than clone CN5 at both temperaturesnt$lof both clones, when
acclimated to chilling, maintained a higher hydrawonductivity than control plants
exposed to chilling temperatures without acclinatidnder chilling, the main
differences between clones were a higher watensst@td anthocyanin concentration in
CNS5 plants, and a stronger inhibition of root growt ST51 plants. Except for roots, the
hypothesis of a lower depression of growth rateahi@ drought-resistant clone under
chilling was not verified. However, higher root gt under low temperatures, as
observed in CN5, can be an advantageous trait iditsfeanean-type environments,

protecting trees against summer water-stress.

Additional keywords: acclimation, allocation, hydraulic properties, rgobwth.
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Introduction

Due to its fast growth and fibre properties, intgatar high pulp quality,
Eucalyptus globulus Labill. is one of the most commonly planted harddidees in the
world. Although widely distributed, its expansiamostly restricted by its drought and
cold sensitivity. To overcome these limitations,velepment of breeding programs
require detailed physiological information of theess-response of the clones selected for
nursery production. In addition, such informatismecessary for further selection and to
support decisions to allocate clones to differéimatic regions.

In Mediterranean-type climates, water is availahlang the cool winter, whereas
hot and dry conditions prevail in the summer. T a successful evergreen tree must
be capable of acquiring carbon under lower rathan thigher temperatures. Plants
exposed to chilling tend to decrease their groveiie (Wanet al. 1999; Gavitoet al.
2001; Peng and Dang 2003), photosynthetic effigig@toseet al. 2000; Allen and Ort
2001) and their water uptake capacity (Markletel. 1979; Fennell and Markhart 1998;
Wanet al. 2001). However, it is expected that contrastiagajypes respond differently
to low temperatures in the process of cold accionathat takes place on the time scale
of days or weeks as a result of a combination gfsjatiogical and metabolic changes.
Moreover, several studies confirmed that plant@asps to low temperatures show many
similarities with responses to water deficits, sgjmg that cold resistance and drought
resistance mechanisms often share the same pati{®agget al. 2003; Atkinet al.
2005; Blodneet al. 2005; Suzuki and Mittler 2006).

For these reasons we hypothesised that, under d@dvtadean-type climatd;.
globulus genotypes more resistant to dry environments maghtbit lower depression of
growth rates under chilling than drought-sensitplants. If this is true, it will allow a
clone less susceptible to drought to prolong carbesimilation and active growth
throughout the water-stress-free period, thus atigwhose plants to enter spring with a
larger leaf surface area or more reserves than ohangght sensitive plants. Likewise,
root growth might also benefit from more carbonikade (Reichet al. 1998). In stands
with a mixture of clones, plants with larger suddeaf areas and root growth at the start

of spring may become dominant because they acguigrger share of resources. In
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previous work (Costa e Silvet al. 2004; Shvalevat al. 2006), the two clones under
study were shown to differ in their sensitivity veater deficits (CN5 was drought
resistant and ST51 was drought sensitive). Undeught conditions, the better
performance of clone CN5 was associated with fastet growth, maintenance of
hydraulic conductance and lower values in the teabot-area ratio compared with
clone ST51. The aims of the present work were Ipegaluate the effect of chilling in

growth and plant hydraulic properties of two clor@sE. globulus with contrasting

responses to drought, and (2) test whether thegtitenesistant clone is less affected by

chilling than the drought-sensitive clone.

Materials and methods
Plant material and treatments

Ramets produced by rooted cuttings of tiacalyptus globulus Labill. clones
(drought-resistant CN5 and drought-sensitive STwé&je grown in plastic containers
containing peat (60%) and styrofoam (40%), and vienesplanted at 4 months to pots
(5.3 L) filled with a fine sandy soil. Two monthfiex transplanting, 32 cuttings per clone
were transferred from the nursery to a growth chermth controlled conditions (24/16
°C, day/night). Another 32 cuttings per clone wglaced in a growth chamber subjected
to an acclimation period of 10 days with a gradieahperature decrease (1°C per day)
from 24/16 °C to 10/5 °C (day/night). Both growtrambers had similar lighting systems
(c.a. 220 pmol M s* at the canopy level), a photoperiod of 12/12 hyfaight) and
relative humidity of ~60%. To avoid effects causgdnibicroenvironmental differences
(light and temperature gradients), the plants veented by treatment and moved to the
neighbouring position every watering day. The ekpent lasted for 42 days (counted
after the 10 days of acclimation period) from 18uky to 1 March 2005. All plants
were watered to the point of runoff on day 1 arehtlvatered twice per week (Mondays
and Fridays) according to evapotranspiration values
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Gas exchange, hydraulics and plant biomass

Transpiration rates were determined in five pldoytsneasuring differences in pot
weight between successive watering operations.dtitian, three pots without plants
were used to monitor evaporative water loss frommgbil. Gas exchange was measured
with an LI-6400 portable photosynthesis systemGbr; Lincoln, NE) in full-expanded
leaves at midday (solar time) and under the lighd gemperature conditions of the
controlled environment chambers. Leaf xylem watteptial (predawn¥pq and midday
Yne) was measured with a Scholander-type pressure wrartPMS Instruments,
Corvallis, OR). These measurements were carriedoaud sample of five plants per
treatment three times during the experiment (daysahd 42).

Hydraulic properties analysed through the relati@weenE and AY gave a
relative but integrated measure of the hydraulindeetance of the soil-plant system.
Thus, hydraulic conductance was calculated on mat plasis Ksp) and on a leaf area basis
(leaf specific conductance (LSC)), assumiifig is an estimate of the soil water potential

in the rooting zone (Jones 1992):

Ksp= _E and LSC= B

LIde- W l'Ide- Wind

whereE is the transpiration rate on a plant basis (KgasdE; is the transpiration rate on
a leaf area basis (kghs?) through the system measured between predawn attthyn
Plant biomass was evaluated three times duringxperiment (days 1, 8 and 42)
through the destructive sampling of five plants fpeatment. These plants were used to
determine morphological parameters (height, diametamber of branches, biomass
partition, leaf area and root length). Specifid lagea (SLA) was calculated as the ratio
between leaf area and leaf dry mass (DM), anddesd ratio (LAR) was calculated as
the ratio between total leaf area and total plakt Bl dry mass values were obtained
after 48 h at 80 °C. Leaves and roots were scaanddeaf area and root parameters
(length, diameter, area, forks and tips) were dated using the WinRhizo software

(Regent Instruments Inc., Quebec, Canada). Speoificlength (m g) was calculated as
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the ratio between root length and root DM, and Hjgemot surface area (chg?) was
calculated as the ratio between root surface aréaat DM. We estimated specific root
volume (cni g*) as the ratio between root volume and root DM.

Height, diameter and the number of new leaves wetermined every week on
five plants per treatment. These same plants wed for non-destructive measurements
every 3 days of leaf expansion on selected leafdsigfrom the second leaf pair), from
day 1 to 42 (one stem leaf per plant). When thecsedl leaves reached full expansion

(day 21) the measurements began again with theggstiexpanding leaves.
Anthocyanins

Total anthocyanins were analysed by bisulfite bieag method (Jordaet al.
1998) on day 42 in the same five plants used fomlbiss determination. Samples were
collected from the third leaf pair, frozen immedigtin liquid nitrogen and kept at —80

°C until further assay. The anthocyanin concemnatias expressed in mgin
Root water flow

Root water flow was evaluated three times durirgekperiment (days 1, 8 and
42) in the root systems harvested for biomass astisn Steady-state water flow rates in
whole root systemgy,) were measured using the hydrostatic pressureaai¢hardiniet
al. 1998; Wan and Zwiazek 1999), with some modifmadi A rigid plastic cylinder was
inserted in a pressure chamber and filled withileigtwater. The plant stem was cut 20
mm above the root collar and the root system imatetli immersed in distilled water in
the pressure chamber.

The pressure in the chamber was increased coriinaab rate of ~0.07 MPa
min up to 0.7 MPa min and then was maintained constant during 30 miowFRlas
measured every 5 min by collecting the exudatelforin, using a pre-weighed capillary
vial containing cotton wool, placed over the cuwnstprotruding through the stopper in
the pressure chamber. At constant pressure thewkasvapproximately stable (s.d. of the

measured flows ranged between 1 and 10%) so thasurements were quasi steady-

73



Capitulo 4 —E. globulus responses to chilling

state. The pressure was then decreased in st@ps50MPa each with a rate of 0.07 MPa
min’ and the same procedure was used to measure thaffleach pressure level tested
(0.7, 0.55, 0.4 and 0.25 MPa). Plants from treatmerer 10/5 °C (day/night) were
measured in a temperature-controlled pressure afiaatla temperature of 10 + 1 °C and
control plants grown under 24/16 °C (day/night) evereasured at 24 + 1 °C.

Linear root flow rates were obtained a@¢gvalues were expressed on a per plant
basis (kg 8). The volume flow density() was determined as a steady-state flow rate per
unit of root surface area (kgfrs?). Root hydraulic conductanc&) was calculated as
the slope of pressune flow rate where the relationship was line®& & 0.98), and is
expressed in kg"sMPa®. In order to normalise data from plants havindedént root
system dimension& was referred to the unit root surface area, thusioing root

hydraulic conductivity I(,) expressed in kg fns® MPa™.
Acclimation versus non-acclimation: hydraulic responses

At the end of the experiment, the response andveggmf non-acclimated plants
after a change in growth temperature were examifdahts grown under 24/16 °C
(day/night) were transferred to 10/5 °C (day/nidgbt)24 h and then transferred again for
control conditions for 5 days. Root water flow waeasured at 10 £ 1 °C, before

transference, after 24 h under chilling and aftdags of recovery in control conditions.
Data analysis

Data were subjected to two-way ANOVA to test fag #ffects and interactions of
temperature treatment and clone, using the STATTAT(Version 6, StatSoft, Tulsa,
OK) data analysis software system. All variablesrengested for normality and
homogeneity of variances. Differences were consilestatistically significant aP <
0.05.
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Results
Transpiration

E values per plant in controls increased in both etothroughout the experiment
(Figure 1A) due to leaf area development. Howewer,a per unit leaf area basis,
transpiration rates slightly decreased with timebioth clones (Figure 1B). Under
chilling, the plants maintained lower transpiratiates, with statistically significanP(<
0.01) higherk per plant in clone ST51 than CN5 due to a largaf égea (Figure 1A).
However, differences ife on a per unit leaf area basis between clones uctii#ing
were only marginally higher in ST51 than CN5 on @afP < 0.05) and days 14, 21 and
42 P<0.1).

A
3 L
5
HQ- 2 I
"o —e&—— CTCN5
s — — — CTST51
° —=——0——=— chiCN5
3 1+ Deeeenes chisTs1
w O
—.a.\ ‘;'g'.‘]:[”.‘g‘.‘ﬂ ..... D.”H””.H.”E”"i"'a . . .
0ol T USNpSO~—0-0—0—c~__ | Figure 1 Leaf transpiratior
100 - | rate E) expressed on a (A)
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80 area basis of control (CT) and
E chilled (chi) plants of a
z 601 drought-resistant clone (CN5)
° \E_ -
S 4l and a drought-sensitive clone
vt :3 (ST51) of Eucalyptus
00l 7 &8_-;'8{]3 ...... T - globulus. Data are means *
g Gl -S=BIEli g E| se. 0=5).
0 L L L L L L
0 7 14 21 28 35 42
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75



Capitulo 4 —E. globulus responses to chilling

Plant water status and gas exchange

Plants of the two treatments maintained staBjlg throughout the experiment,
varying between -0.36 and -0.53 MPa. Clone ST51lba@r ¥,q than CN5 P < 0.05)
during the experiment in particular under chillinghich coincides with the highét of
this treatment (Figure 2A). Midday leaf water pdiginalso did not change significantly
throughout the experiment, although there wereissilly significant differences
between the temperature regimes until day 8, withirog inducing lower¥ 4 (P < 0.05)
in ST51 plants but not in CN5 plants (Figure 2B).

At day 1, gs decreased by 28% in chilling treated plants ofhbolbnes as
compared to controld(< 0.05), as a result of acclimation to low tempergufFigure
2C). After days 8 and 42 difference to control plants increasdti< 0.001) to 59 and
51%, respectively.

Similar togs, there was a significant effe@® € 0.001) of low temperature i of
both clones starting on day 1 after acclimatiord although there were only significant
differences between the clones on dayRBz (0.05), clone ST51 showed slightly higher
A throughout the experiment in both regime tempeest{Figure 2D).

Growth response

Growth of new leaf was strongly dependent on teatpee (Figure 3). The strong
effect P <0.01) of temperature in the number of new leavesi¢al was detectable from
day 1 to 42 after acclimation with a final reduatiof 65 and 76% in clones CN5 and
ST51, respectively, as compared to control pldgitgler control conditions, ST51 plants
showed a noticeable 171% higher new leaf growth GRS plants. Expansion of new
leaves was also highly influenced by temperaturgufé 4). At day 21, leaf growth had
significantly decreasedP(< 0.001) by 73 and 44% in plants of CN5 and ST51,
respectively. After day 21, although the tempemteiffect was maintainedP (< 0.001),
there was a decrease in leaf area expansion incootinol and treated leaves. In the first
21 days of the experiment, there was also a sggmfi interaction between clone and
treatment effectsR(< 0.05), so that by day 21, CN5 plants exhibitedhigidest and the
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lowest leaf areas, in control and low temperatumeddions, respectively. Therefore, the
effect of chilling was more marked in CN5.
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After 42 days, chilling led to a general decreasgrowth in both clones with reductions
in total biomass, leaf area, number of branchestatadl root length (Table 1). Plants of
CN5 had lower number of brancheB € 0.05) and invested a significantly larger
proportion of total dry mass in roots than the Sphints P < 0.01) in both temperature
regimes. In contrast, ST51 plants invested a saamfly larger proportion of total dry
mass in leavesP(< 0.05). When grown at chilling temperatures, thepprtion of
biomass allocated to branches and leaves decrsagsgticantly in the two clones, and
the ratio of stem axis to total biomass and of toototal biomass increased. Chilling
affected more the root growth of ST51 than CNS< 0.01) with decreases in root
biomass of 21 and 9%, respectively, in chilled careg to control plants.

