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RESUMO

RONCHI, Claudio Pagotto, D.S., Universidade Federal de Vicosa, setembro de 2005.
Aclimatacao da maquinaria fotossintética do cafeeiro a alteracdo da forca-dreno e a
seca, em funcdo da restricio do volume radicular. Orientador: Fibio Murilo DaMatta.

Conselheiros: Antonio Alberto da Silva e Marcelo Ehlers Loureiro.

Neste trabalho, foram feitos dois experimentos, conduzidos separadamente e
analisados como tal, para investigar (i) os efeitos da restricio do volume radicular no
crescimento e aclimatacdo fotossintética em Coffea arabica e (ii) os efeitos de taxas de
imposicdo e severidade do déficit hidrico sobre a fotossintese e metabolismo de carboidratos
em C. canephora. No primeiro, plantas de C. arabica cv Catuai Vermelho IAC 44, cultivadas
em vasos de diferentes volumes (3 L - pequeno, 10 L - médio e 24 L - grande), foram
avaliadas em duas épocas, aos 115 e 165 dias ap0s o transplantio (DAT), de modo a obterem-
se diferentes graus de restricdo radicular. Os efeitos da alteracio na relagdo fonte:dreno foram
estudados, procurando-se investigar os possiveis mecanismos, estomaticos € ndo-estomaticos,
de aclimatacdo fotossintética. O aumento da restricdo radicular causou forte reducdo no
crescimento da planta, associada ao aumento na razdo raiz:parte aérea. Os tratamentos nao
afetaram o potencial hidrico foliar, tampouco os teores foliares de nutrientes, com exce¢do da
concentracdo de N, que se reduziu fortemente com o incremento da restri¢do radicular, apesar
da disponibilidade adequada no substrato. As taxas fotossintéticas foram severamente
reduzidas pelo cultivo das plantas nos vasos de pequeno volume, devido, principalmente, a

limitagdes ndo-estomaticas, e.g., reducdo na atividade da Rubisco. Aos 165 DAT, os teores de
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hexoses, sacarose e aminodcidos diminuiram, enquanto os de amido e hexoses-P aumentaram,
com a redugdo do tamanho do vaso. As taxas fotossintéticas correlacionaram-se significativa e
negativamente com a razao hexose:aminodcidos, mas ndo com os niveis de hexoses per se. As
atividades de invertase dcida, sintase da sacarose (SuSy), sintase da sacarose-fosfato (SPS),
bisfosfatase da frutose-1,6-bisfosfato (FBPase), pirofosforilase da ADP-glicose (AGPase),
fosforilase do amido (SPase), desidrogenase do gliceraldeido-3-P (G3PDH), fosfofrutocinase
dependente de PPi (PPi-PFK) e desidrogenase do NADP:gliceraldeido-3-P (NADP-GAPDH),
e as razdes 3-PGA:Pi e glicose-6-P:frutose-6-P decresceram, particularmente nas plantas sob
restricao radicular severa. A aclimatacdo da maquinaria fotossintética ndo esteve relacionada
a limitagdes diretas pela reducdo da sintese de produtos finais da fotossintese, mas sim a
reducgdes na atividade da Rubisco. Aparentemente, a aclimatacdo fotossintética foi reflexo do
status deficiente de nitrogénio, em funcdo do aumento da restricdo radicular. No segundo
experimento, plantas de C. canephora (clone 109A) também foram cultivadas em vasos de
volumes contrastantes (6 L - pequeno e 24 L - grande), durante 11 meses. Em seguida, foram
submetidas ao déficit hidrico, via suspensdo da irrigacao, aplicando-se, neste caso, duas taxas
de imposicdo (rdpida, nos vasos pequenos, e lenta, nos vasos grandes), e dois niveis de déficit
hidrico: potencial hidrico na antemanha (W,,) equivalente a -2,0 MPa (déficit moderado) e -
4,0 MPa (déficit severo). Foram estudadas as respostas da maquinaria fotossintética e do
metabolismo de carboidratos a seca, em fun¢do tanto da taxa de imposi¢io como da
severidade do déficit hidrico. Apés suspender-se a irrigacdo, os niveis de déficit moderado e
severo foram atingidos aos quatro e seis dias nas plantas dos vasos de 6 L, e aos 12 e 17 dias
naquelas dos vasos de 24 L, respectivamente. Os tratamentos aplicados nao afetaram as
concentracdoes de clorofilas e carotendides. Pequenas alteracdes nos parametros de
fluorescéncia foram observadas, mas apenas nas plantas sob déficit severo, imposto
lentamente. Sob déficit severo, os niveis de prolina aumentaram 31 e 212% nas plantas dos
vasos pequenos € grandes, respectivamente, em relagdo aos das plantas-controle. A seca (Wym
= -4,0 MPa) aumentou o extravazamento de eletrdlitos em 183%, independentemente do
tamanho do vaso. A taxa fotossintética reduziu-se em 44 e 96%, a ¥, de -2,0 e -4,0 MPa,
respectivamente, em relacdo as plantas-controle, sem, contudo, observarem-se alteracdes
expressivas nesses parametros, em funcdo das diferentes taxas de imposi¢cdo do déficit
hidrico. O déficit hidrico reduziu a condutincia estomdtica € a transpiragdo, mas apenas
quando foi severo. De modo geral, o metabolismo de carboidratos, em resposta a seca, foi
afetado pela taxa de imposi¢ao do déficit hidrico. Nao obstante, as atividades de enzimas-
chave do metabolismo do carbono (AGPase, invertase dcida, SuSy, SPS, FBPase, G3PDH,

SPase, PPi-PFK) foram pouco ou nada afetadas pelas taxas de imposi¢ao e severidade do déficit.
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ABSTRACT

RONCHI, Claudio Pagotto, D.S., Universidade Federal de Vicosa, September, 2005.
Acclimation of the photosynthetic apparatus of the coffee tree to alterations in sink-
strenght and drought, as a function of restricting rooting volume. Adviser: Fibio Murilo

DaMatta. Committee Members: Antonio Alberto da Silva and Marcelo Ehlers Loureiro.

This work consisted of two separate experiments, and was so analysed to investigate
(i) the effects of rooting volume restriction on the growth and photosynthetic acclimation in
Coffea arabica and (ii) the effect of the rate of imposition and severity of water deficit on
photosynthesis and carbohydrate metabolism in C. canephora. In the first experiment, plants
of C. arabica cv Red Catuai IAC 44 were grown in small (3 L), medium (10 L) and large (24
L) pots during 115 or 165 days after transplanting (DAT), which allowed different degrees of
root restriction. The effects of increasing souce:sink ratio were evaluated in order to explore
possible stomatal and non-stomatal mechanisms of photosynthetic down-regulation.
Increasing root restriction brought about general and great reductions in plant growth
associated with a rising root:shoot ratio. Treatments did not affect leaf water potential or leaf
nutrient status, with the exception of N content, which drastically dropped with increasing
root restriction even though an adequate supply was available. Coffee photosynthesis was
severely reduced by growing plants in small pots, what was largely associated with non-
stomatal factors, e.g., decreased Rubisco activity. At 165 DAT, contents of hexose, sucrose
and amino acids decreased, whereas those of starch and hexose-P increased, with smaller

pots. Photosynthetic rates were negatively and significantly correlated with hexose:free amino
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acids ratio, but not with hexose content per se. Activities of acid invertase, sucrose synthase
(SuSy), sucrose-P synthase (SPS), fructose-1,6-bisphosphatase (FBPase), ADP-glucose
pyrophosphorylase ~ (AGPase), starch  phosphorylase  (SPase), glyceraldehyde-3-P
dehydrogenase (G3PDH), PPi: fructose-6-P 1-phophotransferase (PPi-PFK) and NADP:
glyceraldehyde-3-P dehydrogenase (NADP-GAPDH), and glycerate-3-P:Pi and glucose-6-
P:fructose-6-P ratios all decreased with severe root restriction. Photosynthetic down-
regulation was unlikely associated with a direct end-product limitation, but rather with
decreases in Rubisco activity. Such a down-regulation was largely an expression of deficient
N status triggered by growing coffee plants in small pots. In the second experiment, plants of
C. canephora (clone 109A) were grown in pots of different volumes (6 L — small and 24 L —
large) during 11 months, after which a drought treatment was applied. Two rates of water
deficit imposition (fast in small pots, and slow in large ones), and two levels of water deficit
[predawn leaf water potential, W,q, of -2,0 MPa (mild) and -4,0 MPa (severe)] were
considered. Responses of photosynthetic apparatus and carbohydrate metabolism to drought,
as affected by both water deficit progression and severity, were investigated. Mild and severe
water deficit levels were achieved at 4 and 6 days, or at 12 and 17 days, after suspending
irrigation, respectively in plants grown in small and large pots. Total chlorophyll and
carotenoid contents were not affected by treatments. Small changes in chlorophyll a
fluorescence parameters were observed, but only in plants submitted to severe, slowly-
imposed water deficit. Under severe water deficit, proline content increased both in small-pot-
(31%) and large-pot-grown-plants (212%), as compared with irrigated ones. Drought (Wpq = -
4,0 MPa) led to increased electrolyte leakage (~183%), irrespective of pot size.
Photosynthetic rates decreased by about 44 and 96%, at W4 of -2,0 and -4,0 MPa,
respectively, in comparison with control plants. However, only minor changes were detected
in those parameters in response to the rates of water deficit progression. Stomatal conductance
and leaf transpiration were significantly affected by water deficit, but only when it was
severe. In general, changes in carbohydrate metabolism depended on the rate of imposition of
water deficit. However, the activities of key enzymes of carbon metabolism (AGPase, acid
invertase, SuSy, SPS, FBPase, G3PDH, SPase, PPi-PFK) were little affected by both the

progression and severity of water deficit.



L. Introducao geral

A maioria dos experimentos em Fisiologia Vegetal, como em muitas outras areas
afins, requer controle das condi¢des ambientes. Por essa razdo, freqiientemente, os
experimentos sdo realizados com plantas cultivadas em pequenos vasos, mantidas em camaras
de crescimento ou casa de vegetacdo. Apesar das vantagens, o cultivo em vasos de pequeno
volume leva a formacao de plantas com volume radicular reduzido, quando comparado aquele
formado no campo ou mesmo em plantas cultivadas em vasos grandes (Townend e Dickinson,
1995), alterando-se, assim, a relacdo fonte:dreno.

A restricdo do crescimento de raizes pode causar reducdo geral do crescimento da
parte aérea (Carmi et al., 1983; Robbins e Pharr, 1988; Ismail e Noor, 1996; Iersel, 1997;
Schaffer et al., 1997; Mataa e Tominaga, 1998). Apesar de muitos resultados serem
divergentes, varias causas ou mecanismos sao relacionados como possiveis bases fisiologicas
que explicariam a reducd@o do crescimento da parte aérea, geralmente verificada em condi¢des
de restricdo do crescimento radicular: (i) menor eficiéncia de absor¢do de 4gua e nutrientes,
devido ao pequeno volume de raizes (Atwell, 1990; Ousible et al., 1992) e, também, a
possiveis modificagdes anatdmicas ou morfoldgicas do sistema radicular (Peterson et al.,
1984); (ii) decréscimos ou mudancgas no balango entre substincias de crescimento (Herold,
1980; Carmi e Heuer, 1981); (iii) reducdes do potencial osmético, devido a concentracido de
nutrientes na solu¢do do solo (Peterson et al., 1984; Townend e Dickinson, 1995); e,
principalmente, (iv) retroinibicdo da fotossintese pela reducdo da forca do dreno, com
conseqiiente aumento da relacdo fonte:dreno (Neales e Incoll, 1968; Arp, 1991; Thomas e
Strain, 1991; Pezeshki e Santos, 1998).

De acordo com o mecanismo da retroinibicdo (Neales e Incoll, 1968; Barrett e

Gifford, 1995), a restri¢do fisica ao crescimento do sistema radicular, imposta por vasos de
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pequeno volume, reduz a forca do dreno, acarretando acimulo de carboidratos nas células
mesofilicas da folha-fonte (aumentando a relacdo fonte:dreno) que, por seu turno, leva a
reducdo e, ou, “aclimatacdo” das taxas de assimilacdo liquida de CO, (A). Esse mecanismo
parece explicar as reducdes verificadas em A em plantas de Taxodium distichum (Pezeshki e
Santos, 1998), Nicotiana tabacum (Herold e McNeil, 1979), Gossypium hirsutum (Sasek et
al., 1985; Thomas e Strain, 1991), Cucumis sativus (Robbins e Pharr, 1988) e Flaveria
linearis (Micallef et al., 1996). Contudo, hé relatos de que A ndo se alterou em Glycine max
(Krizek et al., 1985), chegando, inclusive, a aumentar em plantas de Phaseolus vulgaris
(Carmi et al., 1983), com a reducdo do tamanho do vaso. Nao obstante, a retroinibicdo da
fotossintese pode ser mais uma conseqiiéncia que uma causa da redu¢do do crescimento. De
qualquer modo, a retroinibi¢do pode afetar a aclimatagdo da maquinaria fotossintética a
condi¢des potencialmente fotoinibitérias. Isso deve resultar, concomitantemente, em
alteracOes na atividade do sistema antioxidativo e de enzimas-chave no metabolismo de
carboidratos.

