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RESUMO

Modulacéo da rede de trocas gasosas em um cultivar de cana-de-agucar
tolerante a seca: o papel do Fosforo

A atividade agricola esta exposta a altos riscos de insucessos devido as variacdes
climéaticas regionais que ocorrem ao longo dos anos, sendo a principal o estresse
abidtico, que em vérias partes do mundo é originado pela seca. A cana-de-acucar
também € bastante influenciada pelas condicbes edafocliméticas. Nesse estudo
pretendemos identificar quais mudancas sistémicas estariam relacionadas a
reconhecida toleréncia a deficiéncia hidrica de Saccharum spp. L. cv RB 86-7515,
considerando uma analise em rede de varaveis extraidas de curvas de respostas
fotossintéticas a luz. Além disso, verificamos se uma suplementacdo de fosforo
poderia atuar como um mitigador dos efeitos da deficiéncia hidrica, uma vez que a
deficiéncia hidrica afeta a disponibilidade desse nutriente que estd intimamente
relacionado aos processos fotossintéticos. A implantacdo do experimento foi em
arranjo inteiramente casualizado, com quatro repeti¢des, utilizando sacos plasticos
com aproximadamente 20 kg de solo tipo argissolo vermelho/amarelo, com e sem
suplementacdo de fésforo equivalente a 100 Kg ha™, utilizando como fonte o
fertilizante Superfosfato triplo [CaH4(PO4)2+H,0]. Plantou-se um tolete contendo
uma gema por vaso e, apos 90 dias da emergéncia das plantulas mantidas sob
irrigacdo constante, foi iniciado o processo de inducéo da deficiéncia hidrica na fase
fenologica 2 (perfilhamento e enraizamento da touceira) que foi mantida durante 10
semanas. As plantas foram mantidas sob dois regimes de irrigacdo baseados na
evaporacao de um mini tanque Classe A instalado dentro da casa de vegetacao. No
tratamento controle houve a reposicdo de 100% da &gua perdida por
evapotranspiracdo, enquanto no tratamento com déficit hidrico apenas 10 % da agua
evapotranspirada era reposta. As plantas em cada tratamento foram avaliadas
considerando respostas fotossintéticas a variacdo luminosa (curvas de resposta a
luz), conteddo relativo de agua e andlise de crescimento final. Os dados foram
submetidos a analise de variancia (ANOVA, p<0,05) e ao teste de comparacdo de
médias Tukey (p<0,05). Além disso, foi realizada uma analise sistémica dos
parametros fisiolégicos por meio da andlise de conectancia de redes baseadas nas
relacbes entre as variaveis de trocas gasosas. Os resultados mostraram que a
cultivar de cana-de-acucar testada sob deficiéncia hidrica possui uma alta
capacidade homeostéatica, sobretudo em relacdo a manutencdo do padrdo de
crescimento. Além disso, em relacdo as trocas gasosas, ha indicio de que a
suplementacdo com P agiu como agente mitigador dos efeitos da deficiéncia hidrica.
Tal homeostase estaria relacionada as alteracbes nos padrdes de relacdes
observadas nas redes analisadas, conferindo maior capacidade de resposta a
deficiéncia hidrica.

Palavras chave: Cana-de-acgUcar. Fotossintese. Fésforo. Teoria de redes.



ABSTRACT

Network modulation of leaf gas exchange in a drought tolerant sugarcane
cultivar under water deficit: arole of Phosphorus

Drought is one of the main abiotic stresses causing significant reduction of crop yield
in most of agricultural areas in tropical and subtropical regions. Particularly, water
deficit is the major environmental factor limiting sugarcane yield. The objective of this
study was to identify what kind of changes in the photosynthetic network would be
linked to the homeostasis modulation of a drought tolerant sugarcane -cultivar
subjected to severe water deficit. Moreover, we tested the potential effect of
phosphorus supplying on the plant physiological responses to drought, since such
element is essential to photosynthetic processes. This study was carried out in a
greenhouse where sugarcane plants (Saccharum spp.) cv. RB 86-7515 were grown.
The cultivar RB 86-7515 is drought tolerant and has high crop yield, being adapted to
sand soils and cultivated in the states of Sdo Paulo and Parana, Brazil. One single-
node stalk segment was planted in plastic pots (20 L) filled with soil (red-yellow
ultisol). Soil fertilization was done according to the chemical analysis, except for the
phosphorus (P) supply. Regarding this element, plants were subjected to the original
P concentration in soil (36 mg dm™) or supplied with the equivalent to 100 kg P,Os
ha using CaH4(PO,).. Plants were irrigated daily until the beginning of drought
treatment.  After 90 days of shoot emergence, the water deficit was started at the
phenological phase Il (tillering). Plants were irrigated with the equivalent to 100%
(control) or 10% (water deficit) of daily evapotranspiration. Sugarcane plants were
subjected to water deficit for ten weeks. At the end of this period, light response
curves of leaf gas exchange and other physiological and growth variables were
performed in each treatment. The experiment was performed in a completely
randomized design, with four repetitions. Data were subjected to two-way analysis of
variance (p<0.05) and the mean values were compared by Tukey’s test (p<0.05). To
assess changes in system network, we evaluated the occurrence of photosynthetic
system modulation under distinct water regimes and phosphorus supplying via the
concept and measurement of global connectance, Cg. The set of results from CV and
Cg analyses indicated adjustments in the relationships among the elements of the
leaf gas exchange network that support the high drought tolerance of the sugarcane
cultivar RB 86-7515. Such adjustments enabled the homeostasis of both
photosynthesis and plant growth under water deficit. Moreover, P-supplying improved
the sugarcane acclimation capacity by affecting plant characteristics related to water
status and photosynthetic performance and causing network modulation under water
deficit.

Key-words: Photosynthesis. Phosphorus. Network. Sugarcane.
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1 INTRODUCAO

A cultivar de cana-de-acucar RB 86-7515 (Saccharum spp. L. cv RB86-
7515) foi lancada pela Universidade Federal de Vigosa, e surgiu do cruzamento da
cultivar RB 72-454 com outra cultivar indefinida. O crescimento dessa cultivar € rapido,
possuindo uma alta produtividade agricola, sendo plantada em 15 % da éarea total
cultivada com cana-de-agUcar no pais. Tolerante a seca, tem se adaptado muito bem
aos solos arenosos dos estados de Sao Paulo e Parana (VILELA; MELO, 1992).

Entretanto, a atividade agricola esta exposta a altos riscos de insucessos
devido as variagdes climaticas regionais que ocorrem ao longo dos anos, sendo a
principal o estresse abiotico, que em varias partes do mundo € originado pela seca. A
falta de agua € considerada um dos principais fatores que contribuem para a
acentuada distancia entre o potencial produtivo das culturas e a produ¢cdo comumente
alcancada. A cana-de-aclcar também é bastante influenciada pelas condi¢cdes
edafocliméticas. Fatores como a precipitacdo, a temperatura, a umidade relativa e a
insolagdo sdo condicionantes climaticos importantes na determinagdo da
disponibilidade hidrica e térmica para a cultura (MELO et al., 1998).

A primeira e mais sensivel resposta de plantas ao déficit hidrico é a
diminuicdo da turgescéncia celular, e a consequente diminuicdo do processo de
crescimento (NILSEN; ORCUTT, 1996; LARCHER, 2004). Na medida em que o
conteudo relativo de agua e o potencial de agua diminuem, a taxa fotossintética das
folhas das plantas tanto C3 como C,4 diminui, em funcdo de limitacdo estomatica a
entrada de CO2, bem como em funcdo de restricbes das atividades fotoquimicas e
bioquimicas da fotossintese (KAISER, 1987; CHAVES, 1991; CORNIC; MASSACCI,
1996). Dependendo da caracteristica da deficiéncia hidrica em termos de duracédo e
intensidade, a limitagdo metabdlica € frequentemente observada e correlacionada com
perdas de ATP, que por sua vez diminui a capacidade de regeneracdo da RuBP
(LAWLOR; CONIC, 2002; PARRY et al. 2002). Essa reducdo na sintese de ATP é
devida a diminuicdo do transporte de elétrons e da fotofosforilacdo, pela perda da

atividade de rea¢Bes associadas as membranas, as quais sofrem danos na estrutura
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em funcdo a reducdo de agua livre (NILSEN; ORCUTT, 1996; LAWLOR; CORNIC,
2002).

