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alunos a tornarem-se humanos. Seus esfor¢cos nuneaetldao produzir
monstros treinados ou psicopatas habeis. Ler, egere saber aritmética sé

sao importantes para fazer nossas criancas mais hoas.”

(Texto encontrado apds a 22 guerra mundial, em urmampo de

concentracao nazista).
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Introducgéo Geral

1. O Metabolismo Acido das Crassulaceas (CAM)

O metabolismo CAM é expresso em aproximadamentegéd@ros de 24 familias
(Ceusterset al, 2011), sendo encontrado em aproximadamente S5@@ das espécies
epifitas das familias Bromeliaceae e Orchidaceagcfler, 2006; Silvera & Lasso, 2016).
Esse metabolismo auxilia na adaptacdo dos vegetaitientes aridos, ja que, comparado ao
ciclo de Calvin (@), diminui a transpiracdo em relacdo a capacidadasdimilacdo do GO
(Kerbauyet al, 2012).

Apesar da vantagem na eficiéncia do uso da agaatasl CAM apresentam algumas
desvantagens. O gasto energético necessario pda roalécula de CPO assimilada
geralmente é mais elevado em plantas CAM, quandmpamdo as plantass Winter &
Smith, 1996). Com relacéo a fotorrespiracado, ihivéete achava-se que as plantas CAM néo
tinham esse processo. Contudo, recentemente fooloeto que o efeito da concentracdo do
CO, poderia ser contrabalancado pela alta concentida&® produzido pelo ciclo de Calvin
no final do periodo claro (Luttge, 2011).

O CAM caracteriza-se pelo acimulo noturno de acotgénicos no vacuolo (Winter
& Smith 1996; Luttge, 2006). O principal acido aadato na maioria das espécies CAM é o
acido malico (Luttge, 2006; Borlarat al, 2011). Contudo, em um trabalho realizado com
Tillandsia pohliana foi verificado o acamulo noturno, principalmende, citrato (Freschet
al., 2010a). O acumulo desse acido organico € potermide mais eficiente do que o de
malato, uma vez que a descarboxilagdo de um maltdgo produz trés moles de gO
enquanto a descarboxilagdo do malato produz apenanol de CQ por mol de piruvato
formado. Dessa forma, o aumento no conteudo dataitpode funcionar como um

mecanismo suplementar para minimizar a fotorregiaa a fotoinibicdo nas plantas CAM



expostas as condi¢cdes ambientais desfavoraveisgé,it988, 2006; Francet al, 1992,
Freschiet al, 2010a).

Muitas plantas podem apresentar ambos os tipostibolismo fotossintético ¢Ou
CAM), alternando-os conforme variacbes nas congigiebientais (Slesladt al, 2003). A
transicdo entre os tipos de assimilagdo de @@e ser induzida por déficit hidrico, aumento
no fluxo de fotons fotossinteticamente ativos (FFigde atinge as folhas (Maxwaedt al.
1994; Haslanet al, 2003; Sleslalet al, 2003) ou por variagdes periddicas de temperatura
(Nievola et al, 2005). A mudanca para o CAM pode acontecer intdg@emente entre
diferentes regides da planta. Por exemplo, follpastas de um mesmo nd Gausia rosea
(Clusiaceagforam submetidas a diferentes condi¢cdes de uraidadtiva do ar, constatando-
se que o CAM foi induzido apenas nas folhas expastear seco (Schmét al, 1998).

Um promissor modelo de estudo para esse tipoatsitdo metabdlica € a espécie
Guzmania monostachigBromeliaceae), uma bromélia epifita que poderraie em
diferentes condigbes ambientais, entre os metabodisG e CAM (Freschiet al, 2010b;
Pereiraet al, 2013). Resultados recentes obtidos em nossoaligiior mostraram diferencas
significativas quanto a acidez noturna, atividadefasfoenolpiruvato carboxilase (PEPC) e
da enzima malato desidrogenase (MDH) nas por¢des,mediana e apical das folhas de
Guzmania monostachids maiores atividades das enzimas PEPC e MDHazidez foram
observadas na porgdo apical, seguida da porcdcanzedas folhas dessa espécie quando
submetidas ao déficit hidrico (Fresclkt al, 2010b). Esses dados indicaram que,
provavelmente, a porcdo foliar apical dessa br@métiantida sob deficiéncia hidrica
apresentou maior expressao do CAM, quando compa@taa mesma porcao foliar das
plantas hidratadas. Por outro lado, a porgéo lsaplantas mantidas sob déficit hidrico ou
hidratadas mostrou atividade fotossintética maigipra da via @, caracterizada pelo pouco

acumulo noturno de acidos organicos e pela redaidalade das enzimas PEPC e MDH.



2) Transporte de prétons e acumulo de acidos orgé&ros no interior do vacuolo

Plantas CAM sdo caracterizadas pelo acumulo notwtao acidos organicos,
principalmente malato, no interior do vacuolo (Guah & Borland, 2002). A forga préton-
motriz para que ocorra o transporte de acidos argédmo interior do vacuolo pode ser
gerada por duas enzimas no tonoplasto, ATPase (A/dR) pirofosfatase inorganica (PPi)
que bombeiam prétons {Hpara o interior do vacuolo (Marin, 1987; Rea &&ers, 1987).