At the end of the experiment, significant decreased AR and SLA were
observed in plants under low temperati?e<(0.001); ST51 plants showed significantly
higher LAR values<0.01) than CN5 plants (Table 1). As a result of dtteration in
biomass patrtitioning from leaves to roots under temperatures, the leaf area to root
area ratio decreased on average 50% in both clghes0.01). Moreover, CN5 plants
exhibited significant lower values of this rati® € 0.05) and greater total root length
than clone ST51K < 0.05).
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Figure 3 Total number of new leaves of control (CT) and lekil(chi) plants of i
drought-resistant clone (CN5) and a drought-sesesitlone (ST51) ofEucalyptus
globulus. Data are means * s.e=p).
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Table 1. Total biomass, leaf area, number of brasictotal root length, dry mass partitioning (pata# total biomass) and leaf
growth analysis in control (CT) and chilled (chiapts of a drought-resistant clone (CN5) and a ginbsensitive clone (ST51)
of Eucalyptus globulus (day 42). Data are means * sm@=g). *P < 0.05; *P < 0.01; ***P < 0.001; ns, not significant & >

0.05.

Morphological

Significance of 2-way ANOVA

characteristics CT CN5 CTST51  chiCN5  chiST51 Cone (G Temperate ¢, 1
regime (T)
Total biomass (Q) 9.4+0.2 8.7+0.9 6.1+0.9 5.5+0.2 s n ol ns
Leaf area (cr) 621+67 7341105 238+48 289+26 ns o ns
Number of branches 8.8+0.7 12.8+2.7 5.6+1.7 8@+1. * * ns
Total root length (m) 102+9 75+0.8 71+12 50+9 * ** ns
Dry mass partitioning
Stem (%) 29+1.7 26+1.6 35+3.3 35+2.4 ns * ns
Branches (%) 2.320.5 4.1+1.3 0.8x0.2 1.7+£0.3 ns * ns
Leaves (%) 52+2.7 57+1.2 4014.2 49+1.7 * o ns
Root (%) 17+£1.7 12+1.6 24+£3.5 15+1.0 o * ns
Leaf growth analysis
Leaf area ratio (cfng™) 65.846.3 82.8+4.1 38.2+3.0 52.1+3.6  ** ok ns
Specific leaf area (cfrg?) 139+4 158+3 120+3 121+7 * oxk ns
Leaf area / root area 0.59+0.08 0.95+0.17 0.28+0.08.48+0.05 * *x ns
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Figure 4 Leaf area expansn measured of emerged first and second l¢ of control
(CT) and chilled (chi) plants of a drought-resistatone (CN5) and a drought-
sensitive clone (ST51) @&ucalyptus globulus. Data are means * s.e=p).

New root growth

When a sample of new roots formed during the coofsthe experiment was
analysed on day 42, there were significant diffeesn between plants due to the
temperature regime (Table 2). Plants of both clameger chilling developed new roots
with lower specific length and area, as well asdowumber of tips and forkd (<
0.001). New roots formed under low temperaturesveldoa significant higher average
diameter P < 0.001) than new roots formed under control coos. In addition, there
were also differences in new root morphology betw#e two clones. New roots in
ST51 plants exhibited a marginally significant tegispecific lengthK < 0.09) and area
(P < 0.06) than CN5 plants. Furthermore, roots of SThdwed a marginally significant
higher number of tipsR(< 0.06) and a higher specific volunte < 0.05) than the roots of

CN5.
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Table 2. Specific root length, specific root sugarea, average diameter, number of tips, numb#ark$ and specific root
volume of a new root sample of control (CT) andlleti (chi) plants of a drought-resistant clone (GN#d a drought-
sensitive clone (ST51) dtucalyptus globulus (day 42). Data are means * s.e=g). *P < 0.05; **P < 0.001; ns, not

significant atP > 0.05

Significance of two-way ANOVA

New root analysis CT CN5 CTST51 chiCN5 chi ST5T
Clone (C) Tem.perature CxT
regime (T)

Specific length (m g DM) 10518 125+15 32+4 51+11 0.09 ork ns
Specific surface area (ég DM™)  1086+37  1216+119 538422 753195 0.06 rxk ns
Average diameter (mm) 0.33+0.01 0.31+0.01 0.55+0.0/50+0.05 ns ol ns
Number of tips (mg DM) 35+4 50+8 7+1 12+3 0.06 ok ns
Number of forks (mg DM) 48+8 63112 10+2 21+6 ns ol ns
Specific volume (cthg DM™)* 5.7+0.4 6.9+0.6 6.2+0.5  8.1+0.6 * ns ns

Ain total root system
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Anthocyanins

At the end of the experiment, the leaves of thetglaubjected to low temperature
displayed a distinctive reddish colour. There wasigmificant increase in anthocyanin
concentrationsR < 0.05) in the leaves under the chilling treatmemngyFe 5), with CN5
showing a significantly larger accumulation of argyanins than ST51 plant® € 0.05).

1000

N CN5
[ SsT51
800 A
£
g 600
§ Figure 5 Anthocyanins conter
g 400 A measured on day 42 of control and
g [ chilled plants of a drought-resistant
200 clone (CN5) and a drought-sensitive
clone (ST51) oftucalyptus globulus.
Data are means * s.&=5).
0 -'L' T
Control Chilling

Hydraulic properties

Root hydraulic conductanceK) was strongly related with root growth and
increased throughout the experiment in both chitl eontrol treatments (Figure 6A). The
temperature regime had a significant effeckomvith lower values in chill-treated plants
(P <0.001). Similar t, root hydraulic conductivityl(;) was also related to root growth,
and decreased under low temperatuf@s<(0.001). However, there were significant
differences inL, between the clones on day 42« 0.01), with higher values in ST51
plants (Figure 6B).

Hydraulic conductance of the soil-plant syste{g,\ by the end of the experiment

(day 42) showed a significant difference both bemvéemperature regimes and clones
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(Figure 7A). Thus, low temperatures led to a desganKsp, and clone ST51 had higher

Ksp values than clone CNSP(< 0.001) in both temperature regimes. There were

significant differences between the temperaturémreg € < 0.001) on LSC on days 1

and 8. However, there were no differences in LSIQesbetween temperature regimes at

the end of the experiment (Figure 7B). The decraas&C in control plants, especially

from day 1 to 8 was related to a reductiorEadn a leaf area basis, and with the initial

great development in foliage. In contrast, plamisthe low temperature treatment

increased their LSC due to limited leaf growth amdncreasedE values on a leaf area

basis. Furthermore, at day 42, there were sigmfidégferences in LSC between the two

clones P < 0.05), with ST51 plants showing higher capacit@{imes, on average) to

supply foliage with water than CN5 plants.
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Figure 6. (A) Root hydrauli
conductance K) and (B) root
hydraulic conductivity (p) of
control (CT) and chilled (chi) plants
of a drought-resistant clone (CN5)
and a drought-sensitive clone
(ST51) of Eucalyptus globulus.
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Figure 7 (A) Hydraulic
conductance of the soil-plant
system Ksp) and (B) leaf specific
conductance (LSC) of control
(CT) and chilled (chi) plants of a
drought-resistant clone (CN5) and
a drought-sensitive clone (ST51)
of Eucalyptus globulus. Data are
means * s.enEb).

Acclimation versus non-acclimation: hydraulic responses

WhenL, was measured in control plants at 10 °C, thereansignificant average
decrease of 65%°(< 0.001) compared th, measured at 24 °C, corresponding withua Q
of 1.9 and 2.4 in CN5 and ST51 plants, respecti{Elgure 8). Moreover, after 24 h,
under low temperatures, there was an additionaledse inL, by 45% P < 0.01). The

consequences of long-term acclimation to chilliegyperatures ih, can be observed

comparing control plants growing 24 h at 10 °C vaplants grown for 42 days at 10 °C.

Acclimation led to a significant increaselipin both clonesk < 0.001) of ~2-times and
4-times in CN5 (@ =1.74) and ST51 (Q =1.49), respectively. Finally, after 5 days in

control conditions, there was a marginally sigrfic recovery irL, (P < 0.09) of ~1.3-

times.
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Figure 8 Root hydraulic conductivityLp) of control (CT; measured at 24 #°C) and
chilled (chi; measured at 10 £ 1 °C) plants at 4¢sd Control plants grown at 24/16
°C (day/night) were also measured at 10 + 1 °Corbeénd after 24 h at 10/5 °C
(day/night), and after 5 days of recovery in contonditions. Plants belonged to a
drought-resistant clone (CN5) and a drought-sesgsitione (ST51) ofEucalyptus
globulus. Data are means = s.e=4).

Discussion

When ramets of the twi. globulus clones were grown at chilling temperatures of
10/5 °C (day/night), a reduction of ~34% in meaaltbiomass as compared to growth at
24/16 °C was observed. This cold treatment alsaltezbin a 61% decrease in total leaf
area and a 39% decrease in the ratio of leaf aredal biomass relative to control plants.
In addition to the decrease in leaf area undertkwperatures, there was a decrease in
stomatal conductance, which contributed to redwaetion assimilation (Figure 2C, D).
This reduction in growth due to chilling was simita an imposition of water stress with
the same clones in a previous study (Costa e 8ileh 2004). Furthermore, reductions
in the number of branches and alterations in bisnpastitioning, resulting in a higher
investment in the root system, were also coinciderder chilling and drought stress.
Temperatures below the plant’s optimum for growslially result in increased relative

investment of biomass in roots (Clarkseiral. 1988). This may be a consequence of a
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reduction in the sink strength of the abovegroulashtptissues, making more assimilates
available for root growth. In addition, low soint@eratures are known to reduce overall
growth and tend to increase carbon allocation tasr¢Stoneman and Dell 1993; Gavito
et al. 2001) due to reductions in nutrient and waterlakgt(e.g. Markharét al. 1979;
Running and Reid 1980; Grossnickle 1988; Waral. 1999). Moreover, since both
shoots and roots were subjected to chilling, theokiyesis of possible feedback
mechanisms affecting hydraulic properties has tateepted (Matzner and Comstock
2001).

The two clones tested responded differently toliogil Under low temperatures,
ST51 clone maintained higher transpiration ratesntfCN5 clone throughout the
experiment and this was accompanied by more negétaf water potentials. Although
there were no differences @ or A between the two clones until day 8, ST51 showed a
higher rate of carbon assimilation at both tempgeategimes on day 42 (Figure 2D).
Furthermore, it is interesting to confirm the pmag results under drought conditions of
different growth characteristics between the twonek. Compared with the drought-
sensitive ST51 clone, the drought-resistant CNBecload a higher percentage of biomass
investment in root system, in control and low terapg&re conditions (Table 1). In
contrast, with CN5 clone, ST51 showed a greatezstiaent in leaf area and higher ratios
of leaf area to total biomass, in control or chglitemperatures. Although the effect of
chilling in shoot growth was similar in both clonesot growth was more affected in
ST51 than in CN5 with higher decreases in root laisgrin comparison to control plants.

In manyE. globulus clones, chilling under high light induces the acalation of
anthocyanins in the leaves, which become reddidte ®bserved accumulation of
anthocyanins induced by low temperatures (Figurefolpwed an accumulation of
soluble sugars, occurred under low values of cployth content (Shvalevat al. 2007)
and was more intense in CN5, the drought-resistlme. As proposed by Stew al.
(2002), anthocyanins may prevent possible photbittbh damages, when low
temperatures limit carbon assimilation.

Although the initial hypothesis of a lower depressiin growth rate in the
drought-resistant clone under chilling cannot bepsuted, greater allocation of carbon to

root growth in clone CN5 under low temperaturesais advantageous trait in the
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Mediterranean environment. In fact, it can be preedi that reduction in the transpiration
area and increase in root absorption area undetdoweratures can also favour drought
resistance in the summer. Drought-resistant gemestypill explore more soil volume
during the water-stress-free period, enabling iaseel water uptake during the drought
season.

By studying xylem hydraulic properties of the twlores, responses to chilling
temperatures may be related with their growth attarsstics. It was hypothesised that a
higher susceptibility to cavitation/embolism in theught-sensitive clone result from a
steeper decline in hydraulic conductance undergibaonditions (Costa e Silh al.
2004). Clonal differences in hydraulic architecttieve also been reported by previous
studies (Vander Willigen and Pammenter 1998; Saggsial. 2004).

In this experiment, a decline ib, was observed, with ST51 clone showing
significantly higher water transport efficiencythar in control or chilling treatments.
After 42 days, ST51 clone showed a higher capdoitgteliver water through the roots
(Lp) to leaves (LSC) or the whole planKsf) compared with CN5. Limited water
transport due to reductions in hydraulic conduatam@y enhance a conservative water
use (Hubbarekt al. 2001) and is a trait presented by drought-adagpedies (Nardingt
al. 1999) and slow growing species (Tyetel. 1998). Thus, the higher water transport
efficiency in clone ST51 matches its higher traregn rates and is in accordance with
its higher growth rate; these characteristics aresistent with its sensitivity to drought
conditions.

Root water flow measured in control plants at 10/R€lded an average decrease
of 65% inL, compared to control plants measured at 24 °C.rthdu decrease of 45%
occurred after 24 h under chilling. This decreaskpiwas greater than what should be
expected from changes due to water viscosity ansige(Q10 =1.25; Matzner and
Comstock 2001). Likewise, decreasesLin unrelated to changes in viscosity were
reported in several studies (Fennell and Markh@@81 Vernieriet al. 2001; Waret al.
2001; Melkonianet al. 2004) and have been attributed to low-temperatdeced
alteration of membrane properties that lowers thardulic conductance of radial root
water flux (Markharet al. 1979). In this experiment, clone ST51 showed énglecrease
of L, than CN5 (@ of 2.4 and 1.9, respectively), denoting a strongféect of low
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temperatures on one or more components of the pgtfov water movement within the
root system. These components may either involMérdnt clone alterations in
apoplastic barriers, such as exo- and endoderngdaian bands (Steudle and Peterson
1998), or differences in water channel activiti@avpt and Maurel 2002; Aroca al.
2005). Recently, Leest al. (2005) found a strong channel closure and gathg
aquaporins activity as result of low temperatura ichilling-sensitive species showing a
high Qo value.