Apesar dos potenciais danos gerados por perturbacdes ambientes, como
a falta de 4gua em plantas, sistemas biolégicos possuem uma grande capacidade de
manter suas condi¢des internas relativamente estaveis frente a alteracbes de seu
ambiente externo, tal capacidade refere-se a homeostase do sistema (SHULTZ, 1996).
Estudos recentes tém sugerido que a organizacao tipica em redes dos elementos que
compde um sistema biolégico e sua relacdo com o meio conferem ao sistema uma
certa estabilidade, relacionada a capacidade de manter sua organizacdo frente a
perturbacdes ambientais (CSERMELY, 2006; SOUZA et al., 2008). Mudancas no
padrdo das relacdes entre os diferentes elementos de um sistema tornam possivel a
existéncia de multiplos estados estaveis, permitindo adaptabilidade aos diversos tipos
de variacdo ambiental as quais um organismo estd, inevitavelmente, exposto
(CSERMELY, 2006; SOUZA et al., 2008). A susceptibilidade de uma rede as variacoes
ambientais parece estar relacionada a forca com que os elementos estao conectados
entre si e ao grau de acoplamento ou de autonomia do sistema com o ambiente. A
forca das ligagBes entre os elementos de uma rede € denominada de conectéancia da
rede (AMZALLAG, 2001a; SOUZA et al., 2004a). Elementos fortemente conectados
entre si (com alta conectancia) podem promover maior capacidade de controle a rede,
uma vez que possibilitaria implementar ajustes mais rapidos e mais “precisos”
(SOUZA; BUCKERIDGE, 2004; CSERMELY, 2006, SOUZA et al., 2005). Em geral, os
sistemas biolégicos tém a capacidade de modular suas redes, isto €, podem transitar
entre os diferentes padrdes de conectancia de acordo com o contexto, possibilitando a
manutencdo da capacidade de crescimento, defesa e reproducdo sob uma grande
diversidade de condi¢des de variabilidade ambientais (CSERMELY, 2006; SOUZA et
al., 2008).

Nesse estudo pretendemos identificar quais mudancas sistémicas
estariam relacionadas a reconhecida tolerancia a deficiéncia hidrica de Saccharum
spp. L. cv RB 86-7515, considerando uma analise em rede de varaveis extraidas de
curvas de respostas fotossintéticas a luz. Além disso, verificamos se uma

suplementacao de fésforo poderia atuar como um mitigador dos efeitos da deficiéncia



13

hidrica, uma vez que a deficiéncia hidrica afeta a disponibilidade desse nutriente que
estd intimamente relacionado aos processos fotossintéticos. A sintese de
fotoassimilados é dependente da disponibilidade de Pi (fésforo inorganico) no
citoplasma, uma vez que o transporte de trioses do cloroplasto para o citoplasma e a
sintese de sacarose é dependente de Pi (HENDRICKSON et al., 2004). Durante a
fotossintese, o cloroplasto € um importador de Pi e exportador de triose-P para o
citoplasma. Esse fluxo de carbono e P é mediado pelo transportador de triose-P, que
realiza o antiporte triose-P/Pi através da membrana do cloroplasto (FRIEGE et al.,
1978; LEEGOOD, 1996; FLUGGE et al., 2003). Dessa forma, a falta de Pi
citoplasmatico limita a sintese de ATP (LAWLOR; CORNIC, 2002) e de trioses-P no
cloroplasto, o que pode levar a limitacdo da sintese de RuBP e, consequentemente,
da fotossintese (LEEGOOD; FURBANK, 1986). Nesse contexto, as hipbteses testadas
nesse estudo foram as de que 1) as plantas submetidas a deficiéncia hidrica
apresentariam uma maior conectancia na rede fotossintética avaliada, e 2) de que o
fésforo poderia atuar como agente mitigador dos efeitos da falta de agua, também

alterando o grau de conectancia da rede fotossintética.
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2 MATERIAL E METODOS

Esse estudo foi conduzido na casa de vegetagao climatizada do campus
Il da Universidade do Oeste Paulista - UNOESTE, em Presidente Prudente, Oeste do
Estado de Sao Paulo. O material estudado foi a cana-de-acucar (Saccharum spp. L.)
cultivar RB 86-7515, a mais cultivada no Oeste Paulista. A implantacdo do
experimento foi em arranjo inteiramente casualizado, com quatro repeti¢des, utilizando
sacos plasticos com aproximadamente 20 kg de solo tipo argissolo vermelho/amarelo,
com e sem suplementacéo de fésforo equivalente a 100 Kg ha™, utilizando como fonte
o fertilizante Superfosfato triplo [CaH4(PO4),+H,0]. A concentracdo de P original do
solo era de 36 mg dm™. Plantou-se um tolete contendo uma gema por vaso e, apos 90
dias da emergéncia das plantulas mantidas sob irrigagcdo constante, foi iniciado o
processo de inducdo da deficiéncia hidrica na fase fenoldgica 2 (perfilhamento e
enraizamento da touceira) que foi mantida durante 10 semanas. Para evitar o
raquitismo da soqueira, os toletes foram submetidos a um tratamento térmico
(termoterapia), que consiste em aquecer as mudas de cana durante 2 horas entre 50 a
51°C em agua, com uma proporcdo de 1 quilo de muda para 5 a 6 litros de agua
(TOKESHI, 1980).

As plantas foram mantidas sob dois regimes de irrigacdo baseados na
evaporacao de um mini tanque Classe A instalado dentro da casa de vegetacao, onde
se mede o efeito integrado da radiacdo solar, vento, temperatura e umidade relativa
sobre a evaporacdo de uma superficie livre de agua, onde as plantas respondem as
mesmas variaveis climaticas. No tratamento controle houve a reposicdo de 100% da
agua perdida por evapotranspiracdo, enquanto no tratamento com déficit hidrico
apenas 10 % da 4gua evapotranspirada era reposta.

As laminas de irrigacdo para reposicdo diaria de agua, baseadas em
fracOes de evaporacdo do Tanque Classe A (ECA) obtidas através de leituras diarias

da agua evaporada, foram calculadas como:
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_ ECA - kp -kc-area dovaso
ef.

sendo: hi — lamina de irrigacéo (L); ECA — evaporacéo do Tanque Classe A (mm); Kp —

hi

coeficiente do Tanque Classe A (0,80); Kc — coeficiente da cultura (1,0); area do vaso
(706,8 cm?), e ef. a eficiéncia da aplicacdo (ef = 1).

As plantas em cada tratamento foram avaliadas considerando respostas
fotossintéticas a variacdo luminosa (curvas de resposta a luz), conteudo relativo de

agua e andlise de crescimento final.

2.1 Curvas de Resposta a Luz

Os parametros avaliados de trocas gasosas foram: assimilacédo liquida
de CO, (A, umol m? s™), condutancia estomatica (gs, mmol H,O m? s™), transpiracdo
(E, mmol H,O0 m? s™), e concentracdo intercelular de CO, (Ci, ppm). As medidas
foram realizadas por um medidor portatil de trocas gasosas por infra-vermelho (IRGA,
modelo CIRAS-2, PPSystem, UK). A partir dessas variaveis foram calculados a
eficiéncia intrinseca do uso da A/gs (EIUA, umol mol™), e a eficiéncia instantanea de
carboxilacdo A/Ci (EIC, umol m? s* ppm™). As medidas das curvas de resposta
fotossintética a luz foram realizadas apos o processo de deficiéncia hidrica entre as
10:00 e 14:00 h nas folhas bandeira.