O potencial elétrico negativo no citosol e a difgee de pH transmembrana gerado pelo
bombeamento de Hho vacliolo tendem a promover o transporte de &nicemo malato,
citrato e fumarato, ocasionando o acumulo de acafgénicos no interior do vacuolo,
caracteristico de plantas que realizam a fotossan@AM (White & Smith, 1989; Cheffings
et al, 1997).

Estudos realizados com plantas Kilelanchoé& daigremontianéCrassulaceae), uma
espécie CAM constitutiva, mostraram as maioresstabatransporte de protons através do
tonoplasto na presenca de malato (White & SmitB9LINesse mesmo estudo, foi verificado
que ndo havia uma preferéncia no transporte dgeib ATP ou PPi. Apesar de muitos
estudos verificarem o transporte de prétons depgadée ATP ou PPi em espécies de
Kalanchoé apenas um trabalho mostrou o transporte de aga@rprotons enAnanas
comosus(McRae et al, 2002) e nenhum trabalho tem mostrado o transpitécidos
organicos e prétons em bromélias. Sera que assim observado erdalanchoé bromélias
CAM néao apresentariam uma preferéncia por ATP ou (BRpitulo 1)? Serd que o
transporte de protons no vacuolo estaria assodci@d® 0 maior acumulo de malato e
consequentemente a maior expressao do Caapitulo 1)? Em um trabalho
desenvolvido com plantas tesembryanthemum crystallindo observado um aumento de
trés vezes nas taxas de transporte de prétons dlggende ATP quando as plantas foram

submetidas ao estresse salino (induzidas ao CAdMparado com as plantag L.ttge et



al., 2000). O transporte de’Hlependente de ATP também foi verificado em plad&s
Nicotiana tabacum(Solanaceae), uma espécig, Cultivadas sob diferentes fontes de
nitrogénio inorganico (NE ou NG;). Maiores taxas de transporte de prétons e malato
interior do vacuolo e na presenca de ATP foranfigadas nas plantas mantidas na presenca
de nitrato comparado aquelas cultivadas em améiittge et al, 2000).

Apesar de inumeros trabalhos na literatura desoeav os transportes de protons e
acidos orgéanicos no interior do vacuolo em pla@aM e G, nenhum trabalho demonstrou
ainda a influéncia de diferentes fontes de nitrag@o transporte de He &cidos organicos
através do tonoplasto em plantas CAM constitutevdacultativas. Sera que o transporte de
prétons no vacuolo e a expressao de transportadaceslar de malato e fumarato (ALMT9)
seria influenciada por diferentes fontes inorgamiga nitrogénio e pela concentracdo dessas
fontesCapitulos 2 e 3? Como seria o transporte de prétons e acidosimagno vacuolo e
a preferéncia por ATP ou PPi em plantas CAM canmstas e facultativas das familias

Bromeliaceae e Crassulace@apitulos 2 e 3?

3) Nutricdo e indugéo ao CAM

Apesar de muitos trabalhos terem mostrado a indw@aCAM por diferentes
condi¢cdes ambientais como, disponibilidade de aguansidade luminosa e fotoperiodo
(Maxwell et al, 1994; Nievolaet al, 2005; Pereiraet al, 2013), poucos estudos tém
mostrado a influéncia da deficiéncia nutricional mexpressdo desse metabolismo
fotossintético (Ota 1988; Winter &Holtum, 2011; Rigdieset al, 2014). Winter & Holtum
(2011) verificaram que o fornecimento de nutrientdsta o balanco entre as vias
fotossintéticas £e CAM em Calandrinia polyandra(Montiaceae). Quando mantida sob
reduzida disponibilidade de agua ou nutrientesplisiervada a mudanca na fixagédo diurna do

CO, para a fixacdo noturna nessa herbacea. A reveladotossintese CAM parag Goi



possivel apos a reidratacdo ou adi¢cdo de solugditivauno solo dessa espécie (Winter &
Holtum, 2011).

Ota (1988) verificou que plantas Halanchoe blossfeldiangCrassulacegamantidas
em solucdo nutritiva com presenca de nitrato (1 rapfesentaram um aumento no conteddo
de malato e no acumulo noturno de acidez, quandpamdas com plantas mantidas em
solugédo com presenca de amonio (1 mM). Essesadsslsugerem que a auséncia do nitrato
tem maior influéncia na inducdo ao CAM nessa espégique a auséncia de amonio. Sera
gue outras espécies CAM constitutivas dessa fameiliam esse metabolismo fotossintético
influenciado por diferentes concentraces dessasgdanorganicas de nitrogéniGgpitulo
2)?

Embora alguns trabalhos tenham estudado a coreetatge CAM e nutricdo, apenas
um estudo conduzido em folhas destacadas da beorepifita com tanqueGuzmania
monostachiamostrou a influéncia da deficiéncia de cada madreente (N, P ou K) na
inducdo do CAM (Rodriguest al, 2014). Nesse estudo foi verificado que a auséteia
nitrogénio promoveu um aumento de duas vezes widade das enzimas PEPC e MDH na
porcdo apical das folhas dBuzmania monostachiaomparado a auséncia de P ou K
(Rodrigueset al, 2014). Em relacédo aos estudos mais recentezadai com a bromélia
epifitaG. monostachiaainda ndo se sabe como as fontes de nitrogégitdara a expressao
do CAM. A regulagédo desse metabolismo @nmonostachiaeria bioquimica e molecular

(Capitulo 3)?