With time under low temperature, some plants cémbeixpartial recovery ot,
(Fennell and Markhart 1998; Verniatti al. 2001; Melkoniaret al. 2004). When control
plants growing 24 h and plants growing 42 days umtidling were compared, a long-
term acclimation was observed, which led to a §icgmt increase irL, in both clones
(Figure 8). One factor that may be responsibleLforecovery with time is root growth
under low temperatures (Sanders and Markhart 20049t growth analysis on day 42
showed that plants of both clones under low tentperadeveloped new roots with lower
specific length and area, as well as lower numbéps and forks. In contrast, these new
roots exhibited higher average diameters. A deer@aspecific root length and increase
in diameter with decreasing temperature was alsoddyy Stoneman and Dell (1993)
and Gavitcet al. (2001), respectively. These alterations in rootphology can be driven
by higher water availability in the soil under le@mperatures and be related with a lower
requirement of soil exploration for water acquaiti Thus, the plant under low
temperatures develops a root system that can fawaraulic conductivity through less
surface area and higher root conduit diameterst¢hiet al. 1998). However, a higher
root diameter with a larger cortex section can &lave a negative effect in, (Rieger
and Litvin 1999). The possible influence of thetregstem size in partly explaining the
difference inL, between control and acclimated plants cannot Iseegarded. An
increase in size of the root system was often &ssatwith a decrease i (Rudingeret
al. 1994; Steudle and Meshcheryakov 1996).

Differences in new root morphology between the tlames can also be related to
their different hydraulic capacities. The higheeafic root length, number of tips and
specific root volume in ST51 plants under bothttrents can be associated with better

soil exploitation capacities favouring uptake angtraulic conductance, particularly
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under optimal conditions for growth. Thus, in compan to CN5 clone, higher specific
root length of ST51 means that for the same rawtle it has a lower biomass partition
cost. A greater specific root length was suggestedsupport higher hydraulic

conductances (Eissenstat 1991), a plant growthacteaistic of fast-growing species
(Comaset al. 2002).

In summary, this data indicate that chilling (106, day/night) led to a general
decrease in growth of both clones and significagductions in root hydraulic
conductivity, rate of photosynthesis and stomataiduictance in comparison to plants
grown at control temperature (24/16 °C). The méieicdnces in the responses to chilling
in E. globulus clones include a lower depression of root growtlthie drought-resistant
clone, as well as a better water status and a high&ocyanin concentration as
compared to ST51 plants. Except for roots, the ltesdid not support the initial
hypothesis of a lower inhibition of growth rate the drought-resistant clone under
chilling. However, the higher root growth under ltemperatures, as observed in CN5 in
comparison to ST51 clone, can be an advantageaiti®ftrdrought-resistant genotypes in
a Mediterranean-type environment. A growth pattegading to a reduction of the
transpiration area and the increase of root ahbisor@atrea under low temperatures will
permit these genotypes to explore more soil volaimeng the water-stress-free period,

which will enable an increased water uptake uniglerdrought season.
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5. Physiological and biochemical responses to lowomfreezing
temperature of two Eucalyptus globulus clones dffering in drought

resistance

Abstract

We have compared the metabolic responses of leandsroots of twoEucalyptus
globulus L. clones CN5 and ST51 that differ in their sengiito water deficits (ST51 is
more drought sensitive), with regard to the effecthilling (10/5 °C, day/night). We
studied changes in growth, osmotic potential andatgally active compounds, soluble
proteins, leaf pigments, and membrane lipid contmosi Our data showed that both
clones have the ability to acclimatize to chillitmmperatures. As a result of 10 days of
acclimation, an increase of soluble sugars in Isafereated plants of both clones was
observed that disappeared later on. Differencewdmst clones were observed in the
photosynthetic pigments and soluble protein contelnich were more stable in CN5
under chilling. It also was apparent that CN5 pnésg a less negative predawn water
potential ¥pq) and a higher leaf turgor than ST51 throughoutahiling treatment. In
the case of the CN5, increased total lipids (TFAYJ aoncomitant increase of linolenic
acid (C18:3) in leaves after acclimatization mayrélated to a better clone performance
under chilling temperatures. Moreover, a higherstitutive investment in roots in the
case of CN5 as compared to ST51 may benefit new megeneration under low

temperatures favoring growth after cold Meditereamevinter.

Keywords: carbohydrates / chillindetcalyptus globulus L. / lipids / membranes
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Introduction

Eucalyptus globulus Labill. is an evergreen tree that grows in manyiaeg of
winter-rain climates of the Mediterranean-type w#hdry and hot summer. In such
conditions, a more efficient clone should not omée more water (through deep rooting)
but also take advantage of the water availabilitytree cold season through greater
chilling tolerance. Previous studies of two highhlpductiveE. globulus clones, CN5 and
ST51, with different sensitivity to drought, indied that these clones exhibited different
strategies to cope with water deficit [6]. The istraent in root system development
before drought, a continuous greater root growthtagher xylem hydraulic conductance
under water stress explained superior droughtteegie of CN5 clone compared with
ST51 clone. Under gradual subjection to water stibegh clones CN5 and ST51 had the
ability to respond to water deficit at the celluls@vel by altering their osmotic
components and the activity of the antioxidant @ctbn system [24].

Eucalyptus globulus is susceptible to cold and does not tolerate bdteezing
temperatures [2]. Moreover, growth is limited byllaing temperatures, e.g., from (0 °C)
4 °C to 15 °C, which may be too low for normal gttowThe plants exposed to chilling
temperatures undergo a process of acclimation etedowith several physiological and
biochemical alterations in the plants [2, 12, ZH}e best-characterized changes under
chilling, as well as under different types of sse&s include alterations in gene
expression, changes in hormone level, accumulaifoosmolytes (compatible solutes)
and protective proteins as well as modificatiocef membranes [4].

According to previous studies [13, 16], the themmpic phase transition of
membrane lipids might play an initiative role iretbhilling sensitivity of plants. In chill-
sensitive plants, the lipid bilayer has a high patage of saturated fatty acids chains, and
this type of membrane tends to solidify into a sagstalline state at a temperature well
above 0 °C [27]. As the membranes become less, fhgédmeability is affected. During
acclimation of plants to low temperature the fatyds in their membrane lipids become
more unsaturated, resulting in enhanced membrabdist [22, 26].

In Mediterranean ecosystems, plant performancengwsinter is poorly studied,

maybe because summer-drought constrains are muehaonspicuous. However, “cold”
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is a relative term and even the “mild” temperatwéMediterranean winters may be too
low for plant species which have to cope with wilermal amplitude over the year.
However, climate change scenarios for the westeeditdrranean (including Portugal)
suggest lengthening of the dry season [15], whiely tarn plants even more dependent
from a relatively cool but shorter rainy seasonerkhis also the possibility that global
warming will enhance the frequency of extreme wea#vents including cold spells [7].
The comparison of the dynamics of physiological Brmthemical changes between non-
acclimated and acclimated plants, is of the utrmopbrtance to understand stress coping
mechanism in trees. Considering that resistangéaots to drought and low temperatures
share common mechanisms [25], the aim of the ptegerk was to investigate whether
the two clones with contrasting response to drou@ftl5 and ST51) also exhibit
differences (growth and metabolic) in responseaw honfreezing temperature. We
analysed the effect of gradual temperature decreask the effect of chilling on
morphological parameters, membrane lipid compasitiod compatible solutes in leaves
and roots of both clones, as well as osmotic pikrgoluble proteins and pigments in

leaves.

Material and methods

Plant material

Rooted cuttings of the two clones ST51 and CN5 weogvn in plastic containers
filled with 60% peat and 40% styrofoam beads. ST&Iconsidered more drought
sensitive than CN5. After four months the rootedtiogs of both clones were
transplanted to 5.3 L plastic pots. At six monthds 82 plants per clone were transferred
from nursery and placed in a growth chamber subfettd a gradual temperature decrease
(1.4 °C per day) from 24/16 °C to 10/5 °C (day/t)igivhich took 10 days (acclimation).
Measurements were started at Day 1 after plantsdéached 10/5 °C, the beginning of
the chilling treatment. Another 32 plants per cloamained in control conditions (24/16

°C). Air and pot soil temperatures in the growtlarober were monitored through a data
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logger (DL2e, delta-t Device, UK) to follow temparee changes during the day. It must
be taken into account that under natural conditisoi$ temperature does not vary as
rapidly as air temperature. Other growth conditionsre: photoperiod: 12/12 h
(day/night), relative humidity of approximately 60%#hotosynthetic photon flux density:
220 pmol nf s'. The experiment lasted for 52 days (7th Januaf520 1st March
2005). All plants were watered to runoff on thetfiday and then twice per week.

Growth analysis and sampling dates

Plants were harvested 42 days after the beginditigeachilling treatment. Shoots
were separated into stem, lateral branches andlstams. Roots were gently washed and
carefully separated from soil and other debrisnPtamponents were then dried for at
least 48 h at 80 °C in the oven and cooled in datics for dry mass determination.
Leaves and roots were scanned before drying amdi¢la¢ and root area of each seedling
(five plants per treatment) were calculated withnRhizo software (Regent Instrument
Inc., Canada). Samples for carbohydrates, lipidsline, soluble protein analyses and
osmotic potential were collected on Days 1, 8 aRdafter the beginning of chilling at
predawn on full-expanded leaves (0.5 g fresh masg)at midday on root segments (0.5
g fresh mass and diameter < 2 mm) excised fronc¢hé&al part of the root system, using
five plants per treatment. Samples were removedefr immediately in liquid nitrogen

and kept at —80 °C until further analysis.

Plant water relations

Predawn water potential’q was measured with a Scholander-type pressure
chamber (PMS Instruments, Corvallis, OR) on fivang$ per treatment. From the same
plants, leaf discs (6 mm diameter) were taken atlgwn for osmotic potential?)
determination, frozen in liquid nitrogen and storatl —80 °C until analysis. The
measurements of; were made after thawing the samples at room teatyoey, using C-

52 sample chambers connected to a Wescor HR-33Tpdew microvoltmeter (Wescor,
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INC Logan, UTAH, USA). Leaf turgor(,) was calculated according to the equatiép:
= ¥,q — ¥r. Osmotic potential at full turgod°% was calculated fron¥y corrected by
relative water content values (RWC), measured mpdas of 10 leaf discs of 0.7 cm
diameter. RWC was calculated as RWC (%) = (FW-DW)/(DW) x 100, where FW,
TW and DW are the fresh, turgid (after floating gsmples for 3 h on distilled water at

room temperature) and dry mass (after oven-dryir@)&C), respectively.
Leaf pigments

Pigments were extracted from frozen leaf discs escribed in Shvaleva et al.
[24] and then analysed by HPLC according to Wrightal. [32] and quantified by
custom-made external standard solutions (DHI Watet Environment; Denmark and
Carotenature, Switzerland). Twenty-five microlitesamples were injected in Zorbax
(Agilent Tech., USA) Bonus-RP C18 column and eluteith a quaternary gradient
composed of water, acetonitrile, ethyl acetate @ddM ammonium acetate in methanol
(20:80, v/v) at flow-rate of 1.0 mL mih Pigments content were measured after 42 days

of chilling.
Lipid analysis

For lipid analysis, the general procedure of Phamer al. [20] was used with
modification according to Scotti Campos et al. [22]ipids were extracted in
chloroform/methanol/water (1/1/1, v/viv) according Allen et al. [1]. After
saponification, fatty acids were methylated withsBHerck) according to Mercalfe et al.
[14] using heptadecanoic acid (C17:0) as an intestemdard. Subsequently they were
analysed by gas-liquid chromatography as desciib&tercalfe et al. [22].

Soluble proteins

Soluble proteins were extracted and measured agetkin Bradford [3].
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Carbohydrates and polyols extraction and analysis

Carbohydrates and polyols were extracted from keared roots (100 mg FW),
according to Van Huylenbroeck and Debergh [30] dhdn analysed using High
Performance Anion Exchange Chromatography coupléth Wulsed Amperometric
Detection HPAEC-PAD (Dionex ED 40, Dionex Corp.,A)Sccording to Wilson et al.
[31]. The analytical column for carbohydrates waBianex Carbopac PA-20 (3 mm x
150 mm) kept at 30 °C and eluted by on on-line gerd KOH at 0.5 ml mif, whereas
polyols were analysed on Dionex Carbopac MA-1 (4 m250 mm) stored at 48 °C and
eluted by a gradient of NaOH (500 mM) at 0.3 ml thi@arbohydrates and polyols were

quantified using calibration curves with standastligons [10].