As curvas de resposta a luz (A-DFFF) foram realizadas com os seguintes
valores de DFFF (densidade de fluxo de fétons fotossintéticos): 0, 50, 100, 200, 400,
600, 800, 1.000, 1.200, 1.400, 1.600, 1.800 e 2.000 umol m? s, respectivamente para
cada medida de trocas gasosas com o IRGA.

As curvas A-DFFF foram ajustadas pela equacdo (PRADO et al., 2003)
A=Amax [L—e —k(DFFF — PCR)]’

onde Anax € a taxa de fotossintese liqguida maxima, e € a base do logaritmo natural

(2,718), k a constante de proporcionalidade associada a concavidade da curva (varia
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de 0,001 a 0,009) e PCR ¢é ponto de compensacdo a radiacdo. A eficiéncia quantica
aparente (EQA), correspondente a inclinagéo inicial da curva é dada por

a. Contetdo Relativo de Agua
Em cada regime de irrigacdo foi avaliado o conteudo relativo de agua
foliar. O conteudo relativo de agua (CRA) foi calculado como a relacao entre a (massa
fresca — a massa seca) / massa sob saturacdo hidrica — massa seca) x 100. A massa
fresca das folhas foi obtida por pesagem a 0,0001 g imediatamente apOs excisdo das
folhas. Para a obtencdo da massa sob saturacédo hidrica, as folhas foram mantidas
imersas em agua no escuro por 24 h e depois pesadas. A massa seca foi obtida apos

secagem em estufa a 60 °C até obtencao de peso constante.

b. Analises biométricas

O crescimento final das plantulas, medido ap6s o periodo de deficiéncia
hidrica, foi avaliado por meio de: i) nUmeros de folhas; ii) nimero de perfilhos; iii) altura
da planta; iv) diametro inferior do colmo; v) didametro superior do colmo; vi) area foliar e
vii) conteudo de clorofila. A avaliacdo de area foliar (AF) foi realizada de maneira nao
destrutiva com um medidor portatil de area foliar (modelo LI-3000A, Li-Cor, USA) e 0
conteudo de clorofila foi medido com o medidor portatil de clorofila (modelo CCM-200
OPTI-SCIENCE, USA).

2.4 Analise dos Resultados

Todos os dados foram submetidos a analise de variancia (ANOVA,
p<0,05) e ao teste de comparacéo de médias Tukey (p<0,05).

A analise sistémica da rede fotossintética considerada nesse estudo
(Figura 1), baseada na conectancia entre elementos da rede, foi descrita por Amzallag
(2001b) e adaptada por Souza et al. (2004a). A conectancia da rede representada foi
estimada a partir da analise de conectancia global (Cg), definida por Amzallag (2001b),
gue avalia a forca de relagdo entre as variaveis de uma rede. Um valor do coeficiente

de correlacao (r) foi calculado para cada par de variaveis de interesse na rede, método
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inspirado na analise de trilha, “path analysis” (SOUZA et al., 2008). Para obter a

intensidade de relacéo além de sua significancia, foi realizada uma transformacao-z:

z=0,5x 1{(1 - r)}

Esse valor corresponde ao grau de conectancia entre um par de
elementos da rede, sendo calculado entre as variaveis fisiologicas que compde cada
modulo da rede (Figura 1). Cg foi, entdo, calculada pela média dos valores z de cada

par de elementos da rede.

= =] ]

]3]
Y

EQA | «—» Psatl

FIGURA 1 - Esquema de andlise de redes com dados das curvas de respostas a luz
(Eficiéncia Quantica Aparente, EQA; Ponto de Saturacdo, Psat; Ponto de
Compensacdo, Pcom; Respiracdo, Rd e Assimilacdo Maxima de CO.,
Amax) e de trocas gasosas (Condutancia estomética, gs e Concentragédo
intercelular de CO,, Ci).
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3 RESULTADOS

O conteudo relativo de agua (CRA) foi significativamente reduzido pela
deficiéncia hidrica quando comparado as plantas com 100 % de reposi¢cao da lamina
de 4gua evaporada, independentemente da suplementacdo de P (Tabela 1). Todavia,
as plantas que receberam a suplementacéo de P tiveram maiores valores de CRA sob
deficiéncia hidrica. Por outro lado, o conteudo de clorofilas totais ndo apresentou
alteragdes significativas entre os tratamentos avaliados (Tabela 1).

Em relacdo & analise de crescimento final, a deficiéncia hidrica n&o
afetou significativamente o crescimento das plantulas, exceto por uma significativa
reducdo da éarea foliar que, no entanto, foi amenizada pela suplementacdo de P
(Tabela 1).

TABELA 1- Avaliacdo dos regimes de irrigacdo (100% e 10%) em relacdo com as
diferentes doses de fésforo (00 e 100 Kg ha™l). Altura (Al), Diametro
superior do colmo (DSC), Diametro inferior do colmo (DIC), Namero de
pertilhos (NP), Numero de folhas (NF), Area foliar (AF) Contetdo relativo
de 4gua (CRA) e Conteudo de clorofila (CC). As médias estdo seguidas
com o erro padrdo da média e as letras representam a analise estatistica.
As letras maiusculas representam diferencas significativas (p<0,05) entre
as doses de P em cada nivel de reposicao de agua, e as letras minusculas
representam diferencas significativas (p<0,05) entre os niveis de reposicao
de dgua em cada dose de P e 0 CV% é o coeficiente de variagdo.

Reposicdo Fdésforo

| 1 Al DSC DiC NP NF AF CRA CcC
de agua Kg ha
NS NS NS NS
00 22,20+1,69 11,73+1,23 18,79+0,55 Aa 6,60+0,60 Aa 27,00+3,84 902,35+117,08 Aa 74,06+1,43 Aa 24,52+1,93
100% CV% 17,05 23,56 6,60 20,32 31,86 31,86 3,34 17,61
100 22,80+1,46 11,73+0,48 19,41+0,60 Aa 6,80£1,24 Aa 23,00+3,42 883,37+86,00 Aa 70,23+0,18 Ab 25,42+1,79
CV% 14,34 9,27 6,92 40,80 33,25 21,76 0,44 15,77
NS NS NS NS
00 16,40+1,37  12,00£#1,57 17,04+0,80 Aa  7,40+0,87 Aa  25,00+4,74  602,63:93,85Ba  41,65+7,07 Bb 30,9445,65
10% V% 17,95 29,34 10,54 26,34 42,42 34,82 29,43 40,87
100 20,10+3,01 9,61+1,02 15,83+1,03 Ba 4,60+0,24 Ab 16,00+1,87 645,45+84,43 Aa 58,47+3,69 Ba 28,18+2,64

CV% 33,53 23,68 14,56 11,90 26,14 29,25 10,93 21,01
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Os resultados das curvas de respostas a luz (Figura 2 e Tabela 2) ndo
apresentaram diferencas significativas (p > 0,05) nos parametros avaliados, exceto em
relacdo ao ponto de compensacdo a luz (Pcom) e respiracdo no escuro (Rd). As
plantas submetidas a falta de dgua apresentaram os menores valores de Pcom em
relacdo as plantas irrigadas, exceto aquelas suplementadas com P que mantiveram 0s
valores de Pcom similares aos das plantas irrigadas. Nos resultados de respiracao
(Rd) foram observados menores valores nas plantas submetidas a deficiéncia hidrica
sem a suplementacdo de P. Todavia, o tratamento que recebeu a dose suplementar
de P manteve as mesmas taxas de Rd observadas nas plantas irrigadas (Tabela 2).
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FIGURA 2- Curvas de resposta a luz (A-PPFD) das plantas submetidas a diferentes
niveis de irrigacdo (100% e 10%) e diferentes doses de fésforo (00 e 100
Kg.ha-t) em diferentes incidéncias luminosas (00, 50, 100, 200, 400, 600,
800, 1000, 1200, 1400, 1600, 1800 e 2000 pmol m-2 s-1). As linhas indicam
andlise de regressao e as barras indicam o erro padrdo da média.
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TABELA 2- Valores extraidos das curvas de respostas a luz (A-DFFF). Eficiéncia