4) Aquaporinas e CAM
As aquaporinas (AQPs) sao proteinas responsaveigrpasporte de agua, pequenos
solutos e gases através das membranas (Maurel).2B@& pertencem a familia das

proteinas intrinsecas de membrana (MIPs) e se \W6dbdi em cinco subfamilias,



denominadas PIPs (Plasma membrane Intrinsic PdtditPs (Tonoplast Intrinsic Proteins),
NIPs (Nodulin26-like Intrinsic Proteins), SIPs (Smaasic Intrinsic Proteins) e XIPs (X
Intrinsic Proteins) (Johansat al.,2001; Danielson & Johanson, 2008).

Variagbes de condutividade hidraulica em raizesr)(ltpm sido associadas as
alteracdes de expressdo de genes de aquaporines aegio. Variagbes diuturnas de
condutividade sdo acompanhadas por variagdes Bbdevranscritos de aquaporinas do tipo
PIP em raizes de milho e ervilha (Lomzl.,2003, Beaudettet al.,2007). Nessas espécies,
a expressdo de aquaporinas se mostrou dependetipo die raiz (primaria ou secundaria)
(Beaudetteet al.,2007) e do estagio de desenvolvimento das mesmad bservado em
geral um aumento de expressao na zona de alongageatar e nas regidées mais maduras
da raiz primaria (Hachet al.,2006).

Também em folhas, a expressao de diferentes adnapabedece a um padrao de
regulacéo temporal e espacial. Enquanto algumé&srisas sao expressas nas folhas jovens
em expansao, outras sdo expressas preferencialerantelhas completamente expandidas,
sendo que as aquaporinas expressas nas folhasamasdt#io provavelmente envolvidas em
processos fisioldgicos como o carregamento do figgrarda de agua do xilema, abertura e
fechamento estomatico, transporte de, @@ fotossintese e movimento foliar (Heireral.,
2009).Na leguminos&amanea samafMimosaceae), o acumulo de transcritos do gene
SAQP2 (PIP) no pulvino foi maior no inicio da fateminada, coincidente com o aumento
na permeabilidade da dgua em células motoras (Moslet al, 2002).

Em Mesembryanthemum crystallinunmudancas na permeabilidade a &gua de
protoplastos isolados de folhas e raizes duramiel@ diuturno coincidiram com flutuacdes
na abundéancia de transcritos de trés PNMPIP1;4, McPIP1;5 eMcPIP2;1 e uma TIP:
McTIP1;2 em plantas CAM adultas (Vera-Estre#a al. 2012). No entanto, variacdes

similares ndo foram observadas em plantago@ens. De forma interessante, oscilacdes



diuturnas na atividade de PEPC, no acumulo deogpiaitna osmolaridade da seiva foram
observadas somente nas plantas CAM sendo quepesé@setros permaneceram inalterados
nas plantas £ Essas mudancas, em periodos distintos do cicloM,Clessaltam a
necessidade do controle do potencial osmoético empadimentos celulares especificos
concomitante com a regulacdo metabdlica e do flexdgua na planta. (Vera-Estredaal,
2012). De forma similar, ndo foram verificadas aades evidentes nos niveis de transcritos
de VgPIP1,5e VgTIP2em funcdo do regime luminoso, no apice e na basefaflaas de
Vriesea giganteauma bromélia com metabolisma.@\ auséncia de um padréo nitido de
expressdo dia/noite sugere que esses genes semessds de forma quase continua,
principalmente nas bases foliares, maximizando a&@orgho de nutrientes, cuja
disponibilidade € imprevisivel e sujeita a rapidegrddacdo e/ou utilizagcdo por outros
organismos habitantes do tanque (Cambui, 2009).

Recentemente foi feito o transcriptoma da bromdgfita com tanque,G.
monostachiaque abriu uma ampla gama de possibilidades pastudo da regulacdo génica
nessa espécie (dados nao publicados). Nesse seséidb que 0s genes que codificam
aguaporinas nessa espécie seriam regulados pedwichalo dia (inicio e final do dia)
(Capitulo 4)? Sera que haveria uma regulacdo desses genefigralio do dia, estresse
hidrico e fontes inorganicas de nitrogénio nas g@sgasal, mediana e apical das folhas de

G. monostachigue expressam diferentes graus de intensidadé\bb(Capitulo 4)?

Objetivos Gerais

Investigar o transporte de prétons e acidos orgé&nécacumulo noturno de malato e
citrato no interior do vacuolo nas folhas de alguepresentantes CAM das familias
Bromeliaceae e Crassulaceae submetidos a diferdotdss inorganicas de nitrogénio

associadas ou nao ao déficit hidrico.



Avaliar a expresséo de genes que codificam aquegsonas porc¢des basal e apical de
folhas deGuzmania monostachsubmetidas a diferentes fontes de nitrogénio &sdas ou

nao ao déficit hidrico.