Atualmente, vérios mecanismos sdao mencionados na literatura para explicar a
regulacdo (redugdo) da fotossintese a partir do acimulo de carboidratos na parte aérea,
causada pela reducdo da forca do dreno (Sheen, 1990; Stitt, 1991; Sheen, 1994; Pollock e
Farrar, 1996; Paul e Driscoll, 1997; Stitt e Krapp, 1999; Paul e Foyer, 2001; Paul e Pellny,
2003). Contudo, na maioria das vezes, as respostas ndo sdo gerais, € 0 mecanismo preciso de
retroinibi¢c@o ainda € questio de debate.

Dentre cerca de 100 espécies do género Coffea, apenas duas t€ém importancia no
mercado mundial de café: C. arabica L. (café Ardbica) e C. canephora Pierre (café Canéfora).
O cafeeiro € tradicionalmente considerado como planta que apresenta valores de A muito
baixos, geralmente inferiores a 4 pmol m™s™. Contudo, esses valores, freqlientemente obtidos
em experimentos em vasos, podem estar associados a retroinibi¢do da fotossintese, decorrente
do confinamento do sistema radicular em pequenos vasos de cultivo, e a limitac¢des
estomadticas da fotossintese (DaMatta, 2003). Essa suposi¢do parece sustentada pelos dados de
Lima et al. (2002) e Pinheiro et al. (2004). Os primeiros verificaram, em clones de C.
canephora, cultivados em vasos com 6 L de substrato, por 10 meses, valores de A iguais a 3
pmol m? s”'. Porém, quando os mesmos clones foram cultivados em vasos com 120 L de
substrato, por igual periodo, verificaram-se valores de A iguais ou mesmo superiores a 10
pmol m? s (Pinheiro et al., 2004), indicando, portanto, que ocorreu aclimatacdo da
maquinaria fotossintética do cafeeiro cultivado em vasos pequenos. Ademais, as taxas
fotossintéticas comumente obtidas de plantas cultivadas em vasos sdo geralmente inferiores

aquelas verificadas em plantas no campo, sob condi¢des normais de cultivo, para uma dada
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condutancia estomdtica (DaMatta, 2003). Portanto, a auséncia de aclimatacdo em plantas
cultivadas no campo ou em vasos de grande volume indica que a redu¢do de A pode ser um
artefato da restricdo do crescimento radicular, causada pelo volume inadequado do vaso
(Campbell et al., 1988; Arp, 1991; Ziska et al., 1991). Obviamente, as respostas
fotossintéticas do cafeeiro devem depender ndo somente de interacdes entre a planta e o
tamanho dos vasos, mas também do tempo de cultivo ou de permanéncia das plantas nesses
recipientes.

Além de promover a aclimatagdo fotossintética pela alteragao na relagio fonte-dreno,
o tamanho do vaso pode ter também importantes implicacdes na aclimatacdo da maquinaria
fotossintética a seca, uma vez que afeta diretamente a quantidade de dgua disponivel as
plantas neles cultivadas. Resultados contrastantes de Lima et al. (2002) e Pinheiro et al.
(2004), obtidos em clones de café Canéfora submetidos a seca, sugerem respostas diferenciais
de aclimatacdo da maquinaria fotossintética ao tamanho do vaso de cultivo e, portanto, a taxa
de imposicdo do déficit hidrico. Portanto, a necessidade de se considerar judiciosamente o
tamanho do vaso em experimentos com déficit hidrico, em café, como em qualquer outra
espécie, € premente, sob pena de as conclusdes auferidas em estudos com vasos de pequeno
tamanho revestirem-se de nenhuma importancia pratica. Ademais, um estudo recente
(Praxedes et al., 2005), realizado com quatro clones de café Canéfora, evidenciou que o
metabolismo de carboidratos exibe varia¢des clonais em resposta ao déficit hidrico, imposto
lentamente. Contudo, a importancia da taxa de imposi¢do do déficit sobre o metabolismo de
carboidratos e, também, sobre a maquinaria fotossintética, em café, é desconhecida.

Neste trabalho, foram feitos dois experimentos, conduzidos separadamente e
analisados como tal. No primeiro experimento, plantas de C. arabica, cultivadas em vasos de
diferentes volumes, foram avaliadas em duas épocas apds o transplantio, obtendo-se, desse
modo, diferentes graus de restri¢cdo radicular. Os efeitos da alteracdo na relacdo fonte:dreno
foram estudados, procurando-se investigar 0s possiveis mecanismos, estomaticos e ndo-
estomdticos, de aclimatacio fotossintética em café. No segundo experimento, plantas de C.
canephora também foram cultivadas em vasos de volumes contrastantes, porém foram
submetidas ao déficit hidrico pela suspensdo da irrigacdo, obtendo-se, neste caso, duas taxas
de imposi¢ao (rdpida, nos vasos pequenos, € lenta, nos vasos grandes), e dois niveis de déficit
hidrico (potencial hidrico na antemanhd equivalente a -2,0 e a -4,0 MPa). Foram entdo
estudadas as respostas da maquinaria fotossintética e do metabolismo de carboidratos a seca,

em funcido tanto da taxa de progressao quanto da severidade do déficit hidrico.
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Abstract

Coffee (Coffea arabica) plants were grown in small (3 L), medium (10 L) and large
(24 L) pots during 115 or 165 days after transplanting (DAT), which allowed different
degrees of root restriction. Effects of altered source:sink ratio were evaluated in order to
explore possible stomatal and non-stomatal mechanisms of photosynthetic down-regulation.
Increasing root restriction brought about general and large reductions in plant growth
associated with a rising root:shoot ratio. Treatments did not affect leaf water potential or leaf
nutrient status, with the exception of N content, which dropped drastically with increasing
root restriction even though an adequate N supply was available. Coffee photosynthesis was
severely reduced by growing plants in small pots, what was largely associated with non-
stomatal factors, e.g., decreased Rubisco activity. At 165 DAT, contents of hexose, sucrose
and amino acids decreased, whereas those of starch and hexose-P increased, with smaller
pots. Photosynthetic rates were negatively and significantly correlated with hexose:free amino
acids ratio, but not with hexose content per se. Activities of acid invertase, sucrose synthase,
sucrose-P synthase, fructose-1,6-bisphosphatase, ADP-glucose pyrophosphorylase, starch
phosphorylase, glyceraldehyde-3-P dehydrogenase, PPi: fructose-6-P 1-phosphotransferase
and NADP: glyceraldehyde-3-P dehydrogenase all decreased with severe root restriction.
Glycerate-3-P:Pi and glucose-6-P:fructose-6-P ratios decreased accordingly. Photosynthetic
down-regulation was unlikely associated with a direct end-product limitation, but rather with
decreases in Rubisco. Such a down-regulation was largely an expression of deficient N status

triggered by growing coffee plants in small pots.

Key words: coffee, nitrogen deficiency, photosynthesis, pot size, Rubisco, sink regulation

2.1. Introduction

Many studies on crop physiology have been done on plants grown in small containers
that limit root growth (DaMatta, 2003). Since root growth is a major metabolic sink for
photosynthetically fixed carbon, such a limitation lowers sink strength, leading to
carbohydrate accumulation in leaves in addition to affecting the source:sink ratio (Barrett and
Gifford, 1995). The imbalance in this ratio can lead to a general reduction of shoot growth
(Carmi et al., 1983; Iersel, 1997; Robbins and Pharr, 1988), and also may have a pronounced,
but not well understood, negative effect on the rate of net carbon assimilation (A) (Paul and

Foyer, 2001; Paul and Pellny, 2003). Several works have shown a feedback inhibition of A
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through carbohydrate accumulation, imposed by restricted rooting volume due to small pot
size (e.g., Robbins and Pharr, 1988; Thomas and Strain, 1991; Whiley et al., 1999). In a few
studies, however, A was apparently unresponsive to (e.g., Barrett and Gifford, 1995; Krizek et
al., 1985), or might ultimately increase with (Carmi et al., 1983), decreasing pot size.

Currently, the potential mechanisms underling A reduction following carbohydrate
accumulation are numerous, somewhat unclear and controversial (Paul and Foyer, 2001; Paul
and Pellny, 2003; Stitt, 1991). According to Stitt (1991), such an accumulation may inhibit A
directly or indirectly. A direct inhibition can minimise or even prevent carbohydrate
accumulating further, but does not do anything to rectify basic imbalance of investment in the
sinks and sources, so it is a short-term non-adaptive response (e.g. physical disruption of
chloroplast due to large starch grains; low rates at which Pi is recycled back to photosynthetic
reactions). Although there are several consistent arguments weaken the hypothesis for the
acclimation of photosynthesis through the direct end-product limitation (Arp, 1991; Stitt,
1991; Stitt and Krapp, 1999), this short-term response takes place by alteration either in the
contents of several metabolites (including RuBP, 3-PGA, ATP, ADP) and on the regulation
and activity of key enzymes (e.g., sucrose-phosphate synthase — SPS, fructose-1,6-
bisphosphatase — FBPase, ADP-glucose pyrophosphorylase — AGPase) of C metabolism (Paul
and Foyer, 2001; Stitt, 1991). Briefly, low rates of end-product synthesis is thought to lead to
a reduction in both SPS and FBPase activities, acute depletion of Pi, reduction of ATP/ADP
ratios, an increase in 3-PGA and partial deactivation of Rubisco (Stitt, 1991; Stitt and Krapp,
1999).

Indirect inhibition of A, as described as an adaptive response, does decrease the levels
of proteins and other components of the photosynthetic apparatus, contributing to a
readjustment of the source-sink balance (Stitt, 1991). Under conditions of restricted rooting
volume and high CO, concentrations, decreases in A were strongly matched by a decline in
Rubisco activity suggesting that Rubisco is very sensitive to changes in source-sink balance
(Thomas and Strain, 1991). In fact, when photosynthesis is Rubisco-limited, low 3-PGA
levels, high ATP/ADP ratio, saturating RuBP levels and a high activation state of Rubisco is
commonly observed (Stitt, 1991). Other studies suggest that acclimation of photosynthesis
may be ascribed to sugar-mediated repression of transcripts encoding photosynthesis-involved
proteins, particularly that one encoding rbcS (Koch, 1996; Stitt, 1991). However, most
knowledge of sugar-sensing model was gained under conditions of high CO, concentration
and probably under a strongly N limitation, so depression of Rubisco activity and protein may
have been triggered by N limitation instead of sugar signalling per se (Stitt and Krapp, 1999).
According to Paul and Pellny (2003), C supply is an important controlling force for
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photosynthetic gene expression, but N status is the overriding determinant of repression of
photosynthesis by C.

Most pot experiments have shown that tropical tree crops, such as coffee, which
evolved in the forest understorey, exhibit very low A, usually below 4 pmol m?s” (DaMatta,
2003). It is conceivable that such low rates might be associated with a feedback inhibition of
photosynthesis in containerised plants in addition to stomatal limitations to photosynthesis
(DaMatta, 2003). By growing clones of C. canephora for ten months in 6 L-pots, Lima ef al.
(2002) obtained maximal A values of 3 pmol m? s, whereas Pinheiro et al. (2004) found A
values around 10 pmol m’> s'], when the same clones were also grown for ten months in 120
L-pots. Additionally, the photosynthetic response to pot size would also vary depending on
how long plants remain containerized. This is particularly important for tree species since in
most experiments they are often grown in small pots for extended periods. Currently, a lot of
information about source-sink interaction and hence photosynthetic acclimation to reduced
sink strength is available, particularly for herbaceous species grown under elevated CO,. By
contrast, much less is known about how A is down-regulated in tropical tree species such as
coffee. In this study, coffee plants were grown for different periods in pots of different sizes
in an attempt to explore the effects of reduced sink strength on their growth and
photosynthetic down-regulation. We hypothesized that photosynthetic acclimation in potted
coffee plants would be an artifact of the inadequate rooting volume, imposed by growing

plants for a long period in relatively small pots.

2.2. Material and methods

Experimental design

Uniform seedlings of Coffea arabica L. cv Red Catuai IAC 44 were transplanted to
small pots (SP), medium pots (MP), and large pots (LP), which contained 3, 10, and 24 L,
respectively, of a mixture of soil, sand and manure (3:1:1, v/v/v). The plants were grown in a
screen house with walls of course mesh screen, which allowed free air exchange with the
external environment. The experiment was a completely randomized design, with six
treatment-combinations, forming a 3 x 2 factorial (three pot sizes and two sampling periods)
with six plants in individual pots per treatment-combination as replication . The experimental
plot was one plant per pot. The plants were regularly watered and received a maximal

photosynthetic photon flux (PPF) of 1200 pmol m?s’. Supplemental N fertilisation was top-
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dressed with 3.0 g (NH4),SO;4 per pot at 45 day intervals, starting at the 15™ day after
transplantig (DAT).

Root restriction treatments were imposed by growing plants in pots of different sizes
during 115 or 165 DAT. In the first case, only SP plants showed some apparent degree of
restriction (Fig. 1); in the second case, root restriction was exacerbated in SP plants and began
to occur in MP plants, but not in LP plants. These allowed, therefore, a high, moderate and no
degree of apparent root restriction to the plants grown in SP, MP and LP, respectively (Fig.
1). Restricted growth was characterised by twisted roots, particularly at the pot bottom. All
sampling and measurements were performed at about 115 and 165 DAT (with the exception
of enzyme activities and phosphorylated intermediate determinations, which were assessed
only at 165 DAT), using completely expanded leaves from the third or fourth pair from the
apex of plagiotropic branches. For biochemical analyses, leaf discs, collected at about

midday, were rapidly frozen in liquid nitrogen and stored at -80°C until required.