Quantica Aparente (EQA),

Ponto de Saturacdo (Psat),

Ponto de

Compensacao (Pcom), Respiracdo (Rd) e Assimilagdo Maxima de CO,
(Amax). As médias estao seguidas com o erro padrdo da média e as letras
representam a analise estatistica. As letras mailsculas representam
diferencas significativas (p<0,05) entre as doses de P em cada nivel de
reposicdo de agua, e as letras minusculas representam diferengas
significativas (p<0,05) entre os niveis de reposi¢cdo de agua em cada dose
de P e 0 CV% é o coeficiente de variagéo.

Reposicdo Fdsforo
. 4 EQA Psat Pcom Rd Amax
de 4gua (Kg ha™)
NS NS NS
00 0,039+0,0002  2249,98+142,86  86,82+3,39 Aa 3,2940,11 Aa 33,99+2,40
100% CV% 1,03 10,99 6,76 5,49 12,22
100 0,048+0,0033  2106,12+245,64  84,74+4,74 Aa 3,8540,18 Aa 37,91+4,12
CV% 12,02 20,20 9,70 8,21 18,80
NS NS NS
00 0,054+0,0062  1154,69+508,47 52,99+6,73 Bb 2,59+0,21 Bb 20,62+7,98
10% CV% 19,93 76,27 22,02 13,72 67,04
100 0,048+0,0092  1944,92+519,85  87,12+5,39 Aa 3,8540,46 Aa 31,63+7,73
CV% 32,74 46,29 10,73 20,70 42,32

Os valores dos parametros de trocas gasosas (Figura 3) foram extraidos

das curvas A-DFFF. O critério para a extracdo dos resultados considerou a média do

ponto de saturacdo (Psat = 1600 pmol fétons m? s™) e, a partir disso, foram calculadas

a eficiéncia intrinseca do uso da agua (EIUA) e a eficiéncia instantanea de

carboxilacdo (EIC). Os resultados mostraram que a suplementacdo com P permitiu a

manutencdo dos valores da assimilacao liqguida de CO;, (A), condutancia estomatica

(gs), transpiracéo (E), e da EIUA das plantulas sob deficiéncia hidrica, enquanto esses

valores foram significativamente reduzidos nas plantas sem a suplementacéo de P

(Figura 3). Por outro lado, foram observados aumentos significativos de Ci nas plantas

suplementadas com P sob deficiéncia hidrica com uma consequente reducdo da EIC

(Figura 3), uma vez que houve manutencédo das taxas de A nessas plantas.
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Assimilac&o liquida de CO; (A, umol m? s™), condutancia estomatica (gs,
mmol H,O m? s™), transpiracdo (E, mmol H,O m? s™) e concentracdo
intercelular de CO; (Ci, ppm) foram realizadas por um medidor portatil de
trocas gasosas por infra-vermelho (IRGA, modelo CIRAS-2, PPSystem,
UK). A partir dessas variaveis foram calculados a eficiéncia intrinseca do
uso da agua (EIUA, pmol mol™), e a eficiéncia instantanea de carboxilagéo
(EIC, umol m? s ppm™). As barras indicam o erro padrdo da média e as
letras indicam diferenca significativa pelo teste de Tukey (p<0,05).
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4 DISCUSSAO

Apesar da reducdo severa do CRA, indicando uma intensa deficiéncia
hidrica (Tabela 1), as plantas que receberam a suplementacdo de P tiveram maiores
valores (p < 0,05) de CRA do que as plantas sem a suplementacéo de P, sugerindo
um aumento de tolerancia a deficiéncia hidrica, possivelmente, por ajustamento
osmotico (AL-KARAKI et al., 1996). Embora muito baixo (58,5 %), esse CRA pode ter
contribuido de maneira significativa para a manutencdo das trocas gasosas avaliadas
proximas ao ponto de saturacdo de luz (Figura 3), especialmente em uma planta com
metabolismo C4 que possui maior eficiéncia fotossintética sob condicdes
desfavoraveis em relacdo as plantas C3 (VOZNESENSKAYA et al., 2001).

Um problema central da biologia vegetal esta relacionado com o
problema de otimizacéo da fixacdo de CO, em ambientes com limitacdo de agua. Em
ambientes com restricdo hidrica, seja por problemas de disponibilidade ou falta de
agua no solo ou por altas demandas atmosféricas de agua, a planta tende a fechar
seus estdbmatos para economizar agua, reduzindo as perdas por transpiracdo, o que
pode limitar a entrada de CO, na folha para a fotossintese (LAWLOR; CORNIC, 2002;
PEAK et al.,, 2004). O controle da entrada de CO, e saida de agua sao realizados
continuamente por ajustes na abertura dos estdmatos distribuidos por todas as folhas
(MOTT; BUCKLEY, 1998; PEAK et al., 2004). Esse mecanismo é particularmente
eficiente em plantas C4, podendo conferir maior tolerédncia a seca como na cana-de-
acucar.

Os resultados de crescimento final mostraram que a deficiéncia hidrica
nao afetou significativamente o crescimento das plantulas (Tabela 1). Isso foi um forte
indicio da tolerancia a deficiéncia hidrica da cultivar testada que, apesar de ter
apresentado uma reducéo significativa do CRA (Tabela 1), foi capaz de manter suas
funcdes metabolicas relacionadas ao crescimento, como indicado pelos resultados das
taxas fotossintéticas. Além disso, os resultados sobre a respiracdo (Tabela 2)
mostraram que, nas plantas submetidas a deficiéncia hidrica com suplementacdo de
P, houve uma manutencdo dos valores de Rd em relacdo as plantas irrigadas, o que

poderia ter contribuido para a manutencdo das taxas de crescimento. Embora os
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estudos de plantas sob deficiéncia hidrica apontem para uma clara tendéncia de
reducdo da respiracdo para manter um balanco de carbono positivo, tais estudos séo
freqientemente realizados em um periodo relativamente curto, onde os efeitos da
seca sobre a fotossintese sdo normalmente prejudiciais. Entretanto, em periodos
compreendendo semanas ou meses, a aclimatacao de plantas sob déficit hidrico pode
aumentar a capacidade fotossintética e as taxas de crescimento (FLEXAS et al.,
2006). Assim, nGs supomos que, uma vez que as plantas de cana-de-acucar foram
expostas a deficiéncia hidrica por um periodo de 10 semanas (2 meses e meio) e,
considerando a maior tolerancia a seca normalmente encontrada em plantas de
metabolismo C4, a alta homeostase das plantas da cultivar RB 86-7515 poderia ter

sido produzida por um processo de aclimatacéo.

4.1 Analise Sistémica das Redes Fotossintéticas

Os resultados das andlises de crescimento e fotossintéticas indicaram
uma alta capacidade homeostatica da cultivar avaliada sob severa deficiéncia hidrica.
Nesse estudo nds sugerimos que essa homeostase deve estar relacionada com
alteracbes no padrdo de modulacdo da rede formada por variaveis das medidas de
trocas gasosas derivadas das curvas A-PPFD, particularmente por meio de um
aumento da conectancia global (SOUZA et al., 2005; SOUZA et al., 2008).