1. Objetivos especificos de cada capitulo
Capitulo 1:

Investigar o transporte de prétons e anions, conadatmy fumarato e citrato,
dependente de ATP ou PPi no interior do vacuolo aciimulo noturno de malato e

citrato em seis espécies de bromélias CAM conistitsie uma ¢

Capitulo 2:

Determinar o acumulo noturno de &cidos organiotaato, fumarato e citrato e o
transporte de He anions, malato, citrato e fumarato, no interiorvectiolo dependente
de ATP ou PPi em duas espécies Kidanchoé Kalanchoé tubiflorae Kalanchoé
laxiflora, mantidas sob diferentes fontes de nitrogéniogéoico (NH* e/ou NQ) e

diferentes concentracdes dessas fontes (2.5 cul)0

Capitulo 3:

Investigar a influéncia da presenca e/ou auséreifmites inorganicas de nitrogénio
(NH;" e/lou NQ) associada ou ndo a deficiéncia hidrica (PEG 680®), sobre a
expressdo do CAM, transporte de protons e anionatagor do vacuolo, expressao do
gene ALMT9 que codifica o transportador de malapeshdente de aluminio 9, atividade
das principais enzimas antioxidantes (catalasepriato peroxidase, superoxido

dismutase e glutationa redutase) e quantificacdécdeares soluveis, glicose, frutose e



sacarose, na porcdo apical das folhas pertenceaies-12 nés de Guzmania

monostachia

Capitulo 4:

Verificar a expressao de alguns genes que codifeguaporinas (PIPs, TIPs, NIPs e
SIPs) nas porgdes basal, mediana e apical de fglhesncentes ao 8-1hods de
Guzmania monostachimantidas sob diferentes fontes de nitrogénio {Néu NG

associadas ou ndo a deficiéncia hidrica (PEG 6008).3

2. Estratégias de estudo

1) Avaliar o transporte de prétons dependente dB Al PPi e o acumulo noturno de
malato e citrato em folhas de bromélias classiicadomo CAM constitutivas, CAM
facultativas ou ge em folhas de duas espécies CAM constitutivaéatenchoé

2) Analisar o grau de expressdo do CAM por mei@mgaio da atividade das enzimas
PEPC e MDH e da dosagem da variacdo de acidez ($mimturno de acido malico e
citrico) na porcdo apical de folhas @ monostachiaapds o tratamento de deficiéncias
nutricionais (NH* e/ou NQ) associadas ou n&o a deficiéncia hidrica pordiase

3) Determinar a atividade das enzimas antioxidamtescumulo de agucares sollveis na
porcdo apical de folhas dg8uzmania monostachiaubmetidas a deficiéncia de diferentes
fontes de nitrogénio inorganico (IWHe/ou NQ) associada ou nédo a deficiéncia hidrica por
sete dias.

4) Analisar os niveis de transcritos do ALMT9 nargdio apical das folhas de.
monostachiaapds o tratamento de deficiéncias nutricionais {/N#ou NQ") associadas ou

ndo a deficiéncia hidrica por sete dias.



5) Analisar os niveis de transcritos de AQPs (FIP, NIP e SIP) nas diferentes por¢des
foliares (basal e apical) d&. monostachiaap0s o tratamento com diferentes fontes de

nitrogénio (NH" ou NQy) associadas ou ndo a deficiéncia hidrica pordiate

Referéncias bibliograficas

BEAUDETTE PC, CHLUP M, YEE J, EMERY RJN (2007) Re&bnships of root
conductivity and aquaporin gene expressiorPisum sativumdiurnal patterns and the
response to HgCI2 and ABAournal of Experimental Botar8:1291-1300.

BORLAND AM, ZAMBRANO VAB, CEUSTERS J, SHORROCK K @1) The
photosynthetic plasticity of Crassulacean acid bm@tam: an evolutionary innovation for
sustainable productivity in a changing world. Newiologist191(3): 619-633.

CAMBUI CA (2009) Absorcido e assimilacdo de uréigaperomélia epifita com tanque
Vriesea gigantea

CEUSTERS J, BORLAND AM, GODTS C, LONDERS E, CROONEDRGHS S, VAN
GOETHEM D, PROFT MP (2011) Crassulacean acid md&bounder severe light
limitation: a matter of plasticity in the shaddv3dournal of Experimental Botar§2(1):
283-291.

CHEFFINGS AM, PANTOJA O, ASHCROFT FM, SMITH JAC @B Malate transport
and vacuolar ion channels in CAM plantirdal of Experimental Botard8: 623-

631.

CUSHMAN JC, BORLAND AM, (2002) Induction of crasswlean acid metabolism by

water limitation.Plant, Cell & Environmen25; 295-310.

DANIELSON JAH, JOHANSON U (2008) Unexpected comyitgrof the aquaporin gene
family in the mos$hyscomitrella paten8MC Plant Biology8:45.

10



FRANCO AC, BALL E, LUTTGE U (1992) Differential edtcts of drought and light levels
on accumulation of citric and malic acids during MANn Clusia Plant, Cell &
Environmentl5: 821-829.