Vegetative growth and nutrient analysis

Plant height, stem diameter (5 cm above ground), number of both leaves and
plagiotropic branches, total leaf area per plant and shoot and root dry matter were assessed.
Dry mass of stems, leaves, petiole and roots were obtained after oven-drying for 72 h at 70 °C.
Specific leaf area was estimated for the whole plant. Leaf samples were submitted to
nitroperchloric digestion after which concentrations of P, S, K, Ca, Mg, Cu, Zn, Fe, and Mn
were determined through routine methods. Total-N was calculated as in DaMatta et al.

(1999).

Photosynthetic measurements

Net carbon assimilation rate (A), stomatal conductance to water vapour (gs), and
internal to ambient CO, concentration ratio (Ci/C,) were measured under artificial, saturating
PPF (850-900 umol m™ s™) at an ambient CO, concentration, using an LCA-4 portable, open-
system infrared gas analyser (Analytical Development Company, Hoddesdon, UK).
Chlorophyll a fluorescence parameters were measured using a portable pulse amplitude
modulation fluorometer (FMS2, Hansatech, King’s Lynn, Norfolk, UK). Maximum
photochemical efficiency of PSII (F\/Fy,), capture efficiency of excitation energy by open
PSII reaction centres (F,’/Fy’), photochemical quenching (gp), and quantum yield of PSII
electron transport (Qpsy) were estimated as described by Lima et al. (2002). Photosynthetic
parameters were estimated on a single, attached leaf per plant. Measurements were made
between 7:00 and 8:30 h, on three-four consecutive days, so that measurements on each plant
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were computed as average values for gas-exchange parameters. During measurements, air
temperature inside the screen house varied from 21.4 to 26.3 °C, air relative humidity was
about 82%, leaf-to-air vapour pressure deficit was at most 1.1 kPa, and leaf temperature

ranged from 22.7 to 30.7 °C.

Carbon isotope composition ratio and water status
Leaf tissue was collected between 11:00 and 13:00 h, and analysed for their stable
carbon isotope ratio (813C), as described in DaMatta er al. (2002).

Measurements of water potential (‘Py,) were made using a Scholander-type pressure

chamber at both 07:00 h and 13:00 h.

Carbohydrate extraction and analysis

Frozen samples (100 mg FW) were homogenised with 800 uL. 80% (v/v) ethanol, and
then incubated at 70 °C for 90 min, following centrifugation at 15000 g for 10 min. The pellet
was extracted further once. Supernatants were combined, and stored at -20 °C for soluble
sugars and amino acid determinations. Hexoses [glucose (Glc) + fructose (Fru)] and sucrose
were assessed as described in Praxedes et al. (2005). The ethanol-insoluble pellet was washed
with 80% (v/v) aqueous ethanol, re-suspended in 200 mol m™ KOH, incubated at 95 °C for 2
h, neutralised with 1 kmol m™ acetic acid and centrifuged at 15000 g for 10 min (Trethewey
et al., 1998). Subsequently, the supernatant was incubated with 300 mol m™ Na-citrate buffer
pH 4.6 at 60 °C for 1 h in a reaction mixture containing 3 units mL™ o-amylase and 1 unit

mL" amyloglucosidase, and the released Glc was measured as already mentioned .

Amino acids, protein and pigment determinations

Free amino acids were quantified as described in DaMatta ef al. (1999). Leaf soluble
protein content was determined in desalted extracts, according to Bradford (1976).
Chlorophylls and total carotenoids were extracted by grinding leaves in 80% (v/v)

acetone/water, and then determined according to Lichtenthaler (1987).

Enzyme extraction and assays

Enzymes were extracted from frozen material (250 mg FW) essentially as described in
Praxedes et al. (2005). SPS (EC 2.4.1.14) (under saturating — V., and limiting — Vi,
substrate conditions), AGPase (EC 2.2.7.27), FBPase (EC 3.1.3.11), acid invertase (EC
3.2.1.26) and sucrose synthase (SuSy; EC 2.4.1.13) were assayed as described by Praxedes et

al. (2005). Glyceraldehyde-3-P dehydrogenase (GAPDH; EC 1.2.1.12) was assayed in the
12



direction of 3-phosphoglyceric acid (3-PGA) production (Burrell et al., 1994). ATP-
dependent 6-phosphofructokinase (ATP-PFK; EC 2.7.1.11) and PPi: Fru-6-P 1-
phosphotransferase (PPi-PFK; EC 2.7.1.90) were assayed spectrophotometrically by
following the production of Fru-1,6-BP from Fru-6-P (Burrell et al., 1994). Initial and total
activities of Ribulose-1,5-bisphosphate (RuBP) carboxylase/oxygenase (Rubisco; EC
4.1.1.39) were measured using the spectrophotometric, NADH, enzyme-coupled assay as
described in Sharkey et al. (1991), using freshly desalted extract. Activation state of Rubisco
was calculated as the ratio of initial to total activity (per cent). NADP:glyceraldehyde-3-P
dehydrogenase (NADP-GAPDH; EC 1.2.1.13) was assayed in the direction of
glyceraldehyde-3-P production as in Hausler et al. (2001), with the exception that 3-PGA was
omitted in the reaction mixture. Starch phosphorylase (SPase; EC 2.4.1.1) was measured in
the phosphorolytic direction in a 250 pL reaction mixture consisting of 75 mol m™ Mes-
NaOH pH 6.0, 0.025% (w/v) soluble starch, 5 mol m™ NaF, 75 mol m™ Na,HPO, and 80 uL
of extract as modified from Harada and Ishizawa (2003). After incubation at 37 °C for 90 min,
the reaction was stopped by boiling for 2 min, centrifuged at 15000 g for 5 min, and the
amount of Glc-1-P formed was determined in a 300 uL reaction mixture containing 50 mol m’
3 Hepes-KOH (pH 7.4), 5 mol m™ MgCl,, 500 mmol m™ NAD*, 1.5 mol m~ EDTA, 25 mmol
m™ Gle-1,6-BP, 2 units mL™ phosphoglucomutase and 145 pL of the sample. The reaction
was initiated by adding Glc-6-P dehydrogenase to a final concentration of 1.4 unit mL™"; the

amount of NADH formed was monitored at 340 nm using an ELISA reader.

Phosphorylated intermediate determination

Frozen leaf samples were extracted in trichloroacetic acid/diethyl ether as described by
Trethewey et al. (1998). Glucose-6-P, Fru-6-P and 3-PGA were determined
spectrophotometrically using an enzymic cycling system (Gibon et al., 2002). Inorganic
phosphate (Pi) was quantified according to Pennley (1976). Recoveries of metabolites added

to leaf material in physiological concentrations during extraction were in excess of 85%.

Statistical analyses

Data were subjected to ANOVA using a split-plot design, in which the pot sizes were
considered as the main plot and the periods of growth (115 and 165 DAT) as split-plots.
Statistical significance of mean differences were analysed by Newman-Keuls’ test, at P <
0.05. Correlations (Pearson parametric method) among different variables were tested using ¢-
test. Unless otherwise indicated, correlations were significant at P < 0.001. All the statistical

analyses were performed using the SAEG System version 8.0 (SAEG, 1999).
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2.3. Results

Plant growth, water and nutrient status

Reducing pot volume strongly affected growth of coffee plants (Table 1). At 115
DAT, total shoot dry matter of SP plants was smaller (48%) than that of MP or LP plants; at
165 DAT, it was smaller in SP (66%) and MP (23%) plants than in LP ones. Similar trends
were also observed for total leaf area, stem diameter, plant height, number of leaves and
plagiotropic branches, and dry matter of stems, petioles and leaves (data not shown). Because
shoot growth was affected more than root growth, an increased root:shoot dry matter ratio
with decreasing pot size was found. Similar effects were observed for leaf area:root dry mass
ratio, which declined with decreasing pot size. Specific leaf area was greater in SP plants than
in MP and LP ones. This may be to a certain extent associated with a reduction in the
mesophyll thickness, particularly in spongy parenchyma (data not shown). In addition, as
compared with LP plants, stomatal density and stomatal index increased by 35 and 14%, and
by 21 and 5%, respectively, for SP and MP plants (data not shown).

Foliar concentrations of essential macro- and micro-nutrients (P, S, K, Ca, Mg, Cu,
Zn, Fe, and Mn) did not vary appreciably for plants grown in different pot volumes (data not
shown), and were within the optimum range for coffee. However, total-N concentration
drastically dropped with decreasing pot volume. This was particularly evident at 165 DAT
when N concentration was lower in both SP (40%) and MP (23%) plants than in LP ones
(Table 1).

Leaf W, as measured at either 07:00 h (Table 2) or 13:00 h (data not shown) was
unaffected by pot size treatments, indicating that water status was largely unrelated to changes
in both growth and photosynthetic performance as associated with rooting restriction. It
should be highlighted that weather was warmer during the first sampling period than during
the second one (average maximum daily temperature of 34.5°C and 30.7°C, respectively). At
115 DAT, leaf temperature of SP plants was higher by 4°C at 13:00 h, as compared with MP
or LP plants, and thus the maintenance of W, in those plants was likely associated with
stomatal closure to avoid excessive transpiration. Therefore, tissue hydration was maintained
at expense of latent heat loss, so increasing leaf temperature. Differences in leaf temperature

among treatments were not found at 165 DAT (data not shown).

Leaf gas exchange and pigments
Considering the LP plants as a reference, there were significant decreases in A (58%)
and gs (48%), but only in SP plants at 165 DAT (Table 2). Leaf gas exchange was also
14



measured at noon but the results were similar regardless of the treatments (data not shown). In
SP plants, because g varied proportionally more than A, as compared with MP or LP plants
(Fig. 2), a lower coupling between A vs g, with decreasing pot size is to be expected. For
example, for a doubling in g, (from 80 to 160 mmol m™ s™"), A would increase only by 25% in
SP plants as compared with an average 48% rise in A in either MP or LP plants, regardless of
the sampling dates (Fig. 2). Moreover, C;:C, ratio did not decrease but rather increased in SP
plants. Also, carbon isotope ratio (8'°C) significantly decreased with increasing root
restriction, as found at 165 DAT (Table 2); 8'°C was strongly associated with both initial and
total in vitro Rubisco activity (+* = 0.90, n = 15), but only modestly with g (** = 0.65, n = 15,
P < 0.01) (data not shown). Collectively, these results provide compelling evidence that
stomatal limitations did not play a decisive role on the impaired photosynthetic performance
with smaller pot volumes.

Compared with LP plants, total chlorophyll content decreased at 115 DAT by 26% in
SP plants; at 165 DAT, it declined by 59% in these plants and by 20% in MP ones (Table 1).
Similar trends were found for total carotenoids (Table 1). There was a significant correlation
between A with total-N concentration (r2 = (0.65; data not shown) regardless of whether data

from both sampling periods were pooled together or not.

Photochemical parameters

Chlorophyll fluorescence was assessed in order to test whether photosynthetic
acclimation was a result of reduced irradiance capture at PSII level. Results suggest that
photosynthetic acclimation was not associated with decreased maximum PSII photochemical
efficiency (F\/Fy,), which was above 0.80 regardless of the treatments (Table 3). Changes in
PSII photochemistry in light-adapted leaves of SP plants were evident through significant
decreases (about 35%) in (pgyy irrespective of sampling period, as compared with LP plants.
Such reductions were matched by significant decreases in F,’/Fy,,’ and gp, respectively, 14%
and 22% at 115 DAT, and 10 and 29% at 165 DAT. There was no significant difference in
chlorophyll fluorescence parameters between MP and LP plants in either sampling date

(Table 3).

Carbohydrate and amino acid concentrations
Hexose content was significantly lowered by 17% both in SP and MP plants at 115
DAT, and by 28% in SP plants at 165 DAT, as compared with LP plants (Fig. 3a). Sucrose
content did not vary among pot size treatments at 115 DAT, but at 165 DAT it was lower in
SP (68%) and MP (25%) plants than in LP ones (Fig. 3b). Starch content enhanced as pot size
15



increased at 115 DAT, whereas at 165 DAT it was larger in SP and MP plants than in LP ones
(Fig. 3c). As a consequence, starch:sucrose ratio declined at 115 DAT, but strongly increased
at 165 DAT, with decreasing pot size (Fig. 3d). With regard to LP plants, amino acid content
was lowered at 115 DAT by 31%, but only in SP plants; at 165 DAT, it decreased both in SP
(77%) and MP (49%) plants (Fig. 3e). Similar results were obtained for protein content (Table
1). At 115 DAT, hexose:amino acid ratio tended to be larger in SP over LP plants, while at
165 DAT this ratio decreased significantly as root restriction decreased (Fig. 3f).
Interestingly, no significant correlation of A with hexose content was observed (> = 0.28; P >
0.05, n=36), but A correlated negatively with hexose:amino acid ratio (r2 = -0.73; n=36; data

not shown).

Enzyme activity and phosphorylated intermediates

Although there was no effect of pot size on SPS activation state (60% on average; not
shown), decreasing pot size resulted in an average reduction of SPS activity in SP (52%) and
MP (27%) plants, for both V. and Vi assays (Fig. 4a). SPS correlated positively with A (=
0.87), amino acids (r2 = 0.80), protein (r2 = 0.82) and sucrose (r2 = 0.77) content, and
negatively with starch:sucrose ratio (r2 = -0.74), hexose:free amino acid ratio (r2 =-0.74), and
sucrose:amino acid ratio (r2 =-0.63) (n=18, data not shown).