Segundo Amzallag (2001a, 2001b) a comparacdo de valores de
coeficiente de variagao (CV) podem indicar alteracdes na rede do sistema em estudo,
mas ndo fornecem informacdes sobre a natureza destas mudancas. Assim, Amzallag
(2001a) sugere a avaliacao da conectancia da rede através da analise dos coeficientes
de correlagao (r), entre pares de parametros que estéo relacionados em uma rede,
gue no presente trabalho foram: Amax-Ci, Amax-Rd, Amax-EQA, Amax-Psat, gs-Ci,
gs-Rd, EQA-Psat, Pcom-EQA, Pcom-Rd, Pcom-Amax, em cada regime de irrigacéao e
dose de P. Alteracdes dos padrbes de conexdo entre os parametros da rede podem
sinalizar diferentes vias de controle induzidas em respostas a estimulos externos ou
por processos de desenvolvimento enddgenos (AMZALLAG, 2001b, SOUZA et al.
2004, 2005).
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TABELA 3 - Coeficientes de correlacdo (r) comparados com o0s parametros das curvas
de resposta a luz (Eficiéncia Quantica Aparente, EQA; Ponto de
Saturacdo, Psat; Ponto de Compensacdo, Pcom; Respiracdo, Rd e
Assimilacdo Maxima de CO,, Amax) e a conectancia global (Cg) dos
regimes de irrigacdo (100% e 10%) em relagdo com as diferentes doses
de fésforo (00 e 100 Kg ha).

Reposicédo de Doses de fésforo (kg ha™)
i Correlacéo
agua 00 100
Amax Ci 0,877 (0,320) 0,899 (0,288)
Rd 0,250 (0,840) 0,830 (0,376)
EQA 0,283 (0,817) 0,006 (0,996)
Psat 0,990 (0,092) 0,790 (0,420)
100% gs Ci 0,564 (0,618) 0,926 (0,247)
Rd 0,661 (0,540) 0,864 (0,335)
EQA Psat 0,419 (0,725) 0,608 (0,583)
Pcom EQA 0,861 (0,340) 0,802 (0,408)
Rd 0,999 (0,004) 0,043 (0,973)
Amax 0,245 (0,843) 0,593 (0,596)
Cg 1,371 0,921
Amax Ci 0,658 (0,543) 0,904 (0,281)
Rd 0,135 (0,914) 0,492 (0,673)
EQA 0,958 (0,184) 0,491 (0,673)
Psat 0,999 (0,023) 0,830 (0,376)
10% gs Ci 0,999 (0,027) 0,655 (0,545)
Rd 0,657 (0,543) 0,801 (0,409)
EQA Psat 0,947 (0,207) 0,893 (0,297)
Pcom EQA 0,698 (0,508) 0,914 (0,266)
Rd 0,601 (0,589) 0,914 (0,266)
Amax 0,873 (0,324) 0,096 (0,939)
Cg 1,620 1,028

Na tabela 2 pode-se observar um aumento geral nos valores de CV na
maioria das variaveis consideradas, o0 que sugere alteracdes nos padrdes de
respostas individuais das plantas sob as mesmas condicbes especificas. Tais
mudancas podem estar relacionadas a mudancas nos padrdes de modulacéo de redes
fisiolégicas subjacentes em resposta as restricbes do meio. Complementarmente, na
tabela 3 podem ser observadas algumas variagdes nos valores de conectancia global
das redes entre os tratamentos que poderiam suportar a capacidade homeostatica

observada nesse estudo. Observou-se um aumento nos valores de Cg nas redes
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analisadas entre as plantas sob deficiéncia hidrica e as irrigadas com e sem
suplementacdo de P, indicando um ajuste das redes fotossintéticas as novas
condicBes ambientais.

Além disso, a analise de redes mostrou que nos tratamentos com
suplementacao de P os valores de Cg foram cerca de 50 % menores que 0s valores
de Cg observados nos tratamentos sem P, independentemente da condi¢cdo hidrica
das plantas. Isso sugere, que a suplementacéo de P teve algum efeito sobre o padréo
de Cg das redes analisadas, atenuando o padrao de conexao entre os elementos das
redes, mesmo sob condi¢Bes severas de restricdo hidrica. Ao passo que uma maior
conectancia em redes propicia ajustes mais efetivos a variagbes ambientais, redes
com um padrdo médio mais fraco de conexado entre seus elementos, torna mais dificil
a propagacdo de perturbacbes dentro da rede, contribuindo para sua maior
estabilizacdo (SOUZA et al., 2008).

Alguns outros trabalhos (SOUZA et al. 2004b; PRADO et al., 2004) vém
utilizando a técnica de analise de redes para detectar variagdes sistémicas de
parametros fisiologicos de plantas submetidas a algum tipo de perturbacdo ambiental,
independentemente da significancia estatisticas dessas variacdes. Souza et al.
(2004b), estudando o comportamento de espécies arbéreas submetidas a deficiéncia
hidrica, verificaram que a conectancia das redes de trocas gasosas das plantas,
constituidas pelas relacdes entre condutancia estomatica, assimilacdo de CO.,
transpiracdo e concentracao intercelular de CO,, tendem a aumentar sob deficiéncia
hidrica, sugerindo um maior controle sobre estes parametros em condi¢cbes de
restricdo ambiental. Uma tendéncia similar também foi observada por Prado et al.
(2004) analisando a rede constituida pelos parametros de troca gasosas em uma
comunidade de cerrado no periodo de seca. Como sugerido pela teoria (TREWAVAS
1986; EDELMAN; GALLY 2001), as alteracdes nas relagcdes entre parametros em uma
rede parecem ter um papel importante na estabilizacdo do sistema, aumentando seu
auto-controle (forca auto-organizadora) quando perturbado por um estimulo ambiental
(SOUZA; BUCKERIDGE, 2004; SOUZA et al., 2005, SOUZA et al., 2008).
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5 CONCLUSAO

Concluindo, o conjunto de alteragbes em Cg e nos CVs analisados
indicam ajustes nas relacdes existentes entre as varaveis analisadas que podem estar
relacionadas a grande homeostase da cultivar de cana testada. Os resultados
mostraram que a cultivar de cana-de-acucar testada sob deficiéncia hidrica possui
uma alta capacidade homeostatica, sobretudo em relacdo a manutencdo do padrdo de
crescimento. Além disso, em relacdo as trocas gasosas, ha indicio de que a
suplementacdo com P pode agir como agente mitigador dos efeitos da deficiéncia
hidrica. Tal homeostase estaria relacionada as alteracbes nos padrées de relacdes
observadas nas redes analisadas, conferindo maior capacidade de resposta a
deficiéncia hidrica.
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Abstract