Proline and proline analogues extraction and analysis

Approximately 100 mg of fresh plant material wasrasted according to Naidu
[17] and then analysed using High Performance ldgarchange Chromatography
coupled with Mass Spectrometry HPLEC-MS. N-acetyl-@oline (Sigma-Aldrich
Chemical Company) was used as internal standatd [18

Data analysis

Data were subjected to two-way analysis of variaffddOVA) to test for the
effects and interactions of temperature treatmemd &etween clones, using the
STATISTICA (Version 6, 2001, StatSoft, Tulsa, OkKjtd analysis software system. Data
are shown as the mean = SE in tables and figuréstaiistically significant differences
between treatments were tested atRtke0.05 level.
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Results

Growth response

Forty-two days of chilling had a negative effect gnowth of both clones with
reductions of total biomass, leaf area ratio anal t@ot length (ca. 35%, 40% and 30%,
respectively), in relation to control values (Figur). At the end of the experiment, ST51
plants showed significantly highelP & 0.01) values of leaf area ratio than CN5 plants,

whereas the CN5 clone exhibited greater total tength in both treated and control

plants.
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Plant water relation

Predawn water potential¥{q) were maintained stable throughout the experiment,
varying between —0.36 and —0.53 MPa (Figure 2A)d&sriow temperatures clone ST51
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had more negativ#,q than clone CN5K < 0.05). Control plants maintained leaf osmotic
potentials around —0.58 MPa, whereas under low ¢éeatpre'V;; declined significantly
(P < 0.01) in both clones to —0.85 and —-0.77 MPa irb@Nd ST51 plants, respectively.
So, leaf turgor ¥p) in both clones increased significantly € 0.01) during chilling
(Figure 2B). The decrease W, was a consequence of leaf osmotic adjustment,hwhic

100
Tt

mean degreeAW%° = ¥ % control —¥,°° low temperature) throughout the experiment

was of 0.18 and 0.13 MPa for CN5 and ST51 clorespectively (Figure 2C).
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Carbohydratesin leaves
Acclimation led to a clear increase in the cont@Englucose (Glu), sucrose (Suc)

and fructose (Fru) in leaves of both clones (Tdpl&here were significant differences
between the clone® 0.01) with higher values of these carbohydrateSN5 plants.
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Table I. Galactose, glucose, sucrose, fructoséjrasae and inositol contenirfiol g* dry mass) in leaves d&. globulus
Clones CN5 and ST51 after cold acclimation (Dayaffer 8 and 42 days of suboptimal temperature—&ontrol (24/16

°C), SOT — suboptimal temperature (10/5 °®)<*0.05; **P < 0.01; **P < 0.001; ns, not significant &> 0.05.

Significance of 2—way ANOVA

Days

imati CT CN5 CT ST51 SOT CN5 SOT ST51
after acclimation Clone () Temp. (T) CxT
Day 1
Galactose 1.5+0.2 1.0+£0.1 1.6+0.2 1.5+0.2 ns ns ns
Glucose 6.3+0.6 4.210.4 11+1.5 6.8+0.9 *k *x ns
Sucrose 1.9+04 0.7+£0.2 6.1+1.2 3.0£0.5 *k ok ns
Fructose 6.8+£0.6 5.9+1,2 12+0.7 7.6x£1.0 *x *k ns
Arabinose 0.1+0.02 0.09+0.02 0.15+0.02 0.15+0.03 ns ns ns
Inositol 16+3.1 21+2.1 16+2.9 10.5+1.9 ns 0.06 0.06
Day 8
Galactose 1.2+0.05 1.2+0.1 1.6+0.2 1.5+0.1 ns * ns
Glucose 7.8+0.5 7.3t1.6 16.8+4.3 14.9+2.4 ns *x ns
Sucrose 2.2+£0.5 1.9+0.7 9.1+2.6 7.1+0.6 ns *x ns
Fructose 6.3:t0.4 5.3£0.9 12.7+0.8 10.5+0.9 0.06 Frk ns
Arabinose 0.07+0.01 0.11+0.03 0.14+0.01 0.11+0.01 ns ns ns
Inositol 20.0£1.1 20.7£1.8 14.2+1.0 12.2+0.5 ns ok ns
Day 42
Galactose 1.4+0.1 2.3+0.3 1.6+0.1 1.5+0.2 ns ns *
Glucose 5.5+0.5 8.1+0.8 12.524.0 9.6£1.9 ns ns ns
Sucrose 1.8+0.4 2.5+0.5 9.2+3.6 6.0£1.2 ns * ns
Fructose 5.2+0.8 6.7+0.9 11.9+0.9 10.2+0.7 ns ikl s n
Arabinose 0.11+0.05 0.15+0.02 0.16+0.02 0.15+0.02 S n ns ns
Inositol 10.6+1.3 22.840.5 18.8+1.6 19.7+2.9 *x ns *x
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Table Il.Galactose, glucose, sucrose, fructose and inasitdkent imol g* fresh mass) in roots & globulus Clones CN5
and ST51 after cold acclimation (Day 1), after 8 42 days of sub-optimal temperature. CT — Cor{24l16 °C), SOT —
suboptimal temperature (10/5 °CPR % 0.05; **P < 0.01; ***P < 0.001; ns, not significant &> 0.05.

Significance of 2—way ANOVA

Days

imati CT CN5 CT ST51 SOT CN5 SOT ST51
after acclimation Clone () Temp. (T) CxT
Day 1
Galactose 0.80.3 0.41x0.2 0.49t0.11 0.91+0.16 ns ns ns
Glucose 2.0+0.7 0.26t0.12 1.140.45 2.82t0.46 ns * **
Sucrose 1.1+0.4 0.69+0.38 1.55+0.49 2.2%0.4 ns * ns
Fructose 0.5+0.1 0.21+0.13  0.44+0.06 0.71+0.18 ns ns *
Inositol 0.2+0.04 0.12+0.06  0.13t0.02 0.23+0.05 ns ns *
Day 8
Galactose 0.19+0.03  0.33t0.1 1.450.5 0.38+0.08 ns * *
Glucose 0.240.05 0.43t0.13 2.6#1.31 1.42+0.67 ns * ns
Sucrose 0.19+0.05 0.28t0.08 2.1#1.18 1.46£0.57 ns * ns
Fructose 0.18:0.03  0.33t0.05 0.83t0.42 0.65+0.15 ns * ns
Inositol 0.09+0.02  0.05t0.01  0.36t0.13 0.24+0.06 ns *x ns
Day 42
Galactose 0.23+0.08  0.21+0.05 1.3:0.4 0.85+0.24 ns o ns
Glucose 0.63t0.2 0.5+0.16 2.94:0.72 2.98t0.98 ns *xk ns
Sucrose 0.240.05 0.41+0.17  3.26t0.48 2.82t0.64 ns *xk ns
Fructose 0.51+0.08  0.74+0.05 1.2%0.24 1.02t0.15 ns rxk ns
Inositol 0.21+0.03  0.120.04  0.92+0.28 0.7+0.28 ns ok ns

104



Capitulo 5 -E. globulus responses to low non-freezing temperature

After 8 days of chilling, in addition to the acculation of Glu, Suc and Fru, galactose
was also significantly higher in both clones as pamad to controls. On the contrary, the
content of inositol significantly decreaseld € 0.001). After 42 days of chilling, the
accumulation of Suc and Fru persisted in both dpradthough with no significant
differences between clones. Among the accumulatgbobydrates Suc showed the
highest increases throughout the experiment, wkeegabinose displayed very low

contents and without significant changes with thilling treatment.

Carbohydrates in roots

Acclimation led to a significant}(< 0.05) increase of root Glu (10-fold) and Suc
(3-fold) content in ST51 plants (Table II). Afterd@ys, chilling led to a significanP (<
0.05) increase of all carbohydrates in both cldndgsmore evident in CN5. After 42 days
of chilling the increase of carbohydratds €< 0.01) was also observed in both clones.
Among the accumulated carbohydrates Suc showeHigiest increases at Day 42: 13-

fold and 7-fold in CN5 and ST51, respectively asipared to controls.

25 - ODay1
— ODay8
S 20 W Day 42
g = Figure 3 Soluble proteins content
£ S 159 leaves oftucalyptus globulus Clones
S 2 10. CN5 and ST51 at Day 1, 8 and 42
o £ after suboptimal temperature. CT —
E 51 control (24/16 °C), SOT — suboptimal
@ . temperature (10/5 °C). Values are

CTCN5  CTSTs1  soTcns sorstst  mean x SEr{=5).

Soluble proteinsin leaves
There were no significant changes in soluble pnsten leaves until Day 42

(Figure 3). After 42 days of chilling, soluble peot content decrease® € 0.001) in
both ST51 and CN5 clones (ca. 84% and 27%, respedgtias compared to controls.
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Leaf pigments

Pigment content showed a statistically significghk 0.001) temperature effect
after 42 days, which led to a reduction on chlogdipbontents. Clone ST51 showed
higher reductions of total chlorophyll content tH@N5 under low temperatures, ca. 48%
and 22% in relation to control plants, respectivéijgure 4A). Fucoxanthine (Figure
4B), lutein (Figure 4C) anfl-carotene (Figure 4D) content in control ST51 Hanere
significantly higher when compared with control CEants (110%, 138% and 127%,
respectively). Forty-two days of chilling led tagsificant reductions of fucoxanthine,
lutein andp-carotene in ST51 plants (57%, 49% and 57%, resedg), whereas in CN5

plants no significant changes were observed.

Proline and proline analogues in leaves

Proline content was higher than betaine and trifjoeein leaves of both clones
for control and treated plants throughout the expent (Table IIl). After 8 days under
10/5 °C there was a significam € 0.01) proline reduction, more evident in STS5lvesa
than in CN5 leaves. At Day 42 of chilling trigoriel content showed a significam €
0.05) reduction in leaves of CN5 and ST51 cloneé®4&nd 43%, respectively). There
were significant differences between clonBs<(0.05) in trigonelline content at Day 1
(CN5 had higher content than ST51) and in prolioetent at Day 42 (ST51 had higher
content then CN5).

Proline and proline analogues in roots

Acclimation led to a significant decreade € 0.01) in betaine root content in
CNS5 plants but not in ST51 (Table IV). After 8 dapsoline was higherR < 0.06) in
plants under low temperature of both clones ambmelline was significantly higheP(
< 0.01) in ST51 clone as compared to CN5 plantstyRevo days of chilling led to
decrease (ca. 50%) in trigonelline in STH € 0.05) without changes in CNS5.
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Table 1Il. Proline (nmol g dry mass) and proline analogues concentratioerdmds ofE. globulus Clones CN5 and ST51
after cold acclimation (Day 1), after 8 and 42 dafsuboptimal temperature. CT — control (24Q)5 SOT — suboptimal
temperature (10/%). *P < 0.05; **P < 0.01; ***P < 0.001; ns, not significant &> 0.05.

Significance of 2—way ANOVA

Days

after acclimation CT CN5 CT ST51 SOT CNb5 SOT ST51 Clone (©) Temp. T
Day 1

Proline 213t45 14540 1455 7812 ns ns ns
Betaine 28+1 2H2 34+4 27+3 ns ns ns
Trigonelline 94+15 65+8 77+6 50+7 * ns ns
Day 8

Proline 186+21 155+27 122+36 54+2 ns o ns
Betaine 4.6t1.1 50t1.1 6.4+1.3 3.4£0.7 ns ns ns
Trigonelline 74+5 62+9 65+5 62+9 ns ns ns
Day 42

Proline 11046 157+17 9049 141428 * ns ns
Betaine 6.7+0.9 8.911.8 6.0£1.9 3.2+1.2 ns ns ns
Trigonelline 70£11 105+21 2612 60£17 ns * ns
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Table IV. Proline (nmol g fresh mass) and proline analogues concentratioadts ofE. globulus Clones CN5 and ST51
after cold acclimation (Day 1), after 8 and 42 dafysub-optimal temperature. CT — control (24/16, ®OT — suboptimal
temperature (10/5 °C)P*< 0.05; **P < 0.01; ***P < 0.001; ns, not significant &> 0.05.

Significance of 2-way ANOVA

Days

after acclimation CT CN5 CT ST51 SOT CN5 SOT ST51 P S ——— T
Day 1

Proline 25.149 8.5t1.5 5.6:3,0 9.4+0.7 ns 0.07 0.054
Betaine 12.9t2 5.51.4 5.6t0.6 5.5:0.7 * o *
Trigonelline 5.9+2. 6.4+1.1 6.1+0.7 5.5+0.6 ns ns ns
Day 8

Proline 16.8t2 15.2+3.5 23. 47 49.3t18.5 ns 0.06 ns
Betaine 17.142 11.#1.6 11.1+2.1 11.4+0.09 ns ns ns
Trigonelline 19.8t3 10.8:1.3 20.#2.1 15+0.4 *x ns ns
Day 42

Proline 13.1+1.6 23.27.0 10.82.6 24.88.2 0.055 ns ns
Betaine 15.3t1.8 19.34.9 13.42.3 9.¢0.8 ns ns ns
Trigonelline 10.2t1.6 10.3t1.1 7.7£2.2 5.2¢0.8 ns * ns
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Lipidsin leaves

Total fatty acid (TFA) content in leaves of contmhnts of both clones was
similar (Table V). As a result of acclimation, ThAcreased significantly in CN5 (40%),
but not in ST51. After 8 days and 42 days of aig)i TFA content remained stable in
both clones. As for the individual fatty acids,Caty 1 clone ST51 presented an increase
of 14% in C18:2 and clone CN5 an increase of 14%18:3 as compared to their
respective controls (Table V).

After 8 days, chilling led to a significant increa@ < 0.05) in C16:0 (20%) in
ST51 leaves and in C18:2 in ST51 and CN5 leave$o(3®d 45%, respectively).
However, C18:3 was reduceld € 0.001) in both clones (ca. 14%).

Such a tendency was also observed after forty-tays @f chilling. In leaves of
ST51, C16:0 significantly increaseB € 0.01) 32% in comparison with control plants.
C18:2 increased by 31% in leaves of both clonesfoA<18:3, it was reduced 15% in
chilling treated ST51 plants and only 6% in CN5ndaf < 0.01).

Throughout the duration of the experiment no sigaiit changes were observed

in C16:% in leaves of both clones.

Lipidsin roots

No changes of TFA content were observed at Dayrats of both clones (Table
VI). However, after 8 days and 42 days under lawgeratures TFA increaseH € 0.01)
in CN5 plants (95% and 69%, respectively).

In what concerns fatty acids, at Day 1 there wagyaificant increaseR < 0.01)
of C18:3 in both clones (29% and 23% in ST51 andQispectively). After forty-two
days of chilling, C18:2 content increased 12% in5CN roots in relation to control
values, while no significant changes occurred ilBETAs for C18:3, a larger increase

was observed in roots of ST51 than in roots of @Nmits (22% and 8%, respectively).
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Table V. TFA (mg ¢ dry mass) and main fatty acids (mol %) conterieaves ofE. globulus Clones CN5 and ST51 after
cold acclimation (Day 1), after 8 and 42 days dbaatimal temperature. CT — control (24/16 °C), S©Buboptimal
temperature (10/5 °C)P*< 0.05; **P < 0.01; ***P < 0.001; ns, not significant &> 0.05.