FRESCHI L, RODRIGUES MA, TINE MAS, MERCIER H (2010&orrelation between
citric acid and nitrate metabolisms during CAM &dh the atmospheric bromeliad
Tillandsia pohlianaJournal of Plant Physiolog¥67: 1577-1583.

FRESCHI L, TAKAHASHI CA, CAMBUI CA, SEMPREBOM TRCRUZ AB, MIOTO
PT, VERSIEUX LM, CALVENTE A, LATANSIO-AIDAR SR, AIDAR MPM,
MERCIER H (2010b) Specific leaf areas of the tam&neliad Guzmania monostachia
perform distinct functions in response to waterr&ge. Journal of Plant Physiology
167:526-533.

HASLAM R, BORLAND A, MAXWELL K, GRIFFITHS H (2003)Physiological responses
of the CAM epiphyteTillandsia usneoided. (Bromeliaceae) to variations in light and

water supplyJournal of Plant Physiolog¥60. 627—634.

HACHEZ C, MOSHELION M, ZELAZNY E, CAVEZ D, CHAUMON F (2006)
Localization and quantification of plasma membratgiaporin expression in maize
primary root: a clue to understanding their rolecatiular plumbers. Plant Molecular
Biology 62 305-323.

HEINEN RB, YE Q, CHAUMONT F (2009) Role of aguapwsiin leaf physiologyJournal
of Experimental Botan§0:2971-2985.

JOHANSON U, KARLSSON M, JOHANSSON |, GUSTAVSSON SJOVALL S,
FRAYSSE L, WEIG AR, KJELLBOM P (2001) The completet of genes encoding
major intrinsic proteins irrabidopsisprovides a framework for a new nomenclature for

major intrinsic proteins in plant®lant Physiologyl26:1358-1369.

KERBAUY GB, TAKAHASHI CA, LOPEZ AM MATSUMURA, AT, HAMASHI L,
FELIX LM, PEREIRA PN, FRESCHI L, MERCIER H (2012) r&sulacean acid

11



metabolism in epiphytic orchids: current knowledfygure perspectives. In: Mohammad
Najafpour (org.). RijekaPhotosynthesig(4): 81-104.

LARCHER W (2006) Ecofisiologia Vegetdtd. Rima.

LOPEZ F, BOUSSER A, SISSOEFF I, GASPAR M, LACHAISEHOARAU J, MAHE A
(2003) Diurnal regulation of water transport anduagaprin gene expression in maize
roots: contribution of PIP2 proteinBlant and Cell Physiolog4:1384-1395.

LUTTGE U (1988) Day-night changes of citric acidéés in Crassulacean acid metabolism:
phenomenon and ecophysiological significailant, Cell & Environmeni1: 445- 451.

LUTTGE U, PFEIFER T, FISCHER-SCHLIEBS E, RATAJCZAR (2000) The role of
vacuolar malate-transport capacity in crassula@esish metabolism and nitrate nutrition.
Higher malate-transport capacity in the Ice plaftéracrassulacean acid metabolism-
Induction and in Tobacco under nitrate nutritiBtant Physiologyl24 1335-1347.

LUTTGE U (2006) Photosynthetic flexibility and edpsiological plasticity: questions and
lessons fronClusia the only CAM tree, in the neotropiddew Phytologisi71 7-25.

LUTTGE U (2011) Photorespiration in Phase Il ofa€sulacean Acid Metabolism:
Evolutionary and Ecophysiological Implicatio&ogress in Botany2: 371-384.

MARIN B (ed.) (1987) Plant vacuoles: their importann solute compartmentation in cells

and their  applications in plant biotechnoloBienum PressNew York.

MAUREL C (2007) Plant aquaporins: novel functiordargulation propertie$:EBS Letters
581 2227-2236.

MAXWELL C, GRIFFITHS H, YOUNG AJ (1994) Photosyntie acclimation to light
regime and water stress by the C,-CAM epiphytezmania monostachigas-exchange
characteristics, photochemical efficiency and taetiRophyll cycleFunctional Ecologys:
746-754.

12



McRAE SR, Christopher JT, Smith JAC, Holtum JAM @20 Sucrose transport across the
vacuolar membrane @énanas comosugunctional Plant Biology9, 717-724.

MOSHELION M, BECKER D, BIELA A, UEHLEIN N, HEDRICHR, OTTO B, LEVI H,
MORAN N, KALDENHOFF R (2002) Plasma membrane aquagsoin the motor cells of

Samanea samadiurnal and circadian regulatioflant Cell14(3): 727-739.

NIEVOLA CC, KRAUS JE,FRESCHIL, SOUZA BM, MERCIER H (2005) Temperature
determines the occurrence of CAM of ghotosynthesis in pineapple plantlets grawn
vitro. In Vitro Cellular & Developmental Biology- Pladtl: 832-387.

OTA K (1988) CAM photosynthesis under drought cdiods in Kalanchoe blossfeldiana
grown with nitrate or ammonium as the sole nitrogearce.Plant and Cell Physiology
29(5): 801-806.

PEREIRA PN, PURGATTO E, MERCIER H (2013) Spatial vision of
phosphoenolpyruvate carboxylase and nitrate redectectivity and its regulation by
cytokinins in CAM-induced leaves @uzmania monostachi@romeliaceae)Journal of
Plant Physiology170 1067-1074.