Drought is one of the main abiotic stresses causing significant reduction of crop yield in most of
agricultural areas in tropical and subtropical regions. Particularly, water deficit is the major
environmental factor limiting sugarcane yield. The objective of this study was to identify what
kind of changes in the photosynthetic network would be linked to the homeostasis modulation
of a drought tolerant sugarcane cultivar subjected to severe water deficit. Moreover, we tested
the potential effect of phosphorus supplying on the plant physiological responses to drought,
since such element is essential to photosynthetic processes. This study was carried out in a
greenhouse where sugarcane plants (Saccharum spp.) cv. RB 86-7515 were grown. The cultivar
RB 86-7515 is drought tolerant and has high crop yield, being adapted to sand soils and
cultivated in the states of Sdo Paulo and Parana, Brazil. One single-node stalk segment was
planted in plastic pots (20 L) filled with soil (red-yellow ultisol). Soil fertilization was done
according to the chemical analysis, except for the phosphorus (P) supply. Regarding this
element, plants were subjected to the original P concentration in soil (36 mg dm™) or supplied
with the equivalent to 100 kg P»Os ha™! using CaH4(PO,),. Plants were irrigated daily until the
beginning of drought treatment. After 90 days of shoot emergence, the water deficit was started
at the phenological phase II (tillering). Plants were irrigated with the equivalent to 100%
(control) or 10% (water deficit) of daily evapotranspiration. Sugarcane plants were subjected to
water deficit for ten weeks. At the end of this period, light response curves of leaf gas exchange
and other physiological and growth variables were performed in each treatment. The experiment
was performed in a completely randomized design, with four repetitions. Data were subjected to
two-way analysis of variance (p<0.05) and the mean values were compared by Tukey’s test
(p<0.05). To assess changes in system network, we evaluated the occurrence of photosynthetic
system modulation under distinct water regimes and phosphorus supplying via the concept and
measurement of global connectance, Cg. The set of results from CV and Cg analyses indicated
adjustments in the relationships among the elements of the leaf gas exchange network that
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support the high drought tolerance of the sugarcane cultivar RB 86-7515. Such adjustments
enabled the homeostasis of both photosynthesis and plant growth under water deficit. Moreover,
P-supplying improved the sugarcane acclimation capacity by affecting plant characteristics
related to water status and photosynthetic performance and causing network modulation under
water deficit.

Key words: drought, network connectance, phosphorus nutrition, photosynthesis, Saccharum
spp-

Introduction

Drought is one of the main abiotic stresses causing a significant reduction in crop yield
in most agricultural areas in tropical and subtropical regions (Passioura, 1994). In particular, a
water deficit is the major environmental factor limiting sugarcane yield (Silva et al., 2008). The
first and most sensitive plant response to a water deficit is cell turgor loss, and a consequent
reduction in plant growth (Nilsen & Orcutt, 1996; Larcher, 2004). As the relative water content
and the plant water potential decrease, leaf photosynthetic rates in both C3 and C4 plants
decrease as well. Impairments in photosynthetic performance are caused by stomatal limitation,
as well as by constrains on photochemical and biochemical reactions (Kaiser, 1987; Chaves,
1991; Lawlor & Cornic, 2002). Depending on the stress intensity and exposure time to stress,
plants may exhibit a metabolic limitation of photosynthesis caused by low ATP production and
a consequent reduction in ribulose bisphosphate (RuBP) regeneration (Parry et al., 2002;
Lawlor, 2002). The reduction in ATP synthesis can be caused by both decreases in the electron
transport rate and the amount of photophosphorylation induced by damage to thylakoid
membranes (Lawlor & Cornic, 2002).

Despite the potential damage caused by environmental disturbances such as a water

deficit, biological systems show a high capacity to stably maintain their internal conditions in a
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changing environment, i.e., homeostasis (Shultz, 1996). Some recent studies indicate that the
typical network organization of the elements of biological systems and their relationships with
the environment improve system stability and support organization in cases of environmental
disturbance (Csermely, 2006; Souza et al., 2009). According to Souza et al. (2005, 2009),
changes in the relationships among the system’s elements allow for the co-existence of a
multitude of stable states, and thereby for high system adaptability to many kinds of
environmental changes that might affect the organism. The sensitivity of a network in relation to
a changing environment may be determined by the average connective strength between the
network elements and by the coupling of the system with its environment. The strength of links
between network elements is called network connectance (Amzallag, 2001; Souza et al., 2005).
Network elements linked by a large degree of connectance can enable a higher capacity for
network modulation, allowing for fast and fine-tuned adjustment of the entire network under
stressful conditions (Csermely, 2006; Souza et al., 2005, 2009). Biological systems often show
network modulation capacity, enabling them to change between different network connectance
patterns according to environmental cues, allowing for highly stable growth, defense and
reproduction under a multitude of environmental conditions (Souza et al., 2009).

The objective of this study was to identify specific changes in the photosynthetic
network that could be linked to the homeostasis modulation of a drought-tolerant sugarcane
cultivar subjected to a severe water deficit. Such a photosynthetic network was built using
physiological variables given by light response curves in sugarcane plants either subjected to a
water deficit or maintained in a well-hydrated environment. This study proposes the hypothesis
that increasing the global network connectance would beneficit the physiological homeostasis

of the drought-tolerant sugarcane cultivar, providing higher network modulation. Moreover, we
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expect that a phosphorus supply may alleviate the water stress effects on photosynthesis since
this element is essential to photosynthetic processes (Leegood & Furbank, 1986; Lawlor &
Cornic, 2002; Hendrickson et al., 2004), and some authors have found improvements in the
photosynthetic performance of plants supplied with additional phosphorus when subjected to

drought (Garg et al., 2004; Santos et al., 2004; Santos et al., 2006).

Material and methods

This study was carried out in a greenhouse where sugarcane plants (Saccharum spp.) cv.
RB 86-7515 were grown. The cultivar RB 86-7515 is drought-tolerant, has adapted to sand
soils, has been cultivated in the states of Sdo Paulo and Parana, Brazil, and exhibits a high crop
yield (Vilela & Melo, 1992). Single-node stalk segments were planted in plastic pots (20 L)
filled with soil (red-yellow ultisol). Soil fertilization occurred according to chemical analysis
(Malavolta et al. 1997), except for phosphorus (P) supply. Plants were subjected to the original
P concentration in soil (36 mg dm™) or supplied with the equivalent of 100 kg P,Os ha using
CaH4(POs),. Plants were irrigated daily until the beginning of drought treatment.

Ninety days after shoot emergence, a water deficit was introduced at phenological phase
IT (tillering). The plants were kept under two irrigation regimes based on evapotranspiration
(Doorenbos & Kassan, 1979). Plants were irrigated with the equivalent of 100% (control) or
10% (water deficit) of daily evapotranspiration. Sugarcane plants were subjected to the water
deficit for ten weeks. At the end of this period, light response curves of leaf gas exchange and

other physiological and growth variables were calculated for each treatment.



37

Measurements of CO, assimilation (A) were taken in the flag leaves (leaf +1) with an
open system portable infrared gas analyzer (CIRAS-2, PPSystems, UK) over a range of
photosynthetic photon flux densities (Q, from 2000 to 0 pmol m™ s'). Measurements were
taken after approximately 3 to 5 minutes in each Q, when the total CV was < 1.0%. A/Q curves
were performed between 9:00 and 14:00 h on a sunny day, with the environmental conditions in
the sample cuvette of CIRAS-2 reading an air CO, concentration of 370+10 umol mol™, an air
temperature of 30+£1°C and an air vapor pressure deficit of 1.2+0.2 kPa. Some cardinal points
were derived from A/Q curves: maximum CO, assimilation (Anay); light-compensation point
(LCP); light-saturation point (LSP), at which 90% of Anmax 1s attained; overall quantum yield (@);
and leaf respiration (Rd). The A/Q response curves were fitted according to the model used by
Prado & Moraes (1997). Additionally, some photosynthetic variables were sampled at a Q of
1800 pmol m™ s as follows: CO, assimilation (A); intercellular CO, concentration (Ci);
stomatal conductance (gs); transpiration (E); intrinsic water use efficiency (IWUE = A/gs); and
instantaneous carboxylation efficiency (ICE = A/Ci).

The total leaf chlorophyll content was estimated with a chlorophyll meter (CCM 200,
OptSciences, USA); the values are expressed as the chlorophyll content index (CCI). The
relative leaf water content (RWC) was calculated as RWC% = [(fresh mass — dry mass)/(water
saturated mass — dry mass)]*100. The leaf dry mass was obtained after drying leaf tissue at
60°C until a constant weight was reached. The water-saturated mass was obtained after 24 h of
leaf hydration under darkroom conditions. Leaves used in RWC measurements were sampled
just before the determination of A/Q curves.