Significance of 2—way ANOVA

Days

At TCN T ST51 T CN T ST51
after acclimation ~ CT CNS CT ST SOT CN> SOT ST5 Clone (C) _ Temp. (T) CxT
Day 1
TFA 18.1+1.8 22.32.5 25.3:1.7 20.8t1.7 ns ns *
C16:0 28.2+0.9 22.81.2 25.4t1.0 24.2¢1.9 * ns ns
Cle:1 3.50.2 3.0:0.4 3.1+0.2 2.7+0.4 ns ns ns
C18:2 14.6t0.5 14.9:0.5 13.9t0.6 16.20.6 * ns *
C18:3 44.8+1.5 54.0:1.3 51.1+1.4 50.#2.4 * ns *
Day 8
TFA 22.#1.8 20.6:2.1 18.8:0.9 24.52.4 ns ns ns
C16:0 23.00.2 20.2:0.8 23.20.9 25.0:1.5 ns * ns
Cl6:1 3.4:0.3 3.50.1 4.0+0.2 3.1:04 ns ns ns
C18:2 10.70.4 12.9:0.2 15.5:1.2 17.6:1.3 * ok ns
C18:3 56.20.6 57.30.8 49.1+1.5 49.1:2.0 ns bkl ns
Day 42
TFA 14.7%#0.6 18.9:1.6 17.30.4 17.32.0 ns ns ns
C16:0 21.30.6 19.20.8 22.40.5 25.4:1.4 ns *x *
Cl6:1 3.0k0.2 2.8:0.3 3.0:0.1 2.50.3 ns ns ns
C18:2 12.20.2 11.80.9 16.G:0.7 15.40.4 ns Fxk ns
C18:3 57.10.8 61.8:1.9 53.20.8 52.7#2.2 ns *x ns
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Table VI. TFA (mg & fresh mass) and main fatty acids (mol %) contenbbts ofE. globulus Clones CN5 and ST51
after cold acclimation (Day 1), after 8 and 42 dafysub-optimal temperature. CT — control (24/1% ®OT — suboptimal
temperature (10/5 °C)P*< 0.05; **P < 0.01; ***P < 0.001; ns, not significant &> 0.05.

Significance of 2—way ANOVA

Days

iMati CT CNb5 CT ST51 SOT CNb5 SOT ST51
after acclimation Clone () Temp. (T) CxT
Day 1
TFA 1.40:0.13 1.10:0.11 1.20:0.08 1.320.14 ns ns ns
C16:0 32.11.1 29.52.0 28.1:0.7 27.80.4 ns * ns
C18:2 51.32.3 54.51.6 55.80.9 55.4:0.3 ns ns ns
C18:3 7.30.6 7.80.3 9.0:0.5 10.0:0.6 ns o ns
Day 8
TFA 0.75:0.08 1.09:0.11 1.470.05 1.20:0.17 ns o *
C16:0 30.21.6 28.30.7 29.6:0.7 31.3:0.6 ns ns ns
C18:2 49.32.1 52.41.4 51.90.7 50.21 ns ns ns
C18:3 11.52.1 11.0:1.9 12.6:0.9 12.51.0 ns ns ns
Day 42
TFA 1.0&0.10 1.42:0.08 1.820.11 1.52+0.05 ns *xk *x
C16:0 33.61.4 31.40.5 30.8:0.8 30.7%#0.9 ns ns ns
C18:2 46.42.2 49.9-0.4 52.2:0.9 50.4:1.1 ns * ns
C18:3 10.90.8 10.6:0.3 11.80.4 13.0:0.7 ns * ns
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Discussion

Our results showed that although both clones ratlgrewth in response to
chilling, total root length of CN5 was significapthigher in comparison with ST51 in
both control and treated plants. This was accongghby a less negative predawn water
potential and a higher leaf turgor in CN5 cloneotlghout the chilling treatment. This
characteristic of CN5 plants will offer an advargagver the drought sensitive ST51
clone, not only under water-stress conditions, tlug¢he possibility to explore more
volume of soil [6], but also under cold temperasutierough the benefits of higher new
root regeneration.

The slowdown of growth during chilling was concoamit with an increase of
carbohydrates in leaves and roots of both clomgsrdstingly, it was observed at Day 1,
as a result of acclimation, an increase of conténglucose, sucrose and fructose in
leaves of treated plants of both clones that deamu later on. The increase in
carbohydrates in leaves may reflect the reductiaihé sink strength of the aboveground
plant tissues. On the other hand, this will leadrmore assimilates available for root
growth.

Plant water status was not affected in chilled fslaas also observed in other
species [8, 33]. In fact, predawn water potentiedse unaltered by chilling. Moreover,
leaf turgor remained high in chilled plants of botbnes, due to the decrease of osmotic
potential as also observed in othgrcalytus species [29]. The degree of leaf osmotic
adjustment given b¥,%, was initially higher in CN5 comparatively to STptants, in
parallel with the higher sugars accumulation obsgnbut similar afterwards. In fact, a
higher content of carbohydrates in leaves of CNlechplants compared to ST51 was
only observed at Day 1.

Acclimation of the photosynthetic apparatus to lstgl and to high light is well
documented but the mechanisms are not completalgratood. Karpinska et al. [11]
showed in Scots pine that chlorophyll synthesisemperature sensitive, and under low
non-freezing temperature it decreases, due totafehloroplast biogenesis. According

to our pigment analysis the same phenomena happemath clones oE. globulus with
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higher reduction in ST51 plants; the same occua®thr as fucoxanthine, lutein afid
carotene is concerned. We can hypothesize that $I&dts suffered more under
suboptimal temperatures.

Our data also showed that the amount of proteirdane ST51 after 42 days of
chilling was reduced drastically, which may haveegative impact in the long term
response of this clone to suboptimal temperatdreis. was not the case for clone CN5.

The role of osmoprotectants along with carbohydrdtas also been frequently
assigned to proline [9], although, some authoreltnsidered proline accumulation as a
symptom of damage rather than an adaptive respgd®eOn the other hand, proline
contribution to osmoregulation is small in mosttimalted species under stress conditions
[28]. This was also the case with tBeglobulus clones under water stress, in which the
contribution of this amino acid to the osmotic pdi@l was around 1% [24]. In the
present study the lower values Bf; in leaves under chilling temperatures observed in
both clones were not accompanied by proline accatioul either in leaves and roots.
This suggests that proline did not act as a releaative osmolite irEucalyptus tissues
under suboptimal temperatures. However proline is@&nalogues may be associated
with other roles under stress conditions: protectd cytosolic enzymes and membrane
structure, stabilisation of proteins, antioxidantastorage functions [23, 25] and these
roles are not ruled out. In this respect the higladmes of proline observed in CN5 leaves
may play a positive role in growth under low tengtares. The unsaturation of
membrane lipids is considered a critical paramdtar the functioning of plant
membranes. Membrane lipids may suffer changes gvitiwth temperature, particularly
in what concerns linolenic acid (C18:3) [5]. Aniiease of unsaturation may compensate
the decrease in the fluidity of membrane that aught about by the downward shift in
temperature [21], and therefore sustained actofitynembrane-bound enzymes at lower
temperature.

At the beginning of chilling treatment (Day 1), excreased lipid amount (TFA)
and a concomitant increase of C18:3 percentage oeserved in CN5 leaves, probably
due to an activation of lipid synthesis resultimg more unsaturated lipid molecular

species. A higher degree of unsaturation coulcees® membrane fluidity and constitute
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an advantage for leaves of CN5 clone under colditions. The fact that TFA amounts
were not reduced by cold stress suggests that olalteadaptation of lipids occurs
apparently without lipid loss, resulting in a dexge of membrane unsaturation.

In roots a higher degree of unsaturation (as ietefrom the increase in C18:3
percentage) was observed in treated plants of bihes, which may depend on
compositional changes resulting from lipid turnof22]. An enhanced lipid synthesis in
CN5 roots was observed but not in ST51, suggesiinigetter preservation of root
metabolism in CN5 under low temperature.

In summary, our data showed that both CN5 and SH.5flobulus clones have
the ability to acclimate to chilling temperatur€hanges, observed in carbohydrates and
membrane lipid content following acclimation mayyla role in the resistance Bf
globulus to chilling. Differences between clones were obsdrin soluble protein and
pigment content which were more stable in CN5 t§a61 under chilling temperatures.
It also was apparent that CN5 presented a lesginegaedawn water potentialfq) and
a higher leaf turgor than ST51 throughout the iiglltreatment. As a result of
acclimation, an increase of total lipids (TFA) awhcomitant increase of C18:3 in leaves
of CN5 clone may confer to this clone a better @anfance under chilling temperatures.
Although clone CN5 did not present a higher growtiger chilling relative to ST51, it

showed a lower inhibition of root growth and a geeazarbon allocation to roots.
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6. Responses to chiling and freezing in twdEucalyptus globulus

clones with contrasting drought resistance

Summary

We tested the hypothesis tHatglobulus genotypes more resistant to dry environments
might also exhibit higher cold tolerances than dtdtsensitive plants. The effect of
chilling and freezing was evaluated in acclimatad anacclimated ramets of a drought-
resistant clone (CN5) and a drought-sensitive c(@&¥&1) ofEucalyptus globulus Labill.
Responses measured included changes in concensrabib soluble sugars, several
antioxidant enzymes, anthocyanins, leaf water ammnatic potentials, stomatal
conductance, rate of photosynthesis and leaf elgt#rleakage. Progressively lowering
air temperatures (from 24/16° C to 10/-2 °C, dagfit)i led to acclimation of botk.
globulus clones. Acclimated ramets exhibited higher phattdsgtic rates and stomatal
conductances and lower membrane relative injuriegnwvcompared to unacclimated
ramets. Moreover, low temperatures led to significacreases of soluble sugars and
antioxidant enzymes activity (GR, APX and SOD) ofthclones in comparison to plants
grown at control temperature (24/16 °C). On thesotind, none of the clones, either
acclimated or not exhibited signs of photoinhibitiunder low temperatures and
moderate light. The main differences in the resperte low temperatures between the
two clones resultednainly from differences in carbon metabolism, uatthg a higher
accumulation of soluble sugars in the drought-tastsCN5 as well as a higher capacity
for osmotic regulationas compared to the drought-sensitive clone ST5ihoAgh
membrane injury suggested that both clones th@dsame inherent freezing tolerance
before and after cold acclimation, the ressiigpport the hypothesis that the drought-
resistant clone had a greater cold tolerance atmédiate levels of acclimation than the
drought-sensitive clone. A higher capacity to anelie in a shorter period can allow a

clone to maintain an undamaged leaf surface amayaudden frost events increasing
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growth capacity. Moreover it can enhance survivences in frost-prone sites expanding
the plantations range of more adaptive clones.

Keywords: acclimation, cold tolerance, low temperatures

Introduction

Eucalyptus globulus plantations continue to increase annually and dvade due
to high growth rate and pulping properties (Carbben8004). However, this has resulted
in a tendency to include sites for planting withrendemanding climatic conditions, such
as those with more frequent frost conditions. EuwenMediterranean areas episodic
occurrences of below-zero temperatures are imppriamiting the expansion ot.
globulus plantations. Moreover, because youggcalyptus plants are less tolerant to
extreme environmental conditions than adults, tbgreke of frost stress tolerance can
determine successful establishment and thereby §pecies/genotypes distributions to
certain regions or microsites. In addition, withe tipredicted increase in weather
variability induced by global climate change (IP@1), it is expectable that plants will
be subjected to sudden frost events with variabiddning possibilities.

Plants face three major problems when exposedwddmperature: an alteration
in the spatial organization of the cell membrameslowing down of their chemical and
biochemical reactions and, under freezing condstiochanges in water status and
availability (Sakai and Larcher 1987). Alteratianduced by low temperatures comprise
changes in the concentrations of a wide range t¢élnodites, including sugars, protective
proteins, as well as modification of cell membranesanges in hormone levels and
alterations in gene expression (Zhu et al. 200 9redver, exposure to low temperatures
may cause mild oxidative stress, which generateb @rcumulates reactive oxygen
species (ROS) capable of causing oxidative damagedteins, DNA, and lipids (Apel
and Hirt 2004). Generally, cold acclimation ensum®tection to plants through
enzymatic ROS-scavenging mechanisms (Wise 1995)eMer, when plants are rapidly

subjected to low temperature without acclimatioamdges to the enzymatic ROS-
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scavengers might be too high and excess ROS céaatencell death. Furthermore,
because relatively mild below-zero temperatures lmarethal even for the more hardy
species in the unacclimated state, timing of aatiiom is crucial for plant survival in a
given area, sometimes independent of the toleri@vet to be acquired.

A large amount of research on cold stress andaoésr mechanisms accumulated
in the last decades (Levitt 1980; Sakai and Lard8&7) although there are not many
published data on the frost tolerancebofglobulus (Almeida et al. 1994; Tibbits et al.
2006; Volker et al. 1994). Recently, it was shohat twinter-frost tolerance is a trait with
considerable variation within .Eglobulus with most tolerant families tolerating late-
winter temperatures 1.4 °C colder than the ovéaaflilies average (Tibbits et al. 2006).
Thus, it is expected that contrasting genotypesams differently to low temperatures in
the process of cold acclimation that takes plac¢hentime scale of days or weeks as a
result of a combination of physiological and metaba@hanges under decreasing
temperatures. Moreover, plant responses to low éeatpres show many similarities with
responses to water deficits, suggesting that cekistance and drought resistance
mechanisms often share the same pathways (Atlkah 2005; Beck et al. 2007; Sung et
al. 2003).