As compared with LP plants, FBPase activity was reduced (28%) significantly, but
only in SP plants (Fig. 4b), whereas AGPase activity was dramatically reduced with
decreasing pot size (Fig. 4c), despite starch content comparatively being high in SP plants and
low in LP ones (Fig. 3c). In any case, SPase activity was lower (54%) in SP plants than in LP
ones (Fig. 4d).

Decreases in the activities of acid invertase (53%; Fig. 4e), SuSy (17%; Fig. 4f), ATP-
PFK (20%; Fig. 4g), PPi-PFK (30%; Fig. 4h), and GAPDH (37%; Fig. 4i) were found in SP
plants when compared with LP plants. Decreases in both initial and total in vitro activities of
Rubisco were also observed in SP (~69%) and MP (~21%) plants relative to LP ones (Fig. 4j),
but its activation state was unaffected by rooting restriction (Fig. 4k). There was a positive
correlation between A and both the initial (r2 = 0.88; n=17) and total (r2 =0.90; n=17) in vitro
Rubisco activity (data not shown), and between Rubisco activity and both total-N (r2 =0.77,
n=18) and protein (r2 = 0.84; n=18) content (data not shown). The activity of the other Calvin
cycle enzyme, NADP-GAPDH, was also significantly reduced in SP (36%) and MP (18%)
plants relative to that of LP ones (Fig. 41).

Restriction to root growth also led to marked changes in leaf phosphorylated

intermediates. Hexoses-P dramatically enhanced with increasing root restriction. Glc-6-P and
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Fru-6-P increased by 363 and 1150% in SP plants, and by 25 and 391% in MP ones,
respectively, as compared to LP plants (Fig. 5Sa-b). By contrast, 3-PGA levels were 60% lower
in SP plants than either in MP or LP ones (Fig. 5c). Relative to LP plants, significant
increases of 72% in Pi concentrations were observed, but only in SP ones (Fig. 5d). As a

result, Pi:3-PGA ratio ratio increased in SP and MP plants, as could be depicted from Fig. 5.

2.4. Discussion

Increasing root restriction brought about general and great reductions in plant growth
associated with a rising root:shoot ratio. These results support the hypothesis that plants
maintain a functional balance between materials essential for growth by allocating resources
to the organs nearest to the source of the most limiting factor (Arp, 1991). In this study, N,
rather than water or any other nutrient, was much likely that factor. Particularly at 165 DAT,
leaf N concentration was near or below 23 g kg‘1 DM in SP and MP plants, a mean value at
which visual symptoms of N deficiency start appearing in coffee (Moraes, 1981). In fact, SP
plants, and to a lesser extent the MP ones, showed several symptoms typical of N limitation,
which can include changes in allometric characteristics, remarkable reductions in pigment,
aminoacid and protein contents, decreased Rubisco activity, as well as, starch accumulation. It
should be stressed that substrate of the small pots contained about 5.5 g N and, regardless of
that, it has been applied 2.5 g N per each plant throughout the experiment. Thus, the overall
amount of N in the small pots was considerably larger than one that is expected to be taken up
in the six first months after planting by a coffee seedling grown without physical limitation to
root development (about 1.0 g N; Instituto Brasileiro do Café, 1985). Therefore, it was
assumed that containerised rooting volume probably was unable to take up adequate amounts
of N required for optimum growth even though an appropriate N supply was available. This
could be a result of root morphological or anatomical alterations (e.g., increased thickness and
reduced number of root hairs) (Atwell, 1990; Ousible et al., 1992; Peterson et al., 1984), or
due to low energy supply by shoot to N absorption and assimilation in the roots. As a
consequence, much of the growth and photosynthesis responses related to decreasing pot size
were, indeed, a reflection of N deficiency.

Results from this study showed that source:sink imbalance imposed by root restriction
severely reduced coffee photosynthesis. Photosynthetic inhibition may be caused by stomatal
and/or non-stomatal limitations. Stomatal limitation is considered to decrease A as a

consequence of depletion of C; due to stomatal closure (Lawlor, 2002). The present results
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argue against stomatal limitations and indicate that non-stomatal constraints were largely
responsible for the decreases in A with increasing root restriction. Non-stomatal constraints on
A consider that chloroplast assimilation of CO, may be limited by PSII activity or Rubisco
activity (Farquhar et al., 1980). Despite the strong decreases in chlorophyll content, F,’/Fy,’
declined only marginally with smaller pots, thus a relatively high efficiency with which
excitation energy was delivered to open PSII reaction centres was to be expected. In addition,
a decrease on the excitation pressure on PSII (analysed as gp) was also found, implying that a
fraction of the PSII traps was closed during actinic irradiance, thus leading to a decrease in
®Ppsi. However, reductions in ®pgyp paralleling an unchanged F./F,, were likely associated
with a down-regulation of PSII during steady-state photosynthesis. Such a reduction should
represent a photoprotective mechanism by adjusting the rate of photochemistry to match that
of ATP and NADPH consumption. Therefore, the changes in ®pgy, and thus in apparent
electron transport rate, should have been a consequence, rather than a cause, of the partial loss
of the photosynthetic capacity (Cruz et al., 2003).

Non-stomatal limitation to photosynthesis was likely associated with a decreased
carboxylation activity with decreasing pot size. As there was no change in the Rubisco
activation state, decreased initial and total enzyme activity should have been a consequence of
depleted Rubisco content (Aranjuelo et al., 2005; Moore et al., 1999) with increasing root
restriction. Despite the correlation between Rubisco activity and protein content, the observed
decreased specific activity of Rubisco (34% in SP plants; data not shown) suggests that there
was an apparent selective reduction in leaf Rubisco protein. Since root restriction led to N
deficiency, plants tend to maximize resource-use efficiency, e.g., by reallocating N away from
the CO; fixation machinery into more limiting processes such as carbohydrate synthesis and
non-photochemical processes (Bowes, 1991). Rubisco comprises 30-50% of leaf N (Stitt,
1991), a fact that may to a great extent explain the strong relationship between Rubisco
activity and leaf N concentration. From the above, it follows that photosynthetic acclimation
of plants grown in limiting pot sizes was a consequence of N limitation. From this
perspective, down-regulation was an expression from an inadequate leaf N status, as already
pointed out.

Changes in Rubisco activity or protein might have been triggered by sugar signalling,
or by N limitation, or by an earlier onset of senescence as a consequence of N limitation (Stitt
and Krapp, 1999). Sugar-mediated photosynthetic acclimation is commonly associated with
sucrose and hexose metabolism (e.g. increased hexose:sucrose ratio - Moore et al. 1998),
through a mechanism involving an increased acid invertase and hexokinase activities, which
ultimately is thought to lead to a repression of photosynthetic gene expression (Koch, 1996;
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Moore et al., 1998). In this study, the hexose:sucrose ratio increased, but the absolute contents
of hexoses and sucrose, as well as acid invertase activity, significantly decreased with rising
root restriction, arguing against a sugar signalling mechanism. The observed negative
correlation between A and the ratio of hexose:free amino acids, and the lack of correlation
between A and hexose content per se circumstantially suggest that photosynthetic gene
repression would depend more crucially on the leaf active polls of C and N than on the
carbohydrate status alone (Paul and Discoll, 1997; Stitt and Krapp, 1999; Paul and Pellny,
2003). In fact, the ratio of hexose:free amino acids, which is thought to represent the relation
of active pools of C and N, usually increases in plants subjected to any treatment which
increases the source:sink ratio, mainly if it is associated with a low-N supply (Paul and
Driscoll, 1997). This ratio was negatively correlated with photosynthetic capacity in
Nicotiana tabacum subjected to increased source:sink ratio (Paul and Driscoll, 1997) and with
SPS content in Lolium perene subjected to either low N or high CO, supply (Isopp et al.,
2000). In the present study, the increases in the ratio of hexose:amino acids in SP and MP
plants suggest that photosynthetic acclimation in coffee plants grown under root restriction
was associated with C and N status at the whole plant level. If coffee plants cannot synthesise
amino acids and protein and to develop new sinks, since the growth of root system was
restricted and N status was inadequate, photosynthetic metabolism is down-regulated to
prevent further carbohydrate accumulation.

Much attention has been paid as to whether there is evidence of feedback mechanisms
by which the accumulation of carbohydrates can act directly or indirectly to inhibit
photosynthesis (Nakano et al., 1997). The increased starch:sucrose ratio might suggest that
assimilate export was reduced (Lawlor, 2001). However, sucrose (and also hexoses)
decreased rather than increased with smaller pots despite the general accumulation of
hexoses-P, a fact likely associated with a decline in SPS activity without changes in its
activation state. Such a decline should have been linked to a decreased Glc-6-P/Fru-6-P ratio
and increased Pi, as particularly found in SP plants. In this situation, fructose-2,6-
bisphosphate, which is expected to increase with increasing starch:sucrose ratio (Scott et al.,
1995), might inhibit FBPase (Lawlor, 2001). The reductions in SPS and FBPase activities
with increasing root restriction have probably occurred to match the reductions in
photosynthetic capacity to the reduced sink strength of containerised root systems. Moreover,
there was no evidence that sucrose breakdown has increased since acid invertase and SuSy
activities decreased, but only in SP plants.

At 165 DAT, starch accumulated in SP plants, despite the decrease in AGPase activity.

This was somewhat surprising by taking into account that N deficiency usually leads to an
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increased starch synthesis (Stitt, 1991). Probably, the enzyme was allostericaly inhibited since
the Pi:3-PGA ratio increased (Lawlor, 2001). The accumulation of starch was also linked to a
reduction in SPase activity in SP plants. Thus, starch accumulation should have primarily
been a long-term process associated with a low sink demand along the whole period of growth
into small pots. In fact, starch contents as those shown in SP plants have commonly been
observed in coffee plants in different growth conditions (DaMatta et al., 1997; Praxedes et al.,
2005). Furthermore, the highest starch content was found in LP plants at 115 DAT [probably
a consequence of temporary decrease in the growth of those plants due to low sink demand
since coffee growth rates is particularly constrained by high temperatures (Barros et al.,
1997)] with no apparent effect on A. Thus starch grains formed in the chloroplasts probably
were not high enough to disrupt chloroplasts and to restrict CO, diffusion so they should not
represent a significant feedback mechanism on photosynthetic capacity (Arp, 1991; Schulz et
al., 1998; Paul and Foyer, 2001). Considering the above results collectively, it may be
proposed that acclimation of photosynthesis through a direct end-product limitation did not
occur in plants under root restriction. This was likely because the responses of plant
metabolism to root restriction were exactly the opposite (high Pi levels, low 3-PGA content
and high activation state of Rubisco) to those usually observed when end-product limitation is
the case (Stitt, 1991; Stitt and Krapp, 1999). In fact, the mechanism of photosynthetic down-
regulation by direct end-product limitation has been questioned elsewhere (Arp, 1991; Stitt,
1991; Stitt and Krapp, 1999).

The activity of key enzymes of the glycolitic pathway, as well as enzymes associated
with the Calvin cycle such as NADP-GAPDH, decreased in SP plants. Since sucrose and
starch synthesis was also likely depressed in these plants, a decreased utilisation of 3-PGA
was to be expected. Therefore, the declined 3-PGA content should have been associated with
a decrease in CO, fixation. Consequently, N limitation induced by growing coffee plants in
small pot volumes should have triggered photosynthetic acclimation through decreased
Rubisco activity (and possibly RuBP regeneration capacity) rather than through an inadequate

rate of end-product synthesis.
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Table 1. Total shoot and root dry matter, leaf area, root:shoot (dry matter) ratio, leaf area: root
mass ratio, specific leaf area, leaf content of total-N, protein and total chlorophylls and
carotenoids of coffee plants grown during 115 or 165 days after transplanting (DAT) in small
(3 L), medium (10 L) and large (24 L) pots. Data are the mean + SE of six replicates.
Different superscript capital letters represent statistical significance between means for each

parameter within each sampling period. Different superscript small letters represent statistical

significance among means for each parameter within each pot size (P 0.05, Newman-
Keuls’ test)
Parameters DAT Pot size
Small Medium Large
Total shoot dry matter (g) 115 19.6 £ 0.7% 352+ 1.3% 40.1 £0.7*°
165 41.4+2.0% 93.1 +3.3% 120.2 + 4.4
Root dry matter (g) 115 6.75 +0.38" 9.58+0.64%  8.20+0.54*"
165 18.56 £1.93%  30.98+1.73* 31.02+1.73*
Leaf area (m®) 115 0.197 £0.007*  0.328 £0.010*" 0.379 +0.008**
165 0.328 £0.012*  0.721 £0.021* 1.007 +£0.037*
Root:shoot 115 0.34 +£0.02*° 0.27 £0.01**  0.21 +£0.02*
165 0.45 +0.05* 0.34+0.02>  0.26+0.01*
Leaf area:root mass (m* kg’ DM) 115 29.4 + 1.4 34.8 +1.9% 473 +3.3%
165 18.9+2.3"% 23.7+1.5% 32.7+1.2%
Specific leaf area (m* kg”' DM) 115 1525+028%  14.14+0.14% 1376 £0.24™
165 13.40£0.21%"  1231£0.16® 12.55+0.17%
Total N (g kg DM) 115 26.8 +0.7% 32.6 +0.9% 33.4+1.9%
165 18.1+0.8°° 23.4 0.8 30.2 £2.2M
Total protein (g kg DM) 115 167 +3.5% 203 + 5.4 209 + 2™
165 113 +£5.3 146 £ 5.1% 189 + 13.5%
Total chlorophylls (mmol m™) 115 0.97 +0.04* 1.30£0.05%  1.31 £0.04*
165 0.67 +0.03" 1.30+0.04%  1.62+0.06™
Total carotenoids (mmol m™) 115 0.23+0.01* 027 £0.01*  0.28+0.01*"
165 0.14+0.01<° 0.25+0.01*  0.30+0.01*
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Table 2. Net CO, assimilation rate (A), stomatal conductance (g;), carbon isotope composition

ratio (6]3C), ratio of internal to ambient CO, concentration (Cj:C,), and leaf water potential