REA PA, SANDERS D (1987) Tonoplast energizationoti® pumps, one membrane.
Physiologia Plantarun71l: 131-141.

RODRIGUES MA, FRESCHI L, PEREIRA PN, MERCIER H (Z)linteractions between

nutrients and crassulacean acid metabolBragress in Botany5: 167-186.

SCHMITT AK, LEE HSJ, LUTTGE U (1998) Response of tfk-CAM tree Clusia roseao
light and water stres3ournal of Experimental Botar88: 1581-1590.

SILVERA K, LASSO E (2016) Ecophysiology and Crass@an Acid Metabolism of
Tropical EpiphytesTree Phisiology: 25-43.

SLESLAK |, KARPINSKA B, SUROWKA E, MISZALSKI Z, KARPINSKI S (2003)

Redox changes in the chloroplast and hydrogen p@re essential for regulation of-C

13



CAM transition and photooxidative stress responseshe facultative CAM plant

Mesembryanthemum crystallindmPlant and Cell Physiologg4: 573-581.

VERA-ESTRELLA R, BARKLA BJ, AMEZCUA-ROMERO JC, PANDJA O (2012)
Day/night regulation of aquaporins during the CANIcle in Mesembryanthemum
crystallinum Plant, Cell & Environmen85: 485-501.

WHITE PJ, SMITH JAC (1989) Proton and anion transpé the tonoplast in crassulacean-
acid-metabolism plants: specificity of the malatftix system in Kalanchoé
daigremontianaPlantal79 265-174.

WINTER K, SMITH JAC (1996) Crassulacean acid metsbo current status and
perspectives. In Winter K, Smith JAC, ads. Crassda acid metabolism: biochemistry,
ecophysiology and evolution. BerliBpringer Verlag 389-426.

WINTER K, HOLTUM JA (2011) Induction and reversdl@massulacean acid metabolism in

Calandrinia polyandra effects of soil moisture and nutrient&unctional Plant Biology
38: 576-582.

14



CHAPTER 1

Proton transport across the tonoplast vesicles inxsbromeliad species

Abstract

Crassulacean acid metabolism (CAM) is one of thg kanovations in the family
Bromeliaceae. Numerous studies have been perfotbedheck the induction of this
photosynthesis based on nocturnal organic acidsvadation into the vacuole. However, the
interrelationship among CAM, proton and organiadadransport in tonoplast vesicles has
not been studied in any member from this familye fresent study has verified the ATP-
and PPi-dependent proton transport rates in theepoe of three anions, fumarate, malate
and citrate in six CAM and onesMromeliad species used for comparison. The greater
activity of the ATP-driven H pump at the tonoplast compared with the PPi-dridé&mpump

is a consistent feature of vacuoles in the diffespecies of bromeliads tested. The average
of ATP- and PPi-dependent proton transport inpitesence of fumarate across the six CAM
species was 2040 and 414% rhimg proteift, respectively. For all six CAM species
studied, the ATP-dependent proton transport presettite following order of effectiveness:
fumarate > malate > citrate. The average ratio amturnal malate accumulation to citrate
levels was 5 times higher, which correlates witk tjuinacrine fluorescence-quenching
which showed that for all CAM bromeliad speciesttti®e permeability of the tonoplast
membrane for malate appears to be much higherithg@ermeability for citrate. Finally, the
results showed the highest degree of CAM photoggihin B. pyramidalis while T.
usnheoidegpresented the lowest compared with the other CAdfnieliad species used in this
study.

Keywords: bromeliad, crassulacean acid metabolism, orgauitls, proton transport,

tonoplast.
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Abbreviations: ATP, adenosine'Sriphosphate; CAM, crassulacean acid metabolisiV, D

dry weight; PEPC, phospboobyruvate carboxylase; PPi, inorganic pyrophosphate.

16



Introduction

The family Bromeliaceae represents a highly digegroup of vascular plants
containing over 3000 species. Members of this farakhibit some innovations associated
with their wide variety of habitats (Benzing 198M00; Smithet al. 1986; Smith 1989;
Craynet al. 2015). One key innovation is the epidermal tricksrmwhich are responsible for
absorbing water and nutrients through the leafaserin epiphytic species (Mez 1904; Smith
and Till 1998). Another is the presence of a ‘taskiucture (phytotelm) formed by the
overlapping basal portions of the rosulate leavidss structure is important because it
collects the detritus and water that is ultimatgdhgorbed by the epidermal trichomes, which
are present at higher density towards the basapamd with apical portion of the leaves,
and which in the more extreme ‘atmospheric’ epifhfdgrms in this family cover almost the
entire shoot surface. The epidermal trichome amdtéimk may have been two of the key
adaptations that aided the evolution of the epiphlffie-forms in Bromeliaceae (Benzing
1980, 2000; Smith 1989; Givnist al. 1997). CAM photosynthesis is another physiological
innovation found in this family (Coutinho 1963; Med 1974; Crayret al. 2004). This
photosynthetic metabolism is characterized by moeluCQ, assimilation via the enzyme
phosphenopyruvate carboxylase (PEPC), which represents a erveainserving
photosynthetic pathway since it allows stomataeimain closed for much of the daytime
(Kluge and Ting 1978; Winter and Smith 1996a; S#vand Lasso 2016). In a recent survey
of the Bromeliaceae encompassing nearly two-tlofdke family, Crayret al. (2015) found
that 43% of the total species sampled showed cadmtope ratios indicative of obligate
CAM photosynthesis, and discussed the distribubbr€CAM among the eight constituent
subfamilies. From 792 sampled species in subfafillgndsioideae, only 28% showed’C
values indicative of obligate CAM, all in the genlidlandsia with the remaining genera,