Plant growth analysis took into account plant height (from the soil level to the leaf flag

insertion), stem diameter (at 5 cm from soil level and at the height of the leaf flag insertion),
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number of tillers, number of green leaves (photosynthetically active), and the total leaf area

(LA). Measurements of LA were taken with a digital area meter (Li-3000A, Li-Cor, USA).

Statistical and network analysis

The experiment was performed in a completely randomized design, with four repetitions.
Data were subjected to analysis of variance (ANOVA, p<0.05), and the mean values were
compared by Tukey’s test (p<0.05).

To assess changes in the system network, we evaluated the occurrence of photosynthetic
system modulation under distinct water regimes and phosphorus supply via the concept and
measurement of global connectance, Cg (Amzallag, 2001a, b). Network connectance can be
estimated through a normalized Pearson’s correlation coefficient between physiological
parameters (Amzallag, 2001a, b) and a statistical method based on path analysis (Kingsolver &
Schemske, 1991). Accordingly, to define connectance, first we specify a collection of paired
variables of interest in the network. Next, we utilize the correlation coefficients (r) between
each paired variable, not only to test the significance of the correlation, but also as a
measurement of the strength of the relationship (connection) between the two parameters
(Amzallag, 2001 a, b) by producing a z-transformation: z = 0.5 In [(1+ |t |)/(1— |t | )]. Finally,
we define the network global connectance (Cg) of the specified collection of paired variables as
the average of the absolute z-values (Amzallag, 2001a, b). In this study, we calculated Cg for
the photosynthetic network, considering the correlations between the A/Q-derived variables
shown in Figure 1.

RESULTS
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Low relative water contents (RWC) were found even in irrigated plants (ca. 75%), which
was likely due to the high atmospheric demand at the evaluation time. Nevertheless, plants
subjected to a water deficit showed significant reductions in RWC when compared to controls,
regardless of the P supply (Table 1). However, the reduction in RWC due to water deficit was
higher (p<0.05) in plants without addtional P supply. The water regimes and P supply did not
have any notable effects with regard to total chlorophyll content (Table 1). There was no effect
due to water deficit on plant height (growth) (Table 1). However, water deficit caused a
reduction in stem diameter and tillering, but only in plants supplied with P (Table 1). In
addition, a significant reduction in leaf area was observed in plants not supplied with P and
subjected to water deficit (Table 1). We noticed a general trend of increasing CV values of the
above variables in plants exposed to water deficit, with the exception of sugarcane tillering
(Table 1).

With the exception of dark respiration (Rd) and the light compensation point (LCP), our
data did not reveal any significant differences among treatments when considering the other
variables derived from A/Q curves, i.e., the apparent quantum efficiency, the light saturation
point and the maximum CO; assimilation (Table 2). Plants subjected to a water deficit and not
supplied with P showed the lowest LCP and Rd values. The P supply alleviated the effects of
water deficit on sugarcane gas exchange; plants supplied with P and subjected to water
restriction showed the same physiological performance as those under well-irrigated conditions
(Table 2). Similar to plant growth variables, the CV values of physiological variables derived
from A/Q curves were higher in plants subjected to water deficit (Table 2).

Water deficit caused a reduction in the stomatal conductance (gs), leaf CO, assimilation

(A) and transpiration (E) of sugarcane plants (Figure 2). Changes in A and gs led to increases in
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intrinsic water use efficiency (IWUE) with relatively constant instantaneous carboxylation
efficiency (ICE) when comparing plants subjected to water deficit and those without a P supply.
Increases in A and gs due to a P supply were observed in sugarcane plants regardless of the
water regime, and also received the highest E and ICE values in well-irrigated plants (Figure 2).
In addition, significant increases in Ci values were found in P-supplied plants under water
deficit conditions (Figure 2).

Network connectance (Cg) increased when sugarcane plants were subjected to stressful
conditions, with the lowest Cg observed in well-irrigated and P-supplied plants and the highest
Cg observed in non-P-supplied plants under water deficit (Table 3). The difference between the

lowest and highest Cg values was around 1.8 times, i.e., almost two-fold.

DISCUSSION

Despite the severe RWC reduction due to water deficiency (Table 1), the P supply
alleviated the negative effects of such a constraining condition, resulting in increases (p<0.05)
in RWC. This finding likely suggests an increase in sugarcane drought tolerance due to a P
supply. In fact, Al-Karaki et al. (1996) reported that a P supply increased proline content in
sorghum plants subjected to a water deficit, enhancing drought tolerance due to an osmotic
adjustment. Reductions in the negative effects of water deficit due to a P supply were also
reported in the moth bean (Garg et al., 2004). Accordingly, Guimaraes et al. (2008) showed that
drought-tolerant sugarcane genotypes exhibited higher levels of free-proline than sensitive
plants, indicating the role of osmotic adjustment in the drought tolerance of sugarcane plants.

Thus, even under low RWC (58.5%), we hypothesized that a P supply could contribute
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significantly to the maintenance of leaf gas exchange in sugarcane plants under water deficit
(Figure 2).

In addition to improvements in plant water management, the P supply may increase the
availability of cytoplasmic P and directly improve photosynthetic metabolism (Hendrickson et
al. 2004; Santos et al., 2004, 2006). In fact, we noticed that supplying P alleviated the negative
effects of water deficit on sugarcane photosynthesis. The synthesis of photoassimilates depends
on P availability in the cytoplasm since the transport of trioses from the chloroplast to the
cytosol for sucrose synthesis is phosphorus-dependent (Hendrickson et al., 2004). Low
cytoplasmic P availability due to water deficit may decrease ATP synthesis (Lawlor & Cornic,
2002) and P-triose content and constrain RuBP synthesis, leading to reduced photosynthesis
(Leegood & Furbank, 1986; Lawlor & Cornic, 2002).

The data related to plant growth revealed that water deficit did not significantly affect
sugarcane plants (Table 1). Despite the sharp RWC reduction, our data confirmed the drought
tolerance of the RB 86-7515 cultivar. Due to such tolerance, plants were able to maintain
metabolic functions and support normal growth, as indicated by photosynthesis (Table 2) and
growth analyses (Table 1).

Although some studies of plants under water stress have reported a tendency towards
respiration reduction to maintain a positive leaf carbon balance, we found higher Rd due to the
P supply in plants subjected to water deficit (Table 2). In fact, such studies are often performed
over relatively short periods when the effects of drought on photosynthesis are most disruptive.
Over periods ranging from weeks to months, plant acclimation to water deficit may improve

photosynthetic capacity and growth rate (Flexas et al., 2006). Thus, we hypothesize that an
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acclimation process under water deficit conditions for ten weeks results in the high homeostatic

performance observed in the RB 86-7515 cultivar.

Network analysis improves the understanding of homeostatic behavior

Data related to photosynthesis and plant growth indicated a high homeostatic capacity of
the RB 86-7515 cultivar under water deficit (Tables 1 and 2). In this study, we suggest that this
homeostasis must be linked to changes in the modulation pattern of the leaf gas exchange
network, i.e., increases in global network connectance (Souza et al., 2005, 2009).

According to Amzallag (2001a), changes in the coefficient of variation (CV) may
indicate alterations in the network of the system under investigation, but cannot provide
information about the nature of such alterations. Thus, the evaluation of a network connectance,
assessed by global connectance (Cg) analysis, was proposed to access specific changes in
physiological network modulation (Amzallag, 2001a, b; Souza et al., 2004, 2009). The number
and strength of connections among elements in a network is strongly related to system stability
(Trewavas, 1986; Edelman & Gally, 2001; Souza et al., 2004, 2005, 2009). High connectance
may indicate great system stability up to a critical threshold (Gardner & Ashby, 1970). Tighter
networks, with strong relationships among elements, could provide a greater level of system
control, improving the capacity to overcome external perturbations. Therefore, changes in
system connectance, particularly increases in connectance, could be considered an adaptive
response to environmental constraints (Souza et al., 2005, 2009).