(Wy; 07:30 — 08:30 h) of coffee plants grown in small (3 L), medium (10 L) and large (24 L)

pots during 115 or 165 days after transplanting (DAT). Statistics as in Table 1

Parameters DAT Pot size
Small Medium Large
A (umol CO, m?s™) 115 5.9+0.3% 7.7+0.5% 7.1 0.6
165 3.5+0.6™ 6.9 £ 0.4™ 8.0+0.3™
gs (mmol m?s™) 115 95 + 8™ 108 £ 10™ 93 + 107
165 73+ 18% 116 £ 9™ 148 + 16™
C:C, 115 0.65 +0.01*° 0.60 +0.02*° 0.60 +0.01*°
165 0.77 £ 0.05* 0.70 £ 0.01* 0.70 £ 0.01*
8C (-%o) 115 27.98 +0.19™ 28.33 +0.05™ 27.86 £ 0.09*°
165 29.68 +0.18° 27.94 +0.23% 26.59 +0.20™
¥, (-MPa) 115 0.73 £0.04*° 0.78 £ 0.05*° 0.68 +0.08*°
165 0.31 £0.04* 0.41 £0.07* 0.43 £ 0.06™
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Table 3. Maximum photochemical efficiency of PSII (F,/Fy,), quantum yield of PSII electron
transport (Qpsy), capture efficiency of excitation energy by open PSII reaction centers
(FV'/Fyw’), photochemical (gp) and Stern-Volmer non-photochemical (NPQ) quenching
coefficients of coffee plants grown in small (3 L), medium (10 L) and large (24 L) pots for
115 or 165 days after transplanting (DAT). Statistics as in Table 1

Parameters DAT Pot size
Small Medium Large
FJ/Fy 115 0.812+£0.003%  0.832+£0.004*  0.827 +£0.003*°
165 0.807 £0.007%*  0.841 £0.004™  0.841 £0.003*
Opsir 115 0.282£0.008%  0.404£0.018™  0.427 £0.026™
165 0.247 £0.028%  0.370£0.012*  0.393 £0.012*
FyIFy 115 0.492 £0.009%*  0.563 £0.008™*  0.573 £0.022*
165 0.503£0.017%*  0.538 £0.009**  0.561 % 0.009*"
qp 115 0.576 £0.017%*  0.712£0.022**  0.734 £0.027*
165 0.497 £0.063%  0.686£0.024™  0.699 +0.015*
NPQ 115 2.817 £0.060"  2.253+0.092*  2.101 +0.104*
165 2.240+0.254" 2501 +£0.100*  2.228 +0.064™
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Figure 1. Root system of coffee plants grown in small (3 L; right), medium (10 L; middle)

and large (24 L; left) pots during 115 (above) or 165 (below) days after transplanting.
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Figure 2. The relationship of A vs g in coffee plants grown in small (3 L), medium (10 L) and
large (24 L) pots during 115 or 165 days after transplanting (DAT). (n = 18 at 115 DAT; n =
24 at 165 DAT

29



15

(a) hexoses

7
Ba F'E

Ao w o ©

(d) starch:sucrose

nmol kg‘l Fw

> 7

115 165

Figure 3. The effect of pot size, as evaluated at 115 or 165 days after transplanting, on leaf
contents of hexoses (a), sucrose (b), starch (¢) and amino acid (d), and ratios of starch:sucrose,
and hexoses:amino acids of coffee plants. Plants were grown in small (3 L, open columns),
medium (10 L, hatched columns), and large (24 L, full columns) pots. Each column represents
the mean t SE of six replicates. For each parameter means accompanied by the same capital

letter within each sampling period, or by the same small letter within each pot size, are not

WBa Aa
0 Il

12

39

26

13

(b) sucrose (c) starch
) 20 L%
.
1.1
a0 -l - -Ie -
0
0.6

(e) amino acids

m

b
b

115

Ba

V
Ba
165

Days after transplanting

4 (f) hexoses:

amino acids,

Aa

Ba Cb|

statistically different to each other (P > 0.05, Newman-Keuls’ test)

30

165



—~ 6 64 18
- (a) SPS . (b) FBPase T 15 | (¢) AGPase
é (*)Vmax (**)Vsel é 48 é
z 4] = z 127
_‘U" _u" 32 _u" 9 r
22 2 16 = 0
— &) T [e) a
g S b ab g 37 ’—'—‘
=0 0 0

12 120 64

(d) SPase

Nel
o

7

il

-1 |
nmol g© FW min
N \O
-1 .-l
nmol g© FW min
(o)
<)

1 -1
nmol g© FW min
[99)

(\]

(e) acid invertase () SuSy | |
L ? 48 1 7
| |Jb_‘ 16 | b

0 0 K

3 30

0
_ 36 _ 15 _ _ 1.6
" (g) ATP-PFK e 0 (h) PPi-PFK = (i) GAPDH
B 27 ¢ > — g 12 ~ E 12f , ]
: % il : 7
18 N 08y / :
o 80 Ty n ‘o0 b
E 9 1 a 1 ° 3 | g 04+ n 1
E g g

0 0 0.0

9 — 2.0
_ Q) Rubisco § 120 (k) Rubisco TS (1) NADP-GAPDH
‘v (*)Vinicial Q 90 + ] E 1.6 1 >
o 6] g 512 ?
35l 5% | w08

< f— C
= E 307 a a | g 0.4 1
2 3
|93 <
0 - 0 0.0
3 10 24 3 10 24 3 10

Pot size (L)

Figure 4. The effect of pot size, as evaluated at 165 days after transplanting, on the activity of
cytosolic and chloroplastidic enzymes of coffee leaves (sucrose-P synthase — SPS, fructose-
1,6-bisphosphatase — FBPase, ADP-glucose pyrophosphorylase - AGPase, starch
phosphorylase — SPase, sucrose synthase — SuSy, ATP-dependent 6-phosphofructokinase —
ATP-PFK, PPi: fructose-6-phosphate 1-phosphotransferase — PPi-PFK, glyceraldehyde-3-P
dehydrogenase — GAPDH, ribulose-1,5-bisphosphate carboxylase/oxygenase — Rubisco, and
NADP: glyceraldehyde-3-P dehydrogenase — NADP-GAPDH). Plants were grown in small (3
L, open columns), medium (10 L, hatched columns), and large (24 L, full columns) pots. Each
column represents the mean * SE of six replicates. For each enzyme, means accompanied by
the same small letter are not statistically different to each other (P > 0.05, Newman-Keuls’

test)
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Figure 5. The effect of pot size, as evaluated at 165 days after transplanting, on the leaf
contents of Glc-6-P (a), Fru-6-P (b), 3-PGA (c) and Pi (d) of coffee plants. Plants were grown
in small (3 L, open columns), medium (10 L, hatched columns), and large (24 L, full
columns) pots. Each column represents the mean * SE of six replicates. For each metabolite,

means accompanied by the same small letter are not statistically different to each other (P >

0.05, Newman-Keuls’ test)
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I11. Capitulo 2

Efeitos de taxas de imposicao e de severidade do déficit hidrico sobre a fotossintese e o

metabolismo de carboidratos em folhas de Coffea canephora

Resumo

Mudas de Coffea canephora (clone 109A) foram cultivadas em casa de vegetacdo e
submetidas a duas taxas de imposic¢ao de déficit hidrico, utilizando-se, para isso, de vasos de
diferentes volumes: 6 L, taxa rapida; e 24 L, taxa lenta de imposc¢do. As amostragens e
medi¢des foram feitas quando as plantas atingiram um potencial hidrico de antemanha de,
aproximadamente, -2,0 MPa (déficit moderado) e - 4,0 MPa (déficit severo), sendo
necessarios, para isso, 4 e 6 dias nas plantas dos vasos de 6 L, e 12 e 17 dias naquelas dos
vasos de 24 L, respectivamente, apds suspensdo da irrigagdo. Os tratamentos aplicados ndo
influenciaram as concentracdes de clorofilas e carotendides. Pequenas alteragdes nos
parametros de fluorescéncia foram observadas, mas apenas em plantas sob déficit severo,
imposto lentamente. Sob déficit severo, os niveis de prolina aumentaram 31 e 212% nas
plantas dos vasos pequenos e grandes, respectivamente, em relagdo aos das plantas-controle.
A seca (Wun = -4,0 MPa) aumentou o extravazamento de eletrdlitos (~183%),
independentemente do tamanho do vaso. A taxa fotossintética reduziu-se em 44 e 96%, a ¥,
de —2,0 e -4,0 MPa, respectivamente, em relacao as plantas-controle, sem, contudo, observar-
se alteracdos expressiva nesse parametro, em funcdo das diferentes taxas de imposicao do
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déficit hidrico. O déficit hidrico reduziu a condutincia estomdtica e a transpiracdo apenas
quando severo. De modo geral, o metabolismo de carboidratos, em resposta a seca, foi afetado
pela taxa de imposi¢do do déficit hidrico; as atividades de enzimas-chave do metabolismo do
carbono (pirofosforilase da ADP-glicose, invertase acida, sintase da sacarose, sintase da
sacarose-fosfato, bisfosfatase da frutose 1,6-bisfosfato, fosforilase do amido, fosfofrutocinase
dependente de PPi e desidrogenase do gliceraldeido 3-P) foram pouco ou nada afetadas pelas

taxas de imposi¢ao e severidade do déficit.

Palavras-chave: fluorescéncia da clorofila, café, trocas gasosas, tamanho de vaso

Effects of the rate of imposition and severity of water deficit on photosynthesis

and carbohydrate metabolism in Coffea canephora leaves

Abstract

Seedlings of Coffea canephora (clone 109A) were grown under screenhouse
conditions in pots containing 6- and 24-L of substrate, which allowed, respectively, a fast or a
slow rate of water deficit progression after withholding irrigation. All sampling and
measurements were performed when predawn leaf water potential (¥,4) about -2.0 (mild) and
-4.0 MPa (severe water deficit) was reached. This was achieved at 4 and 6 days, or at 12 and
17 days after suspending irrigation, respectively, in plants grown in the small or large pots.
Total chlorophyll and carotenoid concentrations were not affected by treatments. Small
changes in chlorophyll a fluorescence parameters were observed, but only in plants submitted
to severe, slowly-imposed water deficit. Under severe water deficit, proline concentration
increased in plants both in small (31%) and large (212%) pots, as compared with control
plants. Drought (W4 = -4,0 MPa) led to increased electrolyte leakage (183%), irrespective of
pot size. Photosynthetic rates decreased by about 44 and 96%, at W4 of —2,0 and -4,0 MPa,
respectively, in comparison with control plants. However, only minor changes were detected
in those parameters in response to the rate of water deficit imposition. Stomatal conductance
and leaf transpiration were significantly affected by water deficit only when it was severe. In
general, changes in carbohydrate metabolism depended on pot size and, thus, on the rate of

water deficit imposition; however, the activities of key enzymes of carbon metabolism (ADP-
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Glc pyrophophorylase, acid invertase, sucrose syntase, sucrose-phosphate synthase, fructose-
2,6-bisphosphatase, starch phosphorylase, PPi:fructose-6-phophate 1-phosphotransferase and
glyceraldehyde-3-phosphate dehydrogenase) were only marginally affected by both the rate of

progression and severity of water deficit.

Key words: chlorophyll fluorescence, coffee, gas exchange, pot size

2.1. Introducao

Poucos trabalhos consideram a possibilidade de o tamanho do vaso influenciar a
resposta das plantas a taxa de imposicdo do déficit hidrico. O tamanho do vaso tem grande
influéncia na quantidade de 4gua disponivel as plantas nele cultivadas. Obviamente, vasos
menores se traduzem em menor disponibilidade global de 4gua, acarretando, portanto,
imposicdo mais rdpida do déficit hidrico (Will e Teskey, 1997; Ray e Sinclair, 1998). A
imposicao de niveis realisticos de déficit hidrico € dificil, particularmente nos pequenos
vasos, com observacdes largamente dependentes da taxa de desenvolvimento do déficit (Jones
e Rawson, 1979).