including Vriesea Werauhia Catopsis Alcantarea and Racinaea showing G
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photosynthesis. In contrast, in subfamily Bromeléze, the majority of genera (including
90% of the 499 sampled species) exhibited the CAdthway, with only a few genera,
namely Fernseea Fascicularia Greigia, Lapanthus and Ochagavia showing G
photosynthesis (Crayet al. 2015).

Over the years, numerous physiological and biodtedrstudies have been conducted
on the terrestrial CAM bromelialnanas comosushe pineapple, which is one of the best-
known species in the family, because of its ecoeamportance (Nealest al. 1968; Martin
1994; Minget al. 2015). ATP-dependent transport of soluble sugat®moplast vesicles in
Ananas comosus well understood, however little has been stiddout organic acids
ATP- or PPi-dependent transport across the vacuokmbrane in this species or other
members from the family Bromeliaceae (McRaal. 2002). White and Smith (1989) found
in Kalanchoé daigremontiana constitutive CAM plant, that the highest ratésATP- or
PPi-dependent Htransport across the vacuolar membrane could bereéd in the presence
of malate and certain other four-carbon dicarbaeylnions. This was subsequently shown
to be attributable to a distinctive inward-rectifgianion channel (Hafket al. 2003), which
seems to be an inherent feature of the vacuolarbreamas of CAM plants. Littget al.
(2000) studied the inducible CAM plalMesembryanthemum crystallinuamd showed that
rates of ATP-dependent’Hransport at the vacuolar membrane were 3 timgisehithan in
plants in the CAM mode compared with the i8ode. In another study dvi. crystallinum
CAM induction by salt stress appeared to be astatiaith increased permeability of the
tonoplast membrane to malate (Struve and LUttg&)198

Although studies have been done on proton trabhspudt the permeability of
vacuolar membranes by malate and fumarate in CANktttotive plants, no studies have
been conducted to check this transport within difié CAM species from the same family or

even from the same subfamily. In addition, no staciave been performed to evaluate the
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difference in the vacuolar transport between CAlh kept in the same growth conditions.
Based on this scenario, this study aims to evalinateATP-driven H pump at the tonoplast
compared with the PPi-driven"Hbump, and measure the organic acids, malate aradeci
accumulated during the night in six bromeliad segcall of which perform CAM, from the
subfamilies Bromelioideae or Tillandsioideae (Fly. All results were obtained through a
combination of biochemical approaches. This studyp @xamines the possible correlation
between malate and citrate’s nocturnal accumulatlogir transport across the tonoplast and
the degree of CAM expression among bromeliad speképt in the same environmental
conditions. Finally, this study evaluates each lefex species’ preference for either ATPase
or PPiase to the proton transport into their repecvesicles, as well as the order of

effectiveness of fumarate, malate and citratelisfgcies.

Material and Methods
Plant material and growth conditions

Adult plants of Aechmea nudicauli$L.) Griseb.,Ananas comosué..) Merr. var.
ananassoidesBillbergia pyramidalis (Sims) Lindl., Nidularium billbergioides(Schult. &
Schult.f.) L.B.Sm. Tillandsia pohlianaMez, Tillandsia usneoide§l..) L. andVriesea sucrei
L.B.Sm & Read (used for comparison as a speciespiidorms G photosynthesis) were
collected in nature, and were then transferred ¢ordrolled environment growth chamber,
under a photosynthetic flux density (PFD) of ab2@® pmol nf s of photosynthetic active
radiation to the top leaf surfaces of the brome$ipdcies, a 12 h photoperiod, a day/night air
temperature of 25/20 °C, and a day/night relatumnidity of 60/70%. After all plants were
collected from the Institute of Botany of Sdo Pauloey were then cultivated in pots
containing fine sand, with one plant per pot. O¥@rdays of acclimation, all plants were

watered with distilled water on a daily basis. Aftieis period, about 8 to 12 fully developed
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leaves, or stem internodes in the caseTifandsia usneoideswere collected for the

biochemical assays.