For these reasons we hypothesised that, under @&dvtadean-type climate.
globulus genotypes more resistant to dry environments madg exhibit higher frost
tolerances than drought-sensitive plants. If tlastriue, it will allow a clone less
susceptible to drought to maintain an undamagddsieéace area along the frost periods,
thus allowing those plants to enter spring withighér capacity for growth than more
drought sensitive plants. In addition, detailed gblpgical information of the stress-
response of clones is necessary for developmeteafding programs and is essential to
support decisions to allocate clones to differdimatic regions. In previous work (Costa
e Silva et al. 2004; Shvaleva et al. 2006), the ¢cil@oes under study were shown to differ
in their sensitivity to water deficits (CN5 was dght resistant and ST51 was drought
sensitive) and in their capacity of long-term aweltion to chilling (Costa e Silva et al.
2007; Shvaleva et al. 2008). Under chilling cormuht, the better performance of clone
CN5 was associated with maintenance of root growtigher water status and

anthocyanin concentration compared with clone STh&. aims of the present work were
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to: (1) evaluate the effect of rapid acclimationctulling and freezing in physiological

and biochemical properties of two clonesEofglobulus with contrasting responses to
drought, (2) compare the responses to chillingfegelzing in clones without acclimation
and (3) test whether the drought-resistant clonéess affected by freezing than the

drought-sensitive clone.

Material and Methods

Plant material and treatments

We studied twoEucalyptus globulus Labill. clones (CN5-drought resistant and
ST51-drought sensitive). Ramets produced by rootgtihgs of both clones were grown
in plastic containers containing peat (60%) ando$bam (40%), and were transplanted
at four months to pots (1.5 I) filled with peat avermiculite (2/1 v/v). One month after
transplanting, 30 cuttings per clone were transterfrom the nursery to a growth
chamber with controlled conditions (24/16 °C, daytt) (control plants). Another 18
cuttings per clone were placed in a growth charshbjected to an acclimation period of
14 days with a gradual temperature decrease (1érQay) from 24/16° C to 10/6 °C
(day/night) (acclimation treatment). After acclimoat, plants were subjected to a further
decline in night temperature during 9 days and oreasents were done at days 1, 5 and
9 with temperatures of 10/6, 10/2 and 10/-2 °C fumigit), respectively. In addition,
another group of plants (unnaclimated) were medsuréhe same days, after transfer 24
h earlier from the control to the low temperatuteamber (direct chilling/freezing
treatment). Both growth chambers had similar lighptsystems (c.a. 220 pmols™ at
the canopy level), a photoperiod of 12/12 hoursyffight) and relative humidity of
approximately 60%. To avoid effects caused by neicvironmental differences (light
and temperature gradients), the plants were sdmtedreatment and moved to the
neighbouring position every other day. The expennveas carried during January 2007.
All plants were watered to the point of runoff hetfirst day and then watered twice per

week (Mondays and Fridays) according to evapotiigaitspn values.
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Water relations

Leaf xylem water potential was measured at predé¥g) with a Scholander-
type pressure chamber (PMS Instruments, Corva@lg) on one leaf from four plants per
treatment. Soon after measuripg, leaf discs (7 mm diameter) were taken of each lea
frozen in liquid nitrogen and stored at — 80°Cléder determination of osmotic potential
(Wr. After thawing the samples at room temperatyg,was measured using C-52
chambers (2 h for equilibration) connected to a &esHR-33 dew-point
microvoltmeter \(Vescor, INC Logan, UTAH, USPoperating in the dew-point mode.
The chambers were calibrated with standard NaCltisols. The prevailing room

temperature during the measurements was 20 + 1 °C.
Gas exchange and chlorophyll fluorescence

Gas exchanges were measured with a LI-6400 poraiiabeosynthesis system
(Li-Cor, Lincoln, NE) in one full-expanded leaf frofour plants per treatment at midday
(solar time). Measurements took place under thét ligpnditions of the controlled
environment chambers and temperature fixed in 1H %8e low temperature treatments.
Pre-dawn maximal photochemical efficiené/Fm, was assessed using a Mini-PAM
fluorometer (Walz GmbH, Effeltrich, Germany) undgramber conditions. The same

leaves used in gas exchange were measured, taki@agocavoid the midrib.
Artificial freezing and membrane injury

Three leaf discs per plant (10 mm in diameter) weneched from full-expanded
leaves of six plants per treatment (control andimeted) and placed in test tubes. Racks
of test tubes were placed inside a controlled geéAralab, Lisbon, Portugal) in baths
containing an aqueous ethylene glycol solution 8C2A controlled freezing program
followed a constant cooling and thawing rate ofC4H* and a 2 h exposure to five

different target freezing temperatures (-2.6, -34.6, -6.2 and -8 °C). When the
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temperature of the bath was at —2 °C, approximdédyg of finely crushed ice (from
deionised water) was added to each tube to makctonith the leaf disk. Membrane
injury was determined by measuring cell condugtiatter artificial freezing. Electrolyte
conductivity of 15 ml deionised water containingfldiscs was measured after 24 h at 25
°C (T1) with a K220 conductivity meter (Consort, TurnhoBelgium). The samples were
then boiled in an autoclave at 120 °C for 10 mieJdhat 25 °C for 2 h and total
electrolyte conductivity was measureld)( Relative injury (RI) was expressed as a ratio
of electrolyte conductivity measured after freezitrgatment relative to maximum
electrolyte conductivity, RI =T¢/T,) x 100.

Pigments analysis

For chlorophyll extraction two leaf discs (10 mnamhieter) were incubated in 1.0
mL of dimethyl sulfoxid (DMSO) at 25 °C during 24 After incubation the extracts were
transferred to glass cuvettes and measured in e@rsphotometer (DU-79, Beckman,
Germany) on DMSO solutions. Total chlorophyll comication was determined
according to (Richardson et al. 2002). Anthocyamiese extracted in 1 mL of methanol-
HCI (0.1% HCI, v/v) at -16 °C and kept at 4 °C e tdark during 24 h. After 24 h the
extracts were transferred to glass cuvettes andéliBerbance was read on a methanol-
HCI solution. Anthocyanins concentration was catedl according to (Murray and
Hackett 1991) with correction of the effect of alaphylls.

Soluble sugars

Soluble sugars in leaves were assayed by the aethmethod (Robyt and White
1987) as described in (Shvaleva et al. 2006). Frézaf discs (0.02 g) were ground with
a cold mortar and pestle in liquid, Miith 1 mM of 70% (v/v) ethanol. The homogenate
was thermomixed twice at 60° C for 30 min, cengédd at 14,000 g for 5 min and the

supernatant used for determination with a specttgpheter (U-2001; Hitachi, Japan).
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Antioxidant enzymes

Sample leaves were excised and immediately immersdiduid nitrogen and
stored at -80 °C. The extract for enzymatic analysas obtained by the suspension of
the plant material (300 mg) in 5.0 mL of potassiphosphate buffer (0.1 M, pH 6.8).
After centrifugation for 10 minutes at 20,000 gg #upernatant was collected and stored
at -80° C. The concentration of soluble proteirthia extracts was determined according
to Bradford (1976) with bovine serum albumin (BSA¥y protein standard. For
determination of glutathione reductase (EC 1.6.48§ ascorbate peroxidase (EC
1.11.1.11) activity in leaves (0.5 g fresh mas® dgeneral procedure of Foyer and
Halliwell (1976) and Nakano and Asada (1981), respely, were used with some
modifications (Shvaleva et al. 2006). For GR theagsmedium contained 500 mM
HEPES (Sigma Chemical) (pH 8.0), 0.25 mM EDTA (Seg@hemical), 2 mM NADPH
(Sigma Chemical), 20 mM oxidized glutathione (GS&6J 100 ul extract. Control rates
were obtained in the absence of GSSG or NADPHARf the assay medium contained
50mM KH, PQ, /K, HPQ, (pH 7.0), 20 mM HO,, 8 mM ascorbate and 100 pl extract.
Control rates were obtained in the absence of extaacorbate, or 4D,.

The determination of the activity of superoxidendigases (SOD, EC1.15.1.1)
considered the capacity of the enzyme to inhib# hhotoreduction of nitroblue
tetrazolium chloride (NBT). The enzyme activity watketermined according to
Giannopolitis and Ries (1977) and Del Longo et(8893) by mixing 50uL of crude
extract to a solution containing 13 mM metioning ™ p-nitro blue tetrazolium
chloride, 100 nM EDTA and gM riboflavin in a 50 mM sodium phosphate buffer (pH
7.8). It was expressed as U thgrotein, considering that one SOD unit (U) wasirokef

as the amount of enzyme required to inhibit 50%hefNBT photoreduction.
Satistical analysis
Data were subjected to two-way analysis of variaffddOVA) to test for the

effects and interactions of temperature treatmerat elone, using the STATISTICA

(version 6, StatSoft, Inc. 2001) data analysis veafe system. Whenever means
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difference was significant Student-Newman-Keulg teas used to identify differences
between treatments. All variables were tested formality and homogeneity of

variances. Differences were considered statisyicadjnificant at® < 0.05.
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Results

Water relations

Low temperatures led to a significar® € 0.001) decrease Wy in all the
treatments as compared to control plants (Figurg. B&climated plants maintained
stableW,q values throughout the experiment (ranging froni5@o -0.99 MPa) but much
lower than those of control plants (varying betwe@r24 and -0.41 MPa). However, a
decrease ifWpq Was associated with the decrease in temperatang ahe experiment in

the direct chilling/freezing treatment. From 10/ fday 1) to 10/2 °C (day F¥pd

12¢



Capitulo 6 —E. globulus responses to chilling and freezing

declined on average from -0.47 to -0.71 MPa in botbnes subjected to low
temperatures without acclimation. With lower tengteres,i.e. at 10/-2 °C (day 9), a
further decline to -1.16 MPa was observed in STihe; whereas in CN5 clone there
was only a slight decline to — 0.83 MPa, a valumilar to that presented by the
acclimated plants.

Control plants of both clones presented similar aodstant¥;values throughout the
experiment. Conversely, acclimated plants of bddnes showed a decrease ‘4 at
10/2 and 10/-2 °C in comparison to cont®k(0.001), although more marked € 0.05)

in CN5 than in ST51 plants (Figure 1B). In additio@N5 subjected to direct
chilling/freezing also exhibited a decrease¥pfrom 10/6 to 10/-2 °C, whereas ST51
only decreaseat 10/-2 °C.

Gas exchange and chlorophyll fluorescence

Stomatal conductance declined significaniy< 0.05) in both clones and all the
treatments when temperatures attained 10/2 °C %ylakt 10/-2 °C (day 9) there was a
further decrease’(< 0.001), with acclimated and unaclimated plamé&sentingys values
corresponding to 18% and 7% from those of contlah{s, respectively (Figure 2A). In
day 1 and 5, clone ST51 exhibited higher valuegs@P < 0.001) than CN5 clone in all
treatments.

Similarly to gs, there was a significant effed® € 0.001) of low temperature i
of both clones at 10/2 °C (day 5) causing an awedegrease of 23% in comparison to
control either in acclimated or unacclimated plaffgure 2B). Moreover, at 10/-2 °C
(day 9) there was a further declineAnalthough with a clear effect of acclimatidd €
0.001). Acclimated plants showed a 47% decreask @& compared to control plants,
whereas a higher reduction (79%) was observed maclimated plants. Throughout the
experiment, Clone ST51 showed higliethan CN5 cloneK < 0.01) either in control or
acclimation treatments. In response to directicigiffreezing, CN5 plants showed higher
A than ST51 plants at 10/6 € < 0.05), whereas at 10/2 °C it was Clone ST51 that
showed higheA (P < 0.01).
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Figure 2. Midday stomatal conductan(gs, A) and net photosynthesi(A; B) in
Control, Acclimated and Direct chilled/freezed pgiabelonging to a drought-sensitive
clone (ST51) and a drought-resistant clone (CN5Ewdalyptus globulus. Control
treatment was measured at 24/16 °C and Acclimadiwh Direct chilling/freezing
treatments were measured at 10/6, 10/2 and 10/i2 2y 1, 5 and 9, respectively.
Data are means = SB¥4).

Low temperatures led to a decreaséwofm (P < 0.001) in both acclimated and
unacclimated plants although within relatively dam$é and high value$=¢/Fm > 0.75)
throughout the experiment indicating that no phdtdition occurred (Figure 3). There
were not significant differences between clonehcalyh ST51 showed a stronger

decrease ifrv/Fm than CN5 in the direct chilling/freezing treatrhen
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Figure 3 Pre-dawn maximal photochemical efficiencFv/Fm) in Control (CT),
Acclimated (Acclim) and Direct chilled/freezed (Da/f) plants belonging to a
drought-sensitive clone (ST51) and a drought-rasistlone (CN5) ofEucalyptus
globulus. Data are means = SB=4).

Membrane injury

Both clones showed similar membrane relative injuhen subjected to negative
temperatures ranging from —2.6 to —8 °C (FigureLéaf discs of control plants grown at
24/16 °C and successively subjected to lower negyaémperatures showed a gradual
increase in membrane damages attaining in botleslan average relative injury of 50%
at the temperature —3.8 = 0.1 °C. On the other haralimation led to a significanP (<
0.001) decrease in membrane damage in relatioartvat plants, with acclimated plants

maintaining low relative injury up to —8 °C (<25%).

Leaf pigments

Progressively lower temperatures of 10/6, 10/2 2042 °C led to an average
decrease in anthocyanin concentration of 29% inlimated plants of ST51 in
comparison to control plants. On the contrary, acyfanin concentration significantly
increased B < 0.05) in acclimated CN5 plants at 10/6 and 1W2(18% and 40%,
respectively) and remained stable at 10/-2 °C @&l Direct chilling/freezing treatment
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of 10/6 and 10/2 °C led to significai® € 0.01 and® < 0.05, respectively) reductions of
anthocyanin concentration that were similar in botbnes. However, when directly
subjected to 10/-2 °C, only ST51 plants showed @edse in anthocyanins of 28% in
comparison to control plants. In addition, confptdnts of Clone ST51 showed higher
anthocyanin concentration than CN5 plants, leading clone x treatment interaction
effect at day 1 and F(< 0.05 and® < 0.01, respectively).