A progressao do déficit hidrico pode ter implica¢des importantes no crescimento das
plantas: se for muito rdpido, em toda a zona radicular, como freqiientemente ¢ observado em
vasos pequenos, pode causar estresse hidrico irreversivel a planta e, possivelmente, morte de
por¢do considerdavel de raizes. Em situacdo oposta, quando o déficit € imposto lentamente, as
plantas podem destinar grande proporcao de seus fotoassimilados a producdo de raizes para
retirar 4gua em regides mais profundas do solo e, também, proteger as raizes nas regides
(superficiais) mais secas do solo, por meio da suberizacdo (Townend e Dickinson, 1995).
Ademais, uma taxa rdpida de imposi¢cdo do déficit hidrico, quando se usam vasos pequenos,
pode invalidar resultados de estudos em que o objetivo é justamente discriminar materiais
com tolerancia diferencial a seca, uma vez que, diferentemente do que ocorre em condicdes
de campo, ou mesmo em vasos de cultivo de grande volume, a planta ndo teria tempo de
expressar seus atributos adaptativos frente a seca, isto €, ndo ocorreria aclimatacdo. Se o
déficit progredir lentamente, € possivel que a planta invista, por exemplo, em mecanismos
para dissipacdo do excesso de energia de excitacdo sobre a cadeia fotossintética de transporte

de elétrons, como é comumente observado sob condi¢des de seca, reduzindo, portanto, os
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riscos da ocorréncia de danos fotooxidativos (Ort e Baker, 2002), ou promova o ajustamento
osmotico, para retardar a desidratacdo (Lawlor e Cornic, 2002).

O déficit hidrico, além de afetar a fotossintese direta ou indiretamente, por
mecanismos estomdticos e ndo-estomdticos ainda ndo elucidados completamente, reduz
drasticamente o crescimento das plantas. Conseqiientemente, a produ¢do e o consumo de
fotoassimilados sdo restringidos, levando a alteragdes na particdo do carbono na folha e na
planta como um todo (Chaves, 1991; Cornic, 2000; Lawlor e Cornic, 2002). Tais alteracdes
caracterizam-se, predominantemente, por modificacdes nos niveis foliares de acucares
soliveis (hexoses e sacrose) e de amido (DaMatta et al., 1997; Vu et al., 1998, Praxedes et al.,
2005). Além disso, as atividades das enzimas-chave na sintese (bisfosfatase da frutose 1,6-
bisfosfato — FBPase, e sintase da sacarose-fosfato — SPS) (Pelleschi et al., 1997; Foyer et al.,
1998; Basu et al., 1999; Praxedes et al., 2005) e degradacdo (invertase 4cida e sintase da
sacarose — SuSy) (Pelleschi et al., 1997; Lawlor e Cornic, 2002, Praxedes et al., 2005) da
sacarose €, também, na sintese (pirofosforilase da ADP-glicose - AGPase) e degradacdo
(fosforilase do amido — SPase) do amido (Zeeman et al., 2004) sao alteradas.

No Brasil, a maior parte das lavouras de café Canéfora vem sendo formada, nos
ultimos anos, a partir de mudas clonais, selecionadas de matrizes muitas vezes cultivadas sob
irrigag@o. Os clones assim obtidos, uma vez conduzidos com restri¢ao hidrica, exibem grande
variabilidade quanto a tolerancia a seca (DaMatta et al., 2003). Lima et al. (2002), trabalhando
com dois clones de café Canéfora, com diferentes sensibilidades a seca, em vasos com 6 L de
substrato, observaram aumentos pronunciadamente maiores na atividade do sistema
antioxidativo no clone tolerante (clone 120), em relacdo ao sensivel (clone 109A) ao déficit
hidrico. Esse fato foi observado quando a fotossintese, em ambos os clones, foi virtualmente
suprimida, em resposta ao déficit hidrico, imposto via suspensdo da irrigacdo, por seis dias
(potencial hidrico de antemanha, W,, = -3,0 MPa). Paralelamente, a extensdo dos danos
celulares, avaliada pela peroxidagdo de lipidios e extravasamento de eletrélitos, foi menor no
clone 120 que no 109A. Por outro lado, Pinheiro et al. (2004) verificaram, naqueles clones,
mas cultivados em tambores de 120 L de substrato, taxas de fotossintese aproximadamente
300% maiores que nas plantas do experimento de Lima et al. (2002). Além disso, o
desempenho da maquinaria fotossintética foi muito menos afetado apds cerca de 30 dias de
imposi¢ao de déficit hidrico, quando as plantas também atingiram W¥,, de -3,0 MPa. Nao
somente a atividade do sistema antioxidativo como também a extensdo de danos celulares
foram pronunciadamente menores (¢ com menor amplitude de resposta entre clones) no
experimento de Pinheiro et al. (2004) que as observadas por Lima et al. (2002). Isso sugere
respostas diferenciais de aclimatacdo da maquinaria fotossintética ao tamanho do vaso de
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cultivo e, portanto, a taxa de imposi¢do do déficit hidrico. Ademais, em estudo recente,
realizado com quatro clones de café Canéfora, Praxedes et al. (2005) evidenciaram que o
metabolismo de carboidratos exibe variacdes clonais em resposta ao déficit hidrico, imposto
lentamente. Contudo, a importancia da taxa de imposi¢do do déficit sobre o metabolismo de
carboidratos em café € desconhecida. Dessa forma, o objetivo deste trabalho foi investigar a
aclimatacdo da maquinaria fotossintética a taxas diferenciais de imposi¢cdo e severidade do

déficit hidrico, em café Canéfora.

2.2. Material e métodos

Mudas de Coffea canephora Pierre var. kouillou (clone 109A), com cinco pares de
folhas, obtidas no Instituto Capixaba de Assisténcia Técnica e Extensdo Rural — Incaper,
foram plantadas e cultivadas em vasos de volumes diferentes (6 € 24 L), em Vicosa, MG
(20°45°S, altitude de 650 m), sob fluxo de fétons fotossinteticamente ativos médio de 1200
pmol m~” s, ao meio-dia. O substrato utilizado para enchimento dos vasos consistiu de uma
mistura de solo, areia e esterco bovino (3:1:1, v/v/v), fertilizada (para cada 1 m3) com 0,437
kg de P, 0,143 kg de K e 1,0 kg de calcério dolomitico. As mudas foram mantidas em casa de
vegetacdo, cujas laterais permitiam livre troca de ar entre seu interior e exterior. Apos 11
meses de cultivo (setembro de 2004), as plantas foram separadas em dois grupos, sendo cada
grupo constituido por 10 plantas. Um grupo foi mantido sob irrigagdo periddica (controle) e
outro, sob déficit hidrico, imposto pela suspensdo da irrigacdo, até que as plantas atingissem
W.m de, aproximadamente, -2,0 e - 4,0 MPa (medidos com uma bomba de pressdo tipo
Scholander), caracterizando, portanto, dois niveis de déficit, moderado e severo,
respectivamente. Os dois niveis de déficit foram atingidos aos quatro e seis dias nas plantas
dos vasos de 6 L, e aos 12 e 17 dias naquelas dos vasos de 24 L, respectivamente, ap0s
suspender-se a irrigacdo. Obtiveram-se, entdo, duas taxas de imposicdo do déficit hidrico:
rapida, nos vasos pequenos, e relativamente lenta, nos vasos grandes.

Uma vez atingido o nivel de déficit desejado, avaliaram-se as trocas gasosas € varios
parametros de fluorescéncia, entre 07:00 e 08:30 h, em folhas completamente expandidas do
terceiro ou quarto par a partir do dpice de ramos plagiotrpicos do ter¢o superior das plantas.
As taxas de assimilacdo liquida de carbono (A), a condutancia estomética (gs), a transpiracao
(E) e a razdo entre concentragdes interna e externa de CO, (Ci/C,) foram medidas em sistema
aberto, sob luz saturante artificial (1000 pwmol m™ s']), concentracdo de CO, ambiente e

temperatura constante de 25°C, com um analisador de gés a infravermelho portatil (LICOR
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6400, Li-COR, Lincoln, EUA). Os parametros de fluorescéncia da clorofila a foram medidos,
usando-se de um fluordmetro com amplitude de pulso modulado (FMS2, Hansatech, Norfolk,
Reino Unido). A fluorescéncia inicial (Fy), fluorescéncia méxima (Fy,), eficiéncia fotoquimica
maxima do FSII (F\/Fy,), eficiéncia de captura de energia de excitacdo pelos centros de reacao
abertos do FSII (F,’/Fy’), coeficiente de extingdo fotoquimica (gp), rendimento quantico do
transporte de elétrons (Qgsi), coeficiente de extingdo nao-fotoquimica (NPQ) e a fracdo de
energia absorvida ndo utilizada na fotoquimica nem dissipada termicamente (Pg) foram
estimadas exatamente como descrito em DaMatta et al. (2002) e Lima et al. (2002).

Paralelamente as medicdes e nas mesmas folhas utilizadas para a avaliagcdo das trocas
gasosas, foram coletadas e imediatamente congeladas em nitrogénio liquido, amostras de
material vegetal (~0,160 g) para quantificacdo dos niveis foliares de pigmentos e de prolina.
As clorofilas e os carotendides totais foram extraidos em acetona/dgua 80% (v/v) e
determinadas segundo Lichtenthaler (1987). Os teores de prolina foram determinados segundo
Bates et al. (1973), no mesmo extrato (etandlico) utilizado para determinacdo dos
carboidratos. Amostras de folhas foram também coletadas em dois horarios do dia (entre
07:00 e 08:00 h; e entre 13:00 e 14:00 h) e imediatamente congeladas em nitrogénio liquido,
para a determinacdo das concentracdes foliares de hexoses (glicose + frutose), sacarose,
amido e aminoacidos soluveis totais, além das atividades de varias enzimas-chave no
metabolismo de carboidratos. As amostras vegetais foram, entdo, submetidas a extracdo
etandlica, a quente, determinando-se, na fragdo solivel em etanol, os teores de acucares,
aminodcidos e prolina e, na fracao insoluvel, os de amido (Stitt et al., 1989; Trethewey et al.,
1998; Praxedes et al., 2005).

Para a extracdo das enzimas, as amostras congeladas de folhas (~0,160 g) foram
homogeneizadas com 1,4 mL de tampao de extracdo (Geigenberger e Stitt, 1993) utilizando-
se de 100% (p/v) de PVPP. O extrato foi centrifugado a 25.000 g, por 30 min, € o
sobrenadante dessalinizado através de colunas Sephadex G-25M. Todo o procedimento foi
realizado a 4°C e os ensaios enzimdticos foram previamente otimizados para o tempo de
reacdo e volume de extrato. As atividades de SPS (velocidades maxima — SPS-V,,,, e seletiva
— SPS-V,.;; EC 2.4.1.14), FBPase (EC 3.1.3.11), AGPase (EC 2.2.7.27), fosfofrutocinase
dependente de ATP (ATP-PFK, EC 2.7.1.11), invertase 4cida (EC 3.2.1.26) e SuSy (EC
2.4.1.13) foram determinadas conforme descrito em Praxedes et al. (2005). Foram
determinadas ainda as atividades da desidrogenase do NADP:gliceraldeido-3-P [NADP-
G3PDH, EC 1.2.1.12); Hausler et al. (2001)], SPase [(EC 2.4.1.1; Harada e Ishizawa (2003)],
e da e fosfofrutocinase dependente de PPi (PPi-PFK, EC 2.7.1.90) e da desidrogenase do
gliceraldeido-3-P (G3PDH, EC 1.2.1.12), estas conforme Burrell et al. (1994). Os danos
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celulares foram estimados pelo extravazamento de eletrélitos (Lima et al., 2002), em discos
foliares coletados ao meio-dia; o procedimento iniciou-se imediatamente apds a coleta dos
discos.

Utilizou-se do delineamento inteiramente casualizado, com tratamentos dispostos em
esquema fatorial 2 x 2 x 2 (duas taxas de imposicdo do déficit hidrico, dois niveis de déficit e
dois regimes hidricos), com cinco repeti¢des. Cada unidade experimental consistiu de uma
planta por vaso. Os dados obtidos foram submetidos a andlise de variancia, e as médias dos

tratamentos foram comparadas entre si pelo teste de Newman-Keuls, a 5% de probabilidade.

2.3. Resultados e discussao

Mudas de café Canéfora (clone 109A) foram submetidas ao estresse hidrico
progressivo, até que W, atingisse -4,0 MPa. Em funcdo dos diferentes tamanhos de vaso
utilizados, foi possivel obterem-se duas taxas de imposi¢cdo do déficit hidrico: nos vasos
pequenos (6 L), o declinio em W,,, apés suspensdo da irrigacdo, ocorreu rapidamente (667
kPa d'l), e mais lentamente, nos vasos grandes (24 L, 235 kPa d‘l). O ¥,, de -4,0 MPa foi
atingido aos seis dias nas plantas dos vasos pequenos, e aos 17 dias, naquelas dos vasos
grandes.

Nas plantas dos vasos pequenos, nas quais a taxa de imposicdo do déficit hidrico foi
rapida, houve reducdo em A de 39 e 100%, sob déficit moderado (-2,0 MPa) e severo (-4,0
MPa), respectivamente, em relacdo as plantas-controle; nas plantas dos vasos grandes,
submetidas a uma imposi¢ao mais lenta do déficit hidrico, verificaram-se reducdes em A de
49 e 91%, sob déficit moderado e severo, respectivamente (Figura la). Resultados
semelhantes aos verificados nas plantas dos vasos pequenos foram observados em C. arabica
por Kanechi et al. (1988). Esses autores observaram que A se reduziu a partir de Wy, inferior a
—2,0 MPa e praticamente se anulou quando W, atingiu valores de —3,0 MPa, apds 11 dias
sem irrigacdo. Neste experimento, nos vasos grandes, as reducdes observadas em A, nas
plantas sob déficit hidrico, foram semelhantes aquelas obtidas por Pinheiro et al. (2004), em
plantas do clone 109A submetidas a taxas de imposi¢dao do déficit ainda menores (155 kPa d’
" que as do presente experimento (235 kPa d™h.