In general, CV increases were observed in most of the physiological variables (Tables 1
and 2) from plants under a water deficit, indicating changes in the modulation of physiological

networks (Amzallag, 2001a). Complementarily, Cg results showed a consistent increase in
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plants that were subjected to water deficit (Table 3), which could support homeostatic capacity,
improve photosynthetic acclimation and allow for a steady growth rate. Moreover, network
analysis revealed that P-supplied plants had Cg values approximately 50% lower than plants
without a P supply, regardless of water conditions. This result indicates that a P-supply affected
Cg, reducing the pattern of network connection. Weak links among system elements may
prevent sudden fluctuations in the network, which would otherwise compromise system stability
(Csermely, 2006). In short, it seems that strong links may enhance system stability in settings
where high control is needed, whereas weak links seems to promote stability when little control
is needed and a sudden perturbation of elevated magnitude is likely (Souza et al., 2009).
Previous studies dealing with network analysis to uncover systemic changes in the physiological
behavior of plants (Camargo-Bortolin et al., 2008; Prado et al., 2004; Souza et al., 2004, 2005,
2009) have found a consistent pattern of network modulation in plants under constraining
conditions, where changes in Cg enable higher system stability.

In conclusion, results from our CV and Cg analyses indicate that adjustments in the
relationships among the elements of the leaf gas exchange network support the high drought
tolerance of the sugarcane cultivar RB 86-7515. Such adjustments enabled the homeostasis of
both photosynthesis and plant growth under water deficit. Moreover, a P supply improved the
sugarcane acclimation capacity by affecting plant characteristics related to water status and

photosynthetic performance and modulating networks under a water deficit.
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Table 1: Relative water content (RWC), total chlorophyll content (Chl, as CCI - chlorophyll content index), plant height (H), stem

diameter (SD), number of tillers (NT) and leaf area (LA) in sugarcane plants as affected by water regimes and phosphorus supplying.

Plants were maintained well-irrigated (control) or subjected to ten weeks of water deficit. In each water regime, plants were supplied

or not with additional phosphorus (100 kg P,Os ha™) at planting date. Data refer to the mean value of four replications (£ s.e.).

Different capital letters indicate significant difference (p<0.05) between phosphorus treatment in each irrigation regime, while

minuscule letters show significant difference (p<0.05) between irrigation regimes in each phosphorus treatment. ™ means non-

significant differences (p>0.05) and CV means coefficient of variation (%).

Water  P,Os RWC Chl H SD NT LA
regime (kg hat) (%) (CCI) (cm) (mm) (units) (cm?)
0 7414145 245+1.9™ 222+41.7™  18.8+0.6 2 6.6+0.6 2 902.4+117.1 2
Control €V 334 17.61 17.05 6.60 20.32 3186
100 702+02"° 254+1.8  22.8+1.5 19.440.6 4% 6.8£1.2% 883.4486.0 A
CV 0.44 15.77 14.34 6.92 40.80 21.76
0 4174715 309457 164414 17.0£0.8° 74409 602.6£93.9 B¢
Water CV 29.43 40.87 17.95 10.54 26.34 34.82
deficit 100 58.5+3.75* 282426  20.1+3.0 15.8+1.0 5 4.6:024° 645.5+84.44°
CV 10.93 21.01 33.53 14.56 11.90 29.25
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Table 2: Apparent quantum efficiency (o), light saturation point (LSP), light compensation point (LCP), dark respiration (Rd) and
maximum CO, assimilation (A.x) in sugarcane plants as affected by water regimes and phosphorus supplying. Plants were maintained
well-irrigated (control) or subjected to ten weeks of water deficit. In each water regime, plants were supplied or not with additional
phosphorus (100 kg P,Os ha) at planting date. Data refer to the mean value of four replications (+ s.e.). Different capital letters
indicate significant difference (p<0.05) between phosphorus treatment in each water regime, while minuscule letters show significant

difference (p<0.05) between water regimes in each phosphorus treatment. ™ means non-significant differences (p>0.05) and CV

means coefficient of variation (%).

Water P,Os a LSP LCP Rd Amax
regime  (kgha™) (umol pmol®) (umolm?s?®) (umolm?s?) (umolm?s?) (umol m?s™)
0 0.0394£0.001 ¥ 2250+143 N 87434 320+0.11°*  33.99+2.40 N
Control CV 1.03 10.99 6.76A 5.49 K 12.22
100 0.048+0.003  2106+246 85454 3.85+0.18 %  37.91+4.12
CV 12.02 20.20 9.70 8.21 18.80
0 0.0544+0.006 ™ 11554508 ™ 53478 259+0.21 8  20.62+7.98 N
Water CV 19.93 76.27 22.02 13.72 67.04
deficit 100 0.048+0.009  1945+520 8745 1%  3.85+0.46 "  31.63+7.73
CV 32.74 46.29 10.73 20.70 42.32
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Table 3: Correlation coefficient (r) between paired variables derived from A/Q curves
[maximum CO, assimilation (Apax); stomatal conductance (gS); apparent quantum efficiency
(a); light compensation point (LCP); intercellular CO, concentration (Ci); dark respiration (Rd);
and light saturation point (LSP)] and network connectance of leaf gas exchange (Cg) in
sugarcane plants subjected to two water regimes and variation in phosphorus supplying. Plants
were maintained well-irrigated (control) or subjected to ten weeks of water deficit. In each
water regime, plants were supplied or not with additional phosphorus (100 kg P,Os ha™) at
planting date.

P,Os (kg ha™)

Water regime Relationships 0 100
Amax Ci 0.877% 0.899*
Ammax Rd 0250% 0830"
Amax a  0.283% 0.006*
Amax LSP  0.990 * 0.790 *
Control gs Ci 0.564: 0.926:
gs Rd  0.661% 0.864
a LSP 0419% 0.608%
LCP a 0.861% 0802%
LCP Rd  0.999 ** 0043 *
LCP Amax  0.245% 05937
Cg
1.371  0.921
Amax Ci 0.658% 0.904*
Amax Rd  0.135% 0492%
Amax a  0958* 0491*
Ammax LSP  0.999 ** (0.830 %
Water doficit gs Ci  0.999 :* 0.655:
gs Rd  0.657% 0.801
a LSP 0.947% 0.893%
LCP a  0.698% 0914*
LCP Rd  0.601% 0914%
LCP Amax 0.873% 0.096%
Cg 1.620 1.028

Significance levels: “p>0.20; *0.05<p<0.20; **p<0.05
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Figure 1: Schematic representation of the leaf gas exchange network built with data derived
from A/Q curves: apparent quantum efficiency (ot); light saturation point (LSP); light
compensation point (LCP); dark respiration (Rd); maximum CO, assimilation (Apax);
intercellular CO, concentration (Ci) and stomatal conductance (gs). Both gs and Ci were

sampled under Q of 1800 pmol m™? s™.

Figure 2: Leaf CO, assimilation (A, in a), transpiration (E, in b), stomatal conductance (gs, in
¢), intercellular CO, concentration (Ci, in d), intrinsic water use efficiency (IWUE, in e) and
instantaneous carboxylation efficiency (ICE, in f) in sugarcane plants as affected by water
regimes and phosphorus supplying. Plants were maintained well-irrigated (control) or subjected
to ten weeks of water deficit. In each water regime, plants were supplied or not with additional
phosphorus (100 kg P,Os ha™) at planting date. Data refer to the mean value of four replications
(+ s.e.), with variables being sampled at Q of 1800 pmol m? s Different capital letters indicate
significant difference (p<0.05) between phosphorus treatment in each water regime, while
minuscule letters show significant difference (p<0.05) between water regimes in each

phosphorus treatment.
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