Increasingly lower temperatures from 10/6, to 1@ to 10/-2 °C led to a
decrease in total chlorophyll concentration of 2828% and 44%, respectively, in
acclimated plants of ST51 in comparison to conptaints. Moreover, a significant
interaction occurred between clone and treatmeetisf all along the experimen®
0.05), so that, total chlorophyll increased in swated CN5 plants at 10/6 and 10/2 °C
(17% and 44%, respectively) and remained stabl@0&2 °C (Table 2), indicating a
protective role of acclimation in this clone. Dit@thilling/freezing treatment of 10/6 and
10/2 °C led to small reductions in total chloropliil < 0.05) in both clones. However, at
10/-2 °C only ST51 plants showed a decrease ih ¢atarophyll of 30% in comparison

to control plants.

80 A
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Acclim ST51 injury in Control (CT) and
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Table 1 Anthocyanin concentrationin Control, Acclimation and Direc
chilling/freezing treatments with plants belongitega drought-sensitive clone (ST51)
and a drought-resistant clone (CN5)Eafcalyptus globulus evaluated throughout the
experiment (Day 1, 5 and 9). Data are means = $8)( Symbols: *, ** ***
represent statistical significance Bt= 0.05, 0.01 and 0.001, respectively; ns
nonsignificant aP = 0.05.

Temperature Anthocyanin concentratiomg m'2)
treatment day 1 (10/6 °C) day 5 (10/2°C) day 9 (10/-2 °C)
Clone ST51

Control (24/16 °C) 173 +6 1835 1737
Acclimation 130+ 3 143 +5 105+ 19
Direct freezing/chilling 123 +18 150 + 11 125+12
Clone CN5

Control (24/16 °C) 130+ 12 118 + 15 115+ 13
Acclimation 153 +9 165+ 6 120 + 17
Direct freezing/chilling 97 +8 103 £ 19 128 £ 22
Significance of 2-way ANOVA

Clone (C) ns *k ns
Temperature regime (T) *k ns (0.06) ns
CxT * ** ns

Soluble sugars

Acclimated plants showed an increase in solublarsugoncentration at 10/2 and
10/-2 °C (P < 0.001) in both clones (Table 3). Hesve contrary to ST51, CN5 showed
an earlier increase in soluble sugars at 10/6P& (0.05) and, moreover, significant
higher concentrations at 10/2 (P < 0.001) and 19Z-ZP < 0.05). In response to direct
chilling/freezing, differences between clones welearer, with CN5 showing increases
in soluble sugars of 45%, 69% and 34% at 10/6, 26(210/-2 °C, respectively, whereas
ST51 clone only slightly increased sugars (23%)@&t2 °C in comparison to control
plants.
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Table 2 Total chlcophyll concentration in Control, Acclimation andir&xrt
chilling/freezing treatments with plants belongioga drought-sensitive clone (ST51)
and a drought-resistant clone (CN5)Eafcalyptus globulus evaluated throughout the
experiment (Day 1, 5 and 9). Data are means = 18#)( Symbols: *, ** ***
represent statistical significance Bt= 0.05, 0.01 and 0.001, respectively; ns =
nonsignificant aP = 0.05.

Temperature Total chlorophyll concentration (mgH
treatment day 1 (10/6 °C) day 5 (10/2°C) day 9 (10/-2 °C)
Clone ST51

Control (24/16 °C) 310+ 16 351+£16 321 +£19
Acclimation 225+5 253 +11 180 + 31
Direct freezing/chilling 254 + 39 268 + 18 224 + 22
Clone CN5

Control (24/16 °C) 228 £ 22 205 £ 25 205 £ 23
Acclimation 267 £18 294 + 15 213 £33
Direct freezing/chilling 159 + 18 188 + 32 237 £ 47
Significance of 2-way ANOVA

Clone (C) ns * ns
Temperature regime (T) ns ns *

C X T *% *k% *

Antioxidant enzymes

Acclimation treatment to progressively lower tengtares of 10/6, 10/2 and 10/-2
°C led to similar responses of both clones witlmifigant increases (at leaBt< 0.01) in
all antioxidant enzymes activity in comparison tntol plants (Figure 5). From all
enzymes, ascorbate peroxidase activity showedatigen increases in relation to control
values, particularly at 10/6 and 10/2 °C (100%, aerage). The only significant
difference between clones occurred in GR with Spkhts showing higher activity than
CNS5 plants all along the experime® <€ 0.001 at 10/2 and 10/-2 °C) (Figure 5A).

Clone responses to direct chilling/freezing werd okear, with only slight
increases of antioxidant enzymes activity. Thusthbaclones subjected to low

temperatures without acclimation only increased &fvity at 10/2 °C by 26%, on
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average, in comparison to control planis < 0.001). As well, SOD activity in both
clones only significantly increased® (< 0.01) at 10/-2 °C by 35%, on average, as
compared to control plants (Figure 5C). There wasesignificant differences between
clones under direct chilling/freezing treatmenhaitgh CN5 showed a clear increase in
APX activity of 77% and 69% at 10/6 and 10/2 °Gpextively, in opposition to ST51
(Figure 5B).

Table 3. Soluble sugars concentration in Controlgclénation and Direc
chilling/freezing treatments with plants belongiiega drought-sensitive clone (ST51)
and a drought-resistant clone (CN5)Eafcalyptus globulus evaluated throughout the
experiment (Day 1, 5 and 9). Data are means * 88)( Symbols: *, **, ***
represent statistical significance Bt= 0.05, 0.01 and 0.001, respectively; ns =
nonsignificant aP = 0.05.

Temperature Soluble sugars concentration (mmof)m
treatment day 1 (10/6 °C) day 5 (10/2°C) day 9 (10/-2 °C)
Clone ST51

Control (24/16 °C) 31+£3.2 21+1.9 30+2.8
Acclimation 26 £2.1 38+2.9 46 + 4.2
Direct freezing/chilling 23+2.0 25+4.8 36+25
Clone CN5

Control (24/16 °C) 23+25 26 + 3.8 32+37
Acclimation 33+04 50 +4.7 55+ 2.7
Direct freezing/chilling 33+5.5 44 + 3.5 43 +2.3
Significance of 2-way ANOVA

Clone (C) ns Fhx *
Temperature regime (T) ns ol el
CxT * ns ns
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Figure 5.Glutathione reductase (GR; A), ascorbate peroxidageX; B) and
superoxide dismutase (SOD; C) in Control, Acclidatand Direct
chilled/freezed plants belonging to a drought-deresiclone (ST51) and a
drought-resistant clone (CN5) &ucalyptus globulus. Control treatment was
measured at 24/16 °C and Acclimation and Diredticbifreezing treatments
were measured at 10/6, 10/2 and 10/-2 °C in D&yahd 9, respectively. Data
are means + SE€4).
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Discussion

In this experiment, given that both shoots and soetre subjected to low
temperatures, we can expect some low root temperatfiuence on leaf metabolism as
generally observed — e.g., on stomatal conductéiireeida et al. 1994). However, an
unrealistic drought stress during the day can bmidised since our low day temperatures
prevented high evaporative demands. On the othed BalO °C gradient between soil
and air temperatures is a likely event in cleartavirdays of the Mediterranean climate
due to slow soil warming.

The water status of a plant influences its frosdistance via the cell sap
concentrations and the degree of hydration of tltoplasm (Sakai and Larcher 1987).
In our experiment, relative water content was ritgrad by any treatment (data not
shown). However, predawn leaf water potential exétbsignificant changes. Clone CN5
when subjected to freezing temperatures (10/-2%g,9) without acclimation was able
to maintain¥,q whereas ST51 did not (Figure 1A). In addition,neldCN5 had a higher
capability for osmotic regulation either in acclimoa or direct chilling/freezing
treatments along the progressively lower tempeeatiFigure 1B)A decrease iV,
lowering the freezing point of tissues, can deaetse amount of ice formed, and
therefore improve the avoidance of freeze-induaddydration (Sakai and Larcher 1987).
Good correlations betweeW;; and frost resistances were found teucalyptus sp.
(Valentini et al. 1990)lthough not always associated to a significamretese in the
temperature of ice formation but to an increasedityylto endure extracelular ice
formation (Almeida et al. 1994). In parallel witlnet decrease W, there was a
significant increase in leaf soluble sugars comeg¢ioin more noticeable in CN5 plants.
Particularly, CN5 showed a rapid (24 h) increaseadfible sugars in unacclimated plants
as compared to ST51 (Table 3).

A strong relationship between leaf soluble carboatel accumulation and cold
tolerance have been reported for conifers (Greeaal.e2000; Ogren 1997; Repo et al.
2004; Tinus et al. 2000) and f&ucalyptus sp. (Almeida et al. 1994; Leborgne et al.

1995b; Leborgne et al. 1995a). Furthermore diffeesnin cold tolerance between
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genotypes attributed to different carbohydrate m@tams and related to the effects of
soluble sugars accumulation in cryoprotection halg® been reporte(Bourion et al.
2003; Leborgne et al. 1995bfhe amount of soluble sugars present corresponds to
balance between the rate of photosynthesis, cortsampy respiration and export to
parts of the plant that are growing. higher accumulation of soluble sugars in the
drought-resistant CN5 clone in spite of its lowéiofmsynthetic rates suggests a more
efficient reprogramming of carbon metabolism under low temjpees in CN5 than in
ST51. In addition, the significantly lower ratesrespiration of CN5 clone under chilling
temperatures (data not shown) can as well haveribated to his higher acclimation
capacity as it was proposed by Ogren (1997) foresdvconifers, where sugar
consumption led to significant decreases in freginterance.

Both clones showed similar membrane relative injuhen subjected treezing
temperatures ranging from -2.6 to -8 °C (Figure ®)ese results indicate that
acclimation resulted in fully acclimated plantscanboth clones maintained very low
values of electrolyte leakage until —=8 °C. In aidditwe can conclude that both clones
have the same inherent freezing tolerance befdrkamxlimation. The observed values
of membrane injury of acclimated and unacclimat&his are in accordance with the
reported in the literature foE. globulus (Almeida et al. 1994; Tibbits et al. 2006).
Furthermore, given the observed differences intime course of sugar accumulation
between the two clones and its well correlationhwibe development of freezing
tolerance, we can speculate that CN5 clone cannaaie more rapidly and has higher
tolerances for intermediate levels of acclimatioat ST51 clone.

Low temperatures are known to inhibit rates of pegnthesis through limiting
enzymatic rates of the Calvin Cycle. In additiodight-dependent decrease and slowly
reversible retardation in photosynthetic efficienoly rate may occur following low
temperature events, a process termed cold-indubetbiphibition. It has been shown
that cold-induced photoinhibition and photodamagelen high levels of irradiance
affectsE. globulus development after transplanting (Close et al. 200@reover, when
the environmental conditions do not promote carbxation, even moderate light may
lead to high levels of photoinhibition (Close aneldlle 2005; Govindachary et al. 2004).
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In our experiment, there was a significant accliorateffect with acclimated
plants maintaining higher net photosynthesis at210C than unacclimated plantBhe
reduction in photosynthetic rates caused by lowpenatures is strongly influenced by
the degree of acclimation of plant material (Greteal. 2000; Weger et al. 1993). Results
similar to ours were found iB&. globulus by Davidson et al. (2004However, in spite of
the great decrease in photosynthesis (Figure 2Bugiinout the experiment none of the
clones, either acclimated or unacclimated, exhibsigns of photoinhibition assessed by
photochemical efficiency evolution (Figure 3). ThEsglobulus seem to not suffer from
cold-induced photoinhibition under moderate lewaidight as it has been observed in
other species (Govindachary et al. 2004) ofEutalyptus sp. under high irradiances
(Close et al. 2000; Close et al. 2001; Egertonle2@00). Furthermore, mild frost
temperatures alone seem not to be sufficient teec@hotoinhibition irE. globulus and
we can assume that the obserdedrease of photosynthetic rates were solely dileeto
effects of low temperatureither by stomatal or non-stomatal limitatiohs addition,
considering that a lower light utilisation capacitjye to cold-induced decrease in
photosynthesis requires the dissipation of grelatezls of excess light energy, we can
conclude that in our conditions, nonphotochemit@&lat-dissipation mechanisms were
sufficient to deal with excess excitatioNeverthelessjt has been suggested tHat
globulus can have a lower inherent capacity for the disgipabf excess energy than
more cold toleranEucalyptus sp. (Close et al. 2000).

Many plants accumulate anthocyanin under chilliggnperatures.Several
functions for anthocyanin have been proposed, dwty as an anti-oxidant, a UV
protectant and as providing protection from visilggt through light attenuation (Close
and Beadle 2003; Steyn et al. 2002). In opposttioour previous results under long-term
(42 days) chilling (Costa e Silva et al. 2007) éharas no significant accumulation of
anthocyanins in this short-term experiment (9 dagsposure to low temperatures.
Nevertheless, under chilling temperatures (daydlsgnacclimated CN5 plants showed a
trend for anthocyanin accumulation in opposition $351 plants. This trend of
anthocyanin accumulation as well as the maintenahdetal chlorophyll in CN5 and
chlorophyll degradation in ST51 plants is in acemrck with a lower predisposition for

photoinhibition in CN5 as was observeddmitens andE. globulus (Close et al. 2000).
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Under optimal environmental conditions, light reactand electron transport in
photosynthesis leads to minimal production of R@8ich otherwise, can cause some
photooxidative damage to chloroplasts, carotenadsl, proteins. To cope with stress,
plants developed an enzymatic antioxidant defegstes which enhancement is often
correlated with the acquiring of cold tolerance et al. 1998; Verhoeven et al. 2005;
Wise 1995). Inthe present study we examined whether antioxidaryraees capacity are
involved in coldtolerance and differ between drought resistant @maight sensitive
clones ofEucalyptus globulus.