Apesar de ndo terem sido observadas diferencas significativas em A nas plantas dos
diferentes tamanhos de vasos, para um dado nivel de déficit hidrico, nas plantas sob déficit
severo A foi suprimida (-0,07 pmol m™~ s) nos vasos pequenos, mas permaneceu baixa,
porém positiva (0,67 pmol m? s7) nas plantas dos vasos grandes (Figura la). Respostas

similares foram observadas para g, (Figura 1b) e E (Figura Ic).
39



[\
(9]
|

(b)

Aa
Ab
Ba
Aa Aa Aa Ba#
e L

g, (mmol m 2 s")
_

w9 o

S o S
L

Aa

_ (a)
n‘."’ 6 | Ba
£
3 Aa Aa*
:E;,-_ 3 4 Aa
= Ba*
< Ba*

0 ||

25 A
0
moderado severo  moderado  severo moderado severo moderado severo
vaso A b vaso 24 L vasdo 6 L vaso 24 L
Aa 1,5 -
1,5 - >
> © (d)
e : Aa*
(\‘.w Aa 10 Aa
~ 1,0 - PR
g Aa Ba &) Aa Aa Ba B: Aa
3 o Ba a ba
£ 05 [H]" Aa 205
E™ Ba* Ba* ’
= a
0,0 . . 0,0 \ \ \
moderado severo moderado severo moderado severo moderado severo
vaso 6 L vaso 24 L vaso 6 L vaso 24 L

Figura 1. Efeitos de taxas de imposic@o (tamanho de vasos) e niveis de déficit hidrico sobre a
taxa de assimilacdo liquida de carbono — A (a), condutancia estomatica - g (b), transpiracdo —
E (c) e razao entre concentracdo interna e ambiente de CO, - Ci/C, (d) em plantas de café.
Tanto para plantas-controle (colunas cinzas) ou plantas estressadas (colunas brancas), letras
maitsculas diferentes representam diferencas significativas entre as médias dos parametros
obtidos nas plantas sob déficit moderado e severo, dentro de cada tamanho de vaso; letras
minusculas diferentes denotam diferencas significativas entre médias dos pardmetros obtidos
nas plantas cultivadas nos vasos de 6 e 24 L, dentro de cada nivel de déficit (teste de
Newman-Keuls; P < 0.05). As médias de plantas estressadas marcadas com um asterisco
diferem das médias das plantas-controle (teste #; para P < 0.05). As colunas representam a

média e as barras o erro-padrdo, de cinco repeti¢des.

Nao houve diferencas significativas na razdo Ci/C, entre plantas de diferentes
tamanhos de vasos, para cada nivel de déficit; entretanto, para ambos os tamanhos de vaso, as
plantas sob déficit hidrico severo apresentaram maior razdo Ci/C, que aquelas sob déficit
moderado (Figura 1d). Ainda, nas plantas sob déficit severo, imposto rapidamente, a razdo
Ci/C, aumentou em relacdo a observada em plantas irrigadas (Figura 1d). Estes resultados
sugerem a ocorréncia de limita¢cdes nao-estomdticas a fotossintese, ainda que gs se tenha

reduzido grandemente. Apesar de pouco expressivos, tomados em conjunto, os resultados das
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trocas gasosas sugerem que os efeitos negativos do déficit hidrico sobre a maquinaria
fotossintética foram ligeiramente mais pronunciados em plantas submetidas a taxa rapida de
imposicio do déficit. E importante ressaltar que, sob déficit severo, o aumento na razio Ci/C,
nas plantas dos vasos pequenos foi muito maior (93%) que aquele verificado nas plantas dos
vasos grandes (35%), em relacio ao das plantas-controle (Figura 1d), caracterizando,
portanto, o completo colapso da fixacdo de CO, (supressdo da fotossintese) nas plantas
submetidas a taxa rdpida de imposi¢do do déficit hidrico. Ademais, mesmo apresentando
dramética reducdo em A, as plantas sob déficit hidrico severo, no vaso maior, mantiveram
suas taxas de assimilagdo de CO, positivas. Portanto, possivelmente, sob taxas lentas de
progressao do déficit hidrico, as plantas de café poderiam aclimatar-se aos efeitos da seca, em
parte, mantendo as taxas fotossintéticas (Praxedes et al. 2005).

Apesar da drastica reducdo em A, a eficiéncia fotoquimica méaxima do FSII (F,/Fy,)
ndo foi afetada pelo estresse hidrico, independentemente da sua severidade e taxa de
imposicdo (Figura 2a). Este resultado, também verificado em outros trabalhos com café
Canéfora, em diferentes condi¢des de cultivo (DaMatta et al., 2002; Lima et al, 2002;
Pinheiro et al. 2004; Praxedes et al., 2005), indica auséncia de danos fotoinibitdrios.

Comparando-se plantas estressadas e irrigadas, ndo se verificaram diferengas
significativas nos parametros fotoquimicos quando o déficit hidrico foi imposto rapidamente,
portanto em plantas cultivadas nos vasos de 6 L, independentemente de sua severidade
(Figura 2b-f). Entretanto, quando o déficit hidrico severo foi imposto lentamente, a razao
F\’/Fy’ ndo se alterou em resposta ao déficit hidrico (Figura 2b), enquanto gp decresceu 33%
naquelas plantas (Figura 2c). A reducdo em gp esteve, portanto, associada ao decréscimo em
Opsn (32%; Figura 2d), uma vez que ¢psy = F\'/F X gp (Maxwell e Johnson, 2000).
Contudo, houve reducio acentuada em NPQ (49%, Figura 2e), fato que pode ter contribuido
para o incremento de 18% em Pg (Figura 2f). Tomados em conjunto, estes resultados sugerem
que as plantas nos vasos grandes, sob déficit severo, possivelmente apresentaram um
mecanismo fotoprotetor, uma vez que ajustaram a taxa de transporte de elétrons a taxa de
consumo de poder redutor (Cruz et al., 2003; Praxedes et al., 2005). Resultados de parametros
fotoquimicos semelhantes aos observados em plantas sob déficit severo (W,n, = -4 MPa),
imposto lentamente, também foram constatados por Praxedes et al. (2005), em plantas do
clone 109A submetidas a déficit hidrico imposto ainda mais lentamente (155 kPa d']).
Todavia, apenas pequenas alteracdes nos parametros fotoquimicos foram observadas em
resposta aos niveis e taxas de imposi¢do do déficit hidrico; provavelmente, ocorreram em
funcdo das variacdes nas condicdes ambientes entre dias de medicao, e ndo devido a efeitos
de tratamentos (Figuras 2b, c, d, e, f). Ademais, nenhuma relacdo pode ser estabelecida entre
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parametros fotoquimicos e teores de pigmentos, uma vez que estes ndo tiveram suas
concentracdes alteradas, em fungdo dos tratamentos aplicados (Tabela 1). A invariabilidade da
concentracdo de pigmentos fotossintéticos, em resposta a seca, em café, tem sido observada
em outros estudos (e.g., DaMatta et al., 1997; Almeida e Maestri, 1996; Kanechi et al., 1996),

apesar de as clorofilas serem altamente sensiveis a seca (Castrillo e Trujillo, 1994).
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Figura 2. Efeitos de taxas de imposic¢ao (tamanho de vasos) e niveis de déficit hidrico sobre a
eficiéncia fotoquimica maxima do FSII - F\/F,, (a), eficiéncia de captura de energia de
excitacdo pelos centros de reacdo abertos do FSII - F\’/F,’ (b), coeficiente de extingcdo
fotoquimica - gp (c), rendimento quantico do transporte de elétrons - Opsy (d), coeficiente de
extingdo ndo-fotoquimica - NPQ (e) e a fracdo de energia absorvida ndo utilizada na

fotoquimica nem dissipada termicamente - Pg (f) em plantas de café. Outros detalhes

conforme Figura 1
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Tabela 1. Efeitos de taxas de imposicdo (tamanho de vasos') e niveis de déficit hidrico sobre

as concentracdes foliares de clorofilas a (Cl a), b (Cl b) e totais (Cl totais), e de carotendides

(Car) em plantas de café. Estatistica conforme Figura 1

Tamanho Nivelde Regime Pigmentos (mg m™)

vasos (L)  déficit hidrico Cla Clb Cl totais Car
6 Moderado Controle 501 £ 14 Ab 188+ 14 Aa 689+24 Ab 132+4 Ab
6 Moderado Estresse 492+40Aa 179+ 16Aa 671+55Aa 141x8 Aa
6 Severo Controle 473+ 18Ab 167t6Ab 640+x22Ab 132+3 Aa
6 Severo Estresse 528 £23 Aa  187x6Aa 714t28Aa 14416 Aa
24 Moderado Controle 6201+49 Aa 222+t 15Aa 842+t64 Aa 15419 Aa
24 Moderado Estresse 597+ 16 Aa 211t8 Aa 808+24 Aa 146t 1 Aa
24 Severo Controle 605+t39 Aa 222+ 15Aa 827t54Aa 152+9 Aa
24 Severo Estresse 563+57 Aa 198t19Aa 761t74Aa 147%£9 Aa

"6 L : taxa de imposicdo rdpida; 24 L: taxa de imposic¢do lenta. Outros detalhes conforme
Figura 1.

Os niveis foliares de prolina alteraram-se apenas sob déficit severo, nas plantas
cultivadas nos vasos grandes, portanto, sob taxa lenta de imposi¢do do déficit hidrico. Neste
caso, verificou-se aumento de 212% nos niveis de prolina, em relacdo aqueles de plantas-
controle (Figura 3a). O incremento nos niveis de prolina, que em valor absoluto eqiiivaleu a
um aumento de 18 mmol kg1 MS, possilvelmente esteve associado ao aumento semelhante
(21 mmol kg MS) verificado na concentragio de aminoacidos livres totais, que passou de 9,4
mmol kg MS nas plantas-controle para 29,3 mmol kg MS nas plantas sob déficit severo
cultivadas nos vasos grandes (dados ndo mostrados). O acumulo de prolina na folha, sob
condi¢des de seca, pode contribuir para o ajustamento osmoético e, por extensdo, para a
manuten¢do da turgescéncia, fato de vital importancia a atividade metabolica celular (Kramer
e Boyer, 1995; Samaras et al. 1995; Monneveux e Belhassen, 1996; Mullet e Whitsitt, 1996).
Segundo Blum (1996), o ajustamento osmético é fortemente dependente, dentre outros
fatores, da severidade do déficit hidrico e, principalmente, de sua taxa de imposi¢do. Nesse
caso, o ajustamento osmotico necessitaria de tempo, de forma que uma lenta reducdo no
status hidrico da planta, como aquela verificada nas plantas cultivadas nos vasos grandes,
permitiria a ocorréncia do ajustamento. Nesse contexto, Pinheiro et al. (2005) verificaram que
o clone 109A apresentou leve ajustamento osmoético quando foi submetido também a taxa

lenta de imposicao do déficit hidrico. Em todo o caso, no presente experimento, o possivel
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ajustamento osmoético e as alteragdes fotoquimicas supramencionadas pouco contribuiram
para a manutencdo das trocas gasosas em plantas de café submetidas ao déficit hidrico
imposto lentamente. Ademais, sob déficit severo, o nivel de danos celulares, estimado pelo
extravazamento de eletrélitos, provavelmente causado pelo estresse oxidativo induzido pela
seca, foi similar entre plantas submetidas a diferentes taxas de imposicdo do déficit (Figura

3b), aumentando em torno de 183% em relagdo as plantas-controle.
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Extravazamento de
eletrdlitos [*]
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Figura 3. Efeitos de taxas de imposi¢do (tamanho de vasos) e niveis de déficit hidrico sobre a
concentracdo foliar de prolina e o extravazamento de eletrélitos em folhas de café. Outros

detalhes conforme Figura 1.

Sob déficit hidrico moderado (-2,0 MPa), imposto rapidamente, as concentragdes
foliares de hexoses, sacarose e amido ndo se alteraram nas plantas estressadas, em relagcdo as
das plantas-controle, em ambos os hordrios de avaliacdo (Figura 4a-f). Entretanto, sob déficit
severo (-4,0 MPa), nos vasos pequenos, os niveis foliares de hexoses aumentaram em 113 e
142%, as 08:00 e 13:00 h, respectivamente (Figura 4a, b), e os de sacarose e amido
reduziram-se em 59 e 43 %, respectivamente, as 13:00 h, em relacdo aqueles observados nas
plantas-controle (Figura 4d, f). Nas plantas dos vasos de 24 L, nas quais o déficit progrediu
lentamente, os niveis de hexoses ndo se alteraram (Figura 4a, b); os de sacarose reduziram-se
em 69% sob déficit severo, as 08:00 h (Figura 4c) e 36%, sob déficit moderado, as 13:00 h
(Figura 4d); e os de amido reduziram-se em 61% sob déficit severo, as 08:00 h (Figura 4e) e,
em aproximadamente, 64%, as 13:00 h, independentemente do nivel de déficit imposto
(Figura 4f).