Fig. 1 The seven bromeliad species used in theremeets. (A) Aechmea nudicauligB)
Ananas comosugC) Billbergia pyramidalis (D) Nidularium billbergioides (E) Tillandsia

pohliana (F) Tillandsia usneoidegG) Vrieseasucrei

Tonoplast Isolation

Tissue was harvested from plants in the contral@dronment chambers 1.0 to 1.5 h
after commencement of the light period. Tonoplasttfons from the mesophyll tissue were
isolated according to the method of White & Smitl9§9) and McRaet al. (2002) with
minor modifications. The leaf tips and margins weemoved using a razor blade and

sections of leaf lamina or stem totaling approxgha80 g fresh mass were suspended in 250

20



mL of ice-cold extraction buffer containing the lt@ling: 450 mM mannitol, 3.0 mM
MgSQy, 2.0 mM ethylenediaminetetraacetic acid disodivatt $EDTA), 10 mM DL-
dithiothreitol (DTT), 1.0% (w/v) polyvinylpyrrolidoe (PVP-40), 0.5% (w/v) bovine serum
albumin, 100 mM tris(hydroxymethyl)aminomethanei#fira” base, adjusted to pH 8.0 with
HCl), 1mM phenylmethysulphonyl fluoride, 1.1 M gfml, 0.5 mM 3,5-diert-4-
butylhydroxytoluene, 25.19 mM potassium disulfiteldl.0 mM benzamidine hydrochloride.
After precooling, the tissue was homogenized iro@mercial blender and the homogenate
filtered through two layers of cheesecloth and tbemtrifuged at 18000 g for 20 min. The
resulting supernatant was centrifuged at 80008 for 60 min. The resulting pellet was
layered over a 25% (w/v) sucrose cushion contaihidgV glycerol, 1.0 mM EDTA, 10 mM
Tricine (N-[tris(hydroxymethyl)methyl]glycine), adjusted toHp 8.0 with BTP (1,3-
bis[tris(hydroxymethyl)methylamino]propane), and0 2mM DTT. The gradients were
centrifuged at 100 000 ¢ for 70 min, after which tonoplast vesicles wemnmoged from the
interface using a Pasteur pipette. Vesicles wesn thelleted at 100 000 g<for 50 min and
finally resuspended in the same buffer as the figdtet. All steps were performed &tC4

Preparations were stored at 28Quntil required.

Measurement of vesicle acidification

Rates of intravesicular acidification on energiaatof the tonoplast HATPase or
H*-PPiase were determined according to the methodribed by White & Smith (1989)
with minor modification. Initial rates of Hransport at 25°C were determined from the initial
rates of fluorescence quenching upon the additiédhG@mM Tris-ATP or 500 mM N#Pi to
the reaction medium. For assays of ATP-dependentir&hsport, the reaction medium
contained approx. 2-9 g protein, 3.0 uM quinacriechloro-9-{[4-(diethylamino)-1-

methylbutyl]Jamino}-2-methoxyacridine dihydrochlogl] 6.0 mM MgS@, 0.3 mM EDTA,
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150 mM mannitol and 25 mM BTP buffered to pH 8.0 thwiMes (2-\-
morpholino)ethansulphonic acid). For measuremeiit®Ri-dependent Htransport, the
reaction medium was identical except that the Mg&shcentration was increased to 7.5 mM
and the medium also contained 100 mM K-Mes, permaaions to be tested were present at
50 mM (supplied as fumaric acid, malic acid, oricitacid, and buffered to pH 8.0 with
BTP). Inhibitors tested were 50 mM potassium néti@hibitor of vacuolar HATPase), 100
UM sodium orthovanadate (inhibitor of plasma membr&f-ATPase), 100 uM sodium
azide (inhibitor of mitochondrial ATP synthase)dé&h0 mM ammonium sulphate (uncoupler
of transmembrane pH gradients). Fluorescence quanetas measured using a model LS-
55 luminescence spectrometer (Llantrisant, UK) vaicitation at 422 nm and emission at

495 nm, both with a slit width of 5 nm.

Protein Determination
Protein concentration was measured according wdfBrd (1976), using bovine

serum albumin as the standard.

Organic Acid Quantification

Malate and citrate in tissue extracts were detaeechiby HPLC in a chromatographic
system (Hewlett-Packard®, series 110, Waldbronmm@ay) equipped with a Supelcogel C-
610H (30 cm x 7.8 mm) column (at 30°C) and a diaday detector (210 nm, for acid
analysis) according to the method described by Amet al. (2003) and Pereirat al.

(2013).

Statistical Analysis

22



All data are presented as mean values * standawhtobn (SD). Significant
differences among the distinct bromeliad speciesreatments were determined using the
Tukey—Kramer test aB < 0.05. Differences between treatments with twhbiors in the

same species were evaluated by using Studetets atP < 0.05.

Results

Proton transport rates in the presence of inhibibbvacuolar or non-vacuolar membranes
Initially, the proton transport rates were checkadtheir % quinacrine fluorescence-
quenching (F) mih mg proteift in the presence of a specific inhibitor of nonwalar
membranes (non V-ATPases) (Naplus NaVO,) or in the presence of a specific inhibitor
of vacuolar membranes (V-ATPases) (KNOnN order to determine the relative contribution
of both types of membranes to the ATP-dependértrahsport rates in the seven bromeliad
species. As we can see in table 1, all of the spesfiowed a significantly higher inhibition in
the presence of KNQrather than in the presence of Naplus NavO, A. comosusT.
usneoidesand V.sucrei showed about 3 times higher inhibition by KNGhan by
NaNs+NaVO,.  A. nudicaulis N. billbergioidesand T. pohlianadisplayed a decrease in
proton transport rates by KN@bout twice that of NajdNaVO,4, and inB. pyramidalisthis

inhibition was 10 times higher (Table 1).

Table 1 ATP-dependent proton