Acclimation to low temperatures led to similar respes of both clones with
significant increases in GR, APX and SOD activitycomparison to control plants. Thus,
the combined action of these three enzymes seenmaue a protective role against
chilling induced active oxygen species. In conirdgs clear enhancement in antioxidant
capacity of both clones under low temperatures ma@sobserved under drought stress
(Shvaleva et al. 2006) where leaf enzymes activlys not significantly altered.
Nevertheless, the absence of clone differencesahdntioxidant enzymes activity after
full acclimation suggests that differences in ctiterance between the clones are not
associated with antioxidant capacity. On the otmemd, we cannot disregard possible
differences between the two clones in antioxidaapacities at intermediate levels of
acclimation. In fact, the results of direct chiffifreezing treatment after 24 h of cold
exposure showed a significant increase in APX dagtionly in CN5 clone which can
consequently result in different antioxidant capasibetween the two clones, or at least,
suggest different resistance pathways in each cldme unacclimated.

When we compare the responses of both clones teeoyweratures with responses
to drought stress from a previous experim@rsta e Silva et al. 2004; Shvaleva et al.
2006) some common trends arise. In response to low teahpes and to water deficit,
the drought-resistant CN5 clone maintained higbaf Water status (higher predawn and
midday leaf water potentials) and decrealgdsignificantly more than the drought-
sensitive ST51 clongCosta e Silva et al. 2004; Shvaleva et al. 2006addition, under
drought and chilling conditions, CN5 ramets exlatit lesser inhibition of root growth
than ST51(Costa e Silva et al. 2007; Costa e Silva et @042. The higher capacity to
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deliver water to the leaves given by a more extensiot system is aadvantageous trait
under water deficits conditions. It is worth mentimy that the higher growth rate of
ST51 ramets in optimal conditiof€osta e Silva et al. 2004an also be related to his
higher cold sensitivity. In fact, strong tradeotiten exist between growth and cold
hardiness, even if these negative genetic coroslstare weaker and more variable within
than among populations (Howe et al. 2003).

In summary, our data indicate that progressivelyelong air temperatures (to 10/-2
°C, day/night) led to acclimation of bolh globulus clones. Acclimated ramets exhibited
higher photosynthetic rates and stomatal conduetarmnd lower membrane relative
injuries when compared to unacclimated ramets. b\@g low temperatures led to
significant increases of soluble sugars and arden enzymes activity (GR, APX and
SOD) of both clones in comparison to plants growoaatrol temperature (24/16 °C). On
the other hand, none of the clones, either acclichabr not exhibited signs of
photoinhibition under low temperatures and modeligte. The main differences in the
responses to low temperatures between thectanmes resultednainly from differences
in carbon metabolism, including a higher accumatabf soluble sugars in the drought-
resistant CN5 as well as a higher capacity for denregulation,as compared to the
drought-sensitive clone ST51. Although membranerynguggested that both clones had
the same inherent freezing tolerance before amd efild acclimation, the resulsipport
the hypothesis that the drought-resistant cloneahgabater cold tolerance at intermediate
levels of acclimation than the drought-sensitivanel A higher capacity to acclimate in a
shorter period can allow a clone to maintain ananmaiged leaf surface area along sudden
frost events increasing growth capacity. Moreovecan enhance survival chances in

frost-prone sites expanding the plantations rarigeare adaptive clones.
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7. Conclusbes gerais

7.1. Principais diferencas entre os clones

Os vérios estudos realizados e expostos nos aapdnteriores permitem-nos
distinguir os dois clones, de contrastante seiddole a seca, com base nas suas
caracteristicas morfoldgicas e fisiologicas respwes pelos diferentes mecanismos
de resposta aos stresses impostos. Claramentisranga mais importante entre os
dois clones encontra-se ao nivel do metabolismocalbbono e na particdo de
biomassa pelas componentes da planta. O clone GINS, em resposta ao défice
hidrico (Capitulo 2), quer em resposta as baixapeéeaturas (Capitulo 4), mostrou
um maior desenvolvimento do sistema radicular e umaior capacidade de
rapidamente aumentar a proporcdo de biomassabdistai para as raizes do que o
clone ST51. Ao contrario, o clone ST51 mostrouriisir mais biomassa para as
folhas, em detrimento das raizes, em condi¢cbegda&a ou de baixas temperaturas.
Em resultado desta diferente distribuicdo de bismas clone CN5 exibiu sempre
menores valores da razdo entre a area foliar eaaradicular do que o clone ST51.

Para além de um diferente investimento de biomassaraizes, os clones
distinguiram-se também pelas caracteristicas dos sistemas radiculares. O clone
ST51, em condi¢cdes bem regadas, apresentou umacnantutancia e condutividade
hidraulica das raize&(L,) e uma maior condutancia foliar especifica (LS€pde o
clone CN5. No entanto, o clone CN5 durante a ing@msido stress hidrico mostrou
uma menor limitacdo no fornecimento de 4gua asaflbom valores mais altos Ke
e LSC, do que o clone ST51 (Capitulo 2). As maiguesdas de condutancia
hidraulica das plantas ST51 em stress hidrico, @mparacdo com as plantas CN5,
sugerem ainda uma maior susceptibilidade deste @@mbolismos e cavitagdes. Por
outro lado, diferencas entre os dois clones na otagia das raizes finas podem
também contribuir para as suas diferentes capassdaidraulicas. Em particular, é de
referir que o clone ST51 mostrou ter raizes firas maior comprimento especifico —
i.e. com maior comprimento por unidade de biomassaguém clone CN5 (Capitulo
4), sendo esta uma caracteristica de espécies oesuimento rapido e estando

associada a maiores valores de condutancia hicwauli



Capitulo 7 — Conclusdes gerais

Também ao nivel das relacdes hidricas da folhansen&raram diferencas
entre os clones. Quer em condi¢cdes de défice bidncde baixas temperaturas, o
clone CN5 manteve um estado hidrico foliar mai®favel (maiores valores di,g e
de W4 e mostrou maiores reducdes do potencial osmdlicque o clone ST51 o
que |Ihe permitira uma maior capacidade de osmaxegal Por outro lado, ao nivel
celular e das respostas metabdlicas ao déficechidrino processo de aclimatacéo a
baixas temperaturas, as diferencas entre os cloéesforam tdo evidentes. Por
exemplo, em resposta ao stress hidrico, os clomssramam semelhantes alteragbes
nos componentes osmaticos e na actividade do sistlenproteccdo antioxidante e,
em resposta a baixas temperaturas, uma semelhapteidade de aclimatagéo
(Capitulo 3 e 5). No entanto, apesar de os resdtaslgerirem uma igual
sensibilidade dos dois clones as temperaturas imagatantes e depois de
aclimatados, os resultados suportam também a Bpaie o clone CN5 ter uma maior
toleréncia ao frio do que o ST51 para graus intdroséde aclimatagdo (Capitulo 6).

As plantas respondem fortemente as mudancas do dee@escimento, no
entanto, quando testadas em semelhantes conddifm®ntes genotipos mostram
distintas capacidades de crescimento. Os gendtjpescrescem mais perante uma
eventual escassez de recursos fazem-no porque obéésnrecursos ou porgue S&ao
mais eficientes. Aparentemente, a maior parte dosegsos metabdlicos (e.g.,
fotossintese, respiracdo) apesar de explicaremalsetiferencas de crescimento para
contrastantes condigbes ambientais, sdo consergagintre genotipos. No presente
estudo, por exemplo, os valores de eficiéncia do da agua (EUA, também
designada eficiéncia da transpiragé®,biomassa produzida por unidade de massa de
agua transpirada num dado intervalo), apesar de@tanem em resposta ao défice
hidrico e as baixas temperaturas, mantiveram-sedifenencas entre os dois clones
(dados néo apresentados). Por outro lado, os nossolsados apoiam fortemente a
hipotese de que as diferencas genéticas entresctmsemecanismos de resisténcia a
secura estao principalmente relacionadas com una eapacidade de captacdo dos

recursos do solo e ndao tanto com um aumento dérefia no uso desses recursos.
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7.2.  Adaptabilidade dos clones

Os diferentes mecanismos de resposta aos stresses dliferentes
caracteristicas morfolégicas e fisiolégicas dossdolones, implicam também
diferentes adaptabilidades dos clones aos meiagamatde crescimento. A maior
resisténcia a secura do clone CN5, quando compa@uoo clone ST51, baseou-se
principalmente na optimizacdo da relagdo entreea #ée transpiracdo e a area de
absorcdo e na manutencdo da condutancia hidraahtacondicdes de secura,
permitindo assim a este clone prolongar o pericdassimilacdo activa de carbono.
Podemos prever também que em condigbes de campe, ®wvolume de solo é
praticamente ilimitado, o maior investimento doneocCN5 na extensdo do sistema
radicular, em condi¢cBes de secura, levara aindaiares beneficios uma vez que
permitirq aceder a inexplorados volumes de solmeatiando a absor¢do de agua. Por
outro lado, uma menor capacidade de transportegde #@evido a uma menor
condutancia hidraulica, do clone CN5 em relagédclane ST51, pode favorecer um
uso conservativo da agua, sendo uma caracterigéicaspécies bem adaptadas a
secura. Ao contrario, a maior eficiéncia de transpde agua do clone ST51 é uma
caracteristica favoravel em condi¢des de elevagfzodibilidade de agua, permitindo
suportar uma maior area de transpiracao e maiaddsvaxas de crescimento.

Em resposta as baixas temperaturas o clone CN3ouasiha menor inibicdo
do crescimento das raizes do que o clone ST51Gtesistica que pode ser vantajosa
em ambiente de clima Mediterranico. Um aumento ad&io entre a biomassa das
raizes e a da parte aérea em condigbes de bairasertguras, levara a uma maior
exploragdo do solo durante o periodo de maior dibimlade de &guai.e., no
Inverno, permitindo uma maior capacidade de obtnda &gua durante a
subsequente estacdo seca. A capacidade de achmadabaixas temperaturas, ou
seja, 0 ajustamento do metabolismo das plantas aleeim a melhorar o seu
desempenho nas novas temperaturas de crescimetdmb&m importante para a
maior adaptabilidade de um gendtipo. O clone CNStroa uma maior capacidade de
aclimatacdo — num periodo de tempo mais curto gu#oo clone ST51. Esta maior
tolerancia ao frio para graus intermédios de achg&o pode permitir a um genotipo
manter uma area foliar sem danos durante a ocderéde geadas ocasionais,

aumentando assim o seu potencial de crescimensoaapériodo de frio. Desta forma,
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o clone CN5 tera maior probabilidade de sobrevi€e¢ou crescimento do que o
clone ST51 em locais sujeitos a geadas subitasloseraiores os seus limites de
plantacao.

As implica¢des na produtividade de uma maior distgdo de biomassa para
as raizes dependem dos ganhos marginais em teemassinilacdo de carbono das
folhas. Se um maior crescimento das raizes se dixedetrimento da area foliar, os
beneficios desse crescimento dependerdo do grémitkcdo na produtividade que
exercem os diferentes recursos do meio: agua,entds e luz. Deste modo, é
relevante também analisar as diferentes capaciddeaptacao de recursos dos dois
clones. Enquanto, o clone CN5 tem uma maior capdeidle obtencdo de agua
(maior investimento nas raizes), o clone ST51 tema umaior capacidade de
intercepcdo de luz (maior investimento nas folhAskim, € de prever uma melhor
adaptabilidade do clone CN5, do que do clone Sa%hndi¢bes de limitagdo hidrica
e de nutrientes ou de competicdo por esses recurs@samente, o clone ST51
apresentard maiores produtividades sempre que assos do solo ndo sejam

limitantes.

7.3.  Consideragoes finais

Em dltima analise, o valor da silvicultura clonapeénde do valor intrinseco
dos clones e do seu ajustamento ao ambiente emsdguplantados. Por sua vez, o
valor dos clones e a previsdo do seu comportangggendem em grande parte dos
critérios de seleccdo usados e da eficacia dosstesvnais. Portanto, o valor da
silvicultura clonal est4 essencialmente assenteesab qualidade e o nivel de
conhecimento que se dispde sobre o material vegeipgltegue. E € precisamente
neste ponto que os estudos fisiolégicos em conglicdatroladas e a compreenséo
dos mecanismos bioldégicos em geral podem contribaimpletando o conhecimento
quase sempre empirico dos testes clonais. Assinmpértante uma interacgao
concertada entre fisiblogos e melhoradores gergtmara que o conhecimento
cientifico possa ser util, por exemplo, aplicado awmento de eficiéncia dos
processos de seleccdo das populagbes de melhocareemte producdo e na

distribuicdo dos clones nas plantacdes.
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Por outro lado, o valor do conhecimento adquiridbre os clones depende
também da sua manutencdo e aproveitamento ao ldogempo. O sucesso da
introducdo de novos clones na populacdo de prodpggssupde que estes novos
clones ndo s6 séo superiores aos ja existentexy éowavel a sua propagacdo em
larga escala. De facto, um novo clone deve secisnfemente superior de maneira a
compensar o valor do conhecimento empirico e fiemtgue ja se detém com os
clones actuais (e.g., técnicas de propagacao, giiodmecanismos bioldgicos). Deste
modo, uma demasiado rapida substituicdo dos cleelescionados, devido a uma
agressiva estratégia de melhoramento genético, pogedir que se adquira um
completo e especifico conhecimento técnico doseslom assim, obstar ao pleno
desenvolvimento de uma silvicultura clonal.

O presente conjunto de estudos mostram que osiergreos em condigdes
controladas permitem identificar e caracterizgplasticidades fenotipicas dos clones.
Este conhecimento permite-nos prever as respostasldnes em condigfes naturais
e apoiar as decisfes da sua distribuicdo pelasediés areas edafo-climaticas.
Concluimos, assim, que esta linha de investiggudssibilitando a compreenséo e a
exploracdo das diferencas entre os potenciais igeaélos clones dE. globulus, é
uma importante ferramenta de suporte do melhoramgenético e pode contribuir
para aumentar a produtividade da floresta clonal.

Outros estudos, mais especificos e com objectivAcps mais imediatos,
podem também ser propostos. Nomeadamente, expéosnda caracterizagdo dos
clones da populagéo de producao para determingggiosa dos limites de tolerancia
aos stresses mais relevantes. Em particular, esteloespostas dos clones a varios
graus de secura e varios graus de aclimatacadoaacdm vista a uma hierarquizacéo

dos clones em fungéo das suas tolerancias.
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