Nos vasos pequenos, ainda pela manha, os niveis de hexoses apresentaram-se elevados
nas plantas submetidas ao déficit hidrico severo, comparados aos das plantas-controle (Figura
4a), sugerindo baixa demanda dos drenos para o consumo de carboidratos durante o periodo

noturno. Ademais, no decorrer do fotoperiodo, o nivel de hexoses aumentou ainda mais nessas
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Figura 4. Efeitos de taxas de imposi¢do (tamanho de vasos) e niveis de déficit hidrico sobre as
concentracdes foliares de hexoses (a, b), sacarose (c, d) e amido (e, f), e sobre as razdes
hexoses:aminoécidos (g, h) e amido:sacarose (i, j) em plantas de café, em dois horérios no dia.

Outros detalhes conforme Figura 1
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plantas (Figura 4b). Considerando-se que as plantas dos vasos pequenos, sob déficit severo,
tiveram suas taxas de assimilagdo liquida de CO, suprimidas as 07:00 h (Figura la) e,
também, as 13:00h (dados nao mostrados), o aumento no nivel de hexoses as 13:00 h ocorreu
provavelmente em func¢do da degradacdo de sacarose e amido (Figuras 4d, f). Contudo,
nenhuma alteracdo significativa foi observada nas atividades da FBPase (Figura 5a, b) e SPS
(Vinax © Vier; Figura Sc, f) e, também, da Susy (Figura 5g, h) nas plantas dos vasos pequenos,
independente do nivel de déficit e horario de avaliacdo. Em relacdo as plantas-controle, a
atividade da invertase dcida aumentou significativamente nas plantas sob déficit moderado,
nos vasos de 6 L, e sob déficit severo, nos vasos de 24 L, ambas avaliadas as 08:00 h (Figura
51, J). A redug@o de 43% no nivel de amido nas plantas dos vasos de 6 L, sob déficit severo, as
13:00 h, foi acompanhada por redugdo de 38% na atividade da AGPase (Figura 6d) e de um
aumento de 55% na atividade da SPase (Figura 6f), em relacdo as das plantas-controle. Sob
condicdes de seca, geralmente, verifica-se reducao na atividade das enzimas responsaveis pela
sintese da sacarose, particularmente a SPS (Pelleschi et al., 1997; Foyer et al., 1998) enquanto
a atividade das enzimas que degradam a sacarose - invertase acida e SuSy (Pelleschi et al.,
1997; Lawlor e Cornic, 2002) e o amido - SPase (Zeeman et al., 2004), aumentam.

Sob déficit hidrico severo, imposto rapidamente, o aumento no nivel de hexoses
poderia representar mecanismo de ajustamento osmoético, para retardar a desidratacdo (Daie,
1996; Lawlor e Cornic, 2002). Entretanto, o aumento no nivel de hexoses parece mais uma
conseqiiéncia da restricao radicular que uma resposta de defesa da planta ao déficit hidrico.
Isso € possivel, pois, é pouco provavel que o decréscimo de sacarose observado nas plantas
dos vasos pequenos submetidas ao déficit hidrico severo esteja relacionado a exportagdo de
fotoassimilados, uma vez que a razdo hexoses:aminodcidos aumentou fortemente (161 e
260% as 08:00 e 13:00 h, respectivamente; Figura 4g, h) e, além disso, a razao
amido:sacarose permaneceu inalterada nessas plantas (Figura 4i, j). Portanto, tomados em
conjunto, estes resultados sugerem a ocorréncia de processo acentuado de retroinibicdo da
fotossintese pela reducdo da forga-dreno (Paul e Driscoll, 1997; Isopp et al., 2000; Paul e
Foyer, 2001; Paul e Pellny, 2003), provavelmente em func¢do do elevado grau de restri¢do
radicular (pelo pequeno volume do vaso — 6 L), paralelamente a severidade do déficit hidrico.

Diferentemente do que ocorreu nos vasos pequenos, o nivel de hexoses foram
semelhantes pela manhd e a tarde nas plantas dos vasos de 24 L (Figura 4a, b),
independentemente do nivel de déficit. As concentracdes de sacarose e amido reduziram-se
tanto as 08:00 h como as 13:00 h, nas plantas estressadas, em comparacdo as das plantas-
controle, independentemente do nivel de déficit (Figura 4c-f). Verificou-se, também,

constancia na razao hexose:aminodcidos (Figura 4g, h) (Paul e Driscoll, 1997; Isopp et al., 2000),
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Figura 5. Efeitos de taxas de imposi¢do e niveis de déficit hidrico na atividade de enzimas-
chave na sintese de sacarose (FBPase: a, b; SPs: c, d, e, f) e sua degradacdo (SuSy: g, h;

invertase 4cida: 1, j) em folhas de café, em dois horérios no dia. Detalhes conforme Figura 1
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Figura 6. Efeitos de taxas de imposicao (tamanho de vasos) e niveis de déficit hidrico sobre a
atividade das enzimas NADP-G3PDH (a, b), AGPase (c, d), SPase (e, f), PPi-PFK (g, h) e

G3PDH (i1, j) em folhas de café, em dois horarios no dia. Outros detalhes conforme Figura 1
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associada a redugdes mais pronunciadas nos niveis de amido em detrimento dos de sacarose
(portanto, gerando forte redu¢do na razdo amido:sacarose nas plantas estressadas,
principalmente as 13:00 h; Figura 4: j). Concomitantemente, estes resultados sugerem que a
exportacdo de fotoassimilados foi mantida, ainda que a taxas reduzidas, nas plantas em que o
déficit foi imposto lentamente (vasos de 24 L) (Lawlor, 2001). Logo, a manuten¢cdo do
crescimento, provavelmente de raizes (drenos ativos), pode representar mecanismo importante
para retardar a desidratacdo (Lawlor e Cornic, 2002; Pinheiro et al., 2004; Praxedes et al.,
2005). Vale ressaltar, portanto, que, em virtude da lenta progressio do déficit hidrico, €
possivel que as plantas de café apresentem respostas de aclimatagdo, tanto morfolégicas como
fisiologicas, para enfrentar o periodo de seca (DaMatta, 2003).

Apesar das alteracOes significativas verificadas no nivel de carboidratos, nenhuma ou
pequenas modificacdes ocorreram nas atividades das enzimas-chave no metabolismo do
carbono nas plantas dos vasos grandes submetidas & seca (Figuras 5a-j; Figura 6a-j). E
importante ressaltar que apenas experimentos de fluxo metabdlico através das vias
bioquimicas poderiam evidenciar desbalancos entre consumo e produciao de substratos pelas
enzimas. Todavia, apesar de as andlises de atividades enzimdticas in vitro ndo permitirem
conhecer-se a atual atividade dessas enzimas in vivo, elas refletem a capacidade potencial de
uso de diferentes substratos (Lima et al., 2002; Pinheiro et al., 2004). Nas plantas dos vasos
grandes, as 08:00 h, as atividades da SuSy e da invertase dcida aumentaram em 86 e 57%,
respectivamente, sob déficit severo, em relacdo as das plantas-controle (Figura 5g, i); e a
atividade da SPase aumentou, em média 10% (P > 0,05), independentemente do nivel de
déficit e hordrio de avaliacdo (Figura 6: e, f). No clone 109A, submetido a uma taxa lenta de
progressdao do déficit hidrico, Praxedes et al. (2005) verificaram que, quando as plantas
atingiram W,, de -3,0 MPa (no 19° dia apds suspender-se a irrigacdo), o nivel de hexoses
aumentou (36%; P > 0,05), o de amido reduziu-se (72%; P < 0,05) e o de aminoacidos
aumentou (67%; P < 0,05), em relacdao aos das plantas irrigadas, corroborando, portanto, os
resultados do presente experimento. Praxedes et al. (2005) verificaram, ainda, pouca ou
nenhuma alteragdo nas atividades das enzimas-chave do metabolismo de carboidratos, com
destaque apenas para reducdes nas atividades da SuSy e SPS, que ndo foram aqui observadas.

Apesar das taxas diferenciais de imposicdo do déficit hidrico, devido a utilizacdo de
vasos de cultivo de volumes diferentes, pequenas foram as alteragdes nas respostas de
aclimatacdo fotossintética a seca, em café Canéfora, entre plantas cultivadas em vasos
pequenos ou grandes. Observaram-se, apenas, como caracteristicas de uma imposig¢ao lenta do
déficit hidrico, em comparacdo ao déficit hidrico imposto rapidamente, ainda que em baixa

magnitude, a manutencdo de taxas fotossintéticas positivas, melhor adequacdo da taxa de
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transporte de elétrons a taxa de consumo de poder redutor, uma possivel manuten¢do da
exportacdo de fotoassimilados (ainda que a taxas reduzidas), maior acimulo de prolina e,
aparentemente, melhor balango entre as disponibilidades de carbono e nitrogénio (indicado
pela relagdo hexoses:aminodcidos), necessdrias ao crescimento. Estas respostas, mais
evidentes sob déficit hidrico severo, podem revestir-se de importdncia no processo de
retardamento da desidratagdo, caso a progressdo do déficit hidrico ocorra lentamente.
Todavia, o material genético utilizado neste experimento (clone 109A) é considerado sensivel
a seca (Lima et al., 2002; DaMatta, 2003; Pinheiro, 2004, 2005). O clone 109A apresenta
controle estomdtico da transpiragdo nao muito efetivo em relacdo aos clones testados por
Pinheiro et al. (2005), o que deve resultar em taxas elevadas de transpiracdo e de rapida
exaustdo de dgua do solo, concorrendo para a sua baixa tolerancia. De fato, no presente
experimento, sob déficit moderado, ndo houve reducdo significativa em g, e em E. Portanto, a
baixa capacidade de aclimatacdo deste clone, em resposta a taxa de imposi¢do do déficit
hidrico, poderia, em certa medida, estar associada a sua baixa tolerancia a seca, conforme se
observou empiricamente no campo e foi testado em experimentos sob condi¢des controladas,
sem limitacdo de crescimento radicular (Pinheiro et al., 2004, 2005; Praxedes et al., 2005).
Por isso, ndo se descarta a possibilidade de que alguns clones de café Canéfora, que
apresentem maior tolerancia a seca, possam expressar os atributos que lhes conferem tal
tolerancia desde que a progressao do déficit hidrico seja lenta, como geralmente ocorre no

campo.
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IV. Conclusoes gerais

Neste trabalho, foram feitos dois experimentos, conduzidos separadamente e
analisados como tal, para investigar (i) os efeitos da restricdo do volume radicular no
crescimento e aclimatacdo fotossintética em Coffea arabica e (ii) os efeitos de taxas de
imposicdo e severidade do déficit hidrico sobre a fotossintese e metabolismo de carboidratos
em C. canephora.

No primeiro experimento, o aumento da restri¢do radicular causou forte redugdo no
crescimento da planta, associada a0 aumento na razdo raiz:parte aérea. A concentracdo de N
reduziu-se fortemente com o incremento da restricdo radicular, apesar da disponibilidade
adequada desse nutriente no substrato. As taxas fotossintéticas foram severamente reduzidas
pelo cultivo das plantas em vasos de pequeno volume, devido, principalmente, a limitacdes
ndo-estomdticas, como, por exemplo, a reducdo na atividade da Rubisco. As taxas
fotossintéticas  correlacionaram-se  significativa e negativamente com a razao
hexose:aminodcidos, mas ndo com os niveis de hexoses per se. As atividades de invertase
acida, sintase da sacarose, sintase da sacarose-fosfato, bisfosfatase da frutose-1,6-bisfosfato,
pirofosforilase da ADP-glucose, fosforilase do amido, desidrogenase do gliceraldeido-3-P,
fosfofrutocinase dependente de PPi e desidrogenase do NADP:gliceraldeido-3-P, e as razdes
3-PGA:P1 e glicose-6-P:frutose-6-P decresceram com o incremento da restri¢ao radicular. A
aclimatacdo da maquinaria fotossintética ndo se mostrou relacionada a limitagdes diretas pela
reducdo na sintese de produtos finais da fotossintese, mas sim as redugdes na atividade da
Rubisco. A aclimatag@o fotossintética em café foi reflexo do status deficiente de N da planta,
que ocorreu devido ao cultivo do cafeeiro em vasos pequenos.

No segundo experimento, a aclimatagdo da maquinaria fotossintética de C.

canephora a seca ocorreu principalmente em resposta ao aumento na severidade do déficit
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hidrico, sendo, contudo, pouco afetada pela taxa de imposicdo do déficit. Entretanto, o
metabolismo de carboidratos alterou-se em resposta a seca, em funcdo da taxa de imposi¢ao
do déficit hidrico. Enquanto nas plantas dos vasos pequenos verificou-se possivel redu¢do na
exportacdo de fotoassimilados e acimulo de hexoses, provavelmente a partir da degradagao
de sacarose e amido, naquelas cultivadas nos vasos grandes foi mantida, parcialmente, a
exportacdo de fotoassimilados, o que permitiu o crescimento (provavelmente de raizes),
mesmo que as taxas reduzidas. Além disso, nas plantas dos vasos grandes, verificou-se
aumento acentuado no nivel de prolina. Estas respostas, mais evidentes sob déficit hidrico
severo, podem revestir-se de importancia no processo de retardamento da desidratacdo, caso a
progressio do déficit ocorra lentamente. E importante ressaltar, também, que o clone 109A é
considerado sensivel a seca, o que poderia explicar, em certa medida, a baixa capacidade de
aclimatac@o deste clone, em resposta a taxa de imposicao do déficit hidrico. Por isso, ndo se
descarta a possibilidade de que clones de café canéfora, que apresentem maior tolerancia a
seca, possam apresentar respostas diferenciais de aclimatagdo da maquinaria fotossintética a

taxa de imposi¢do do déficit hidrico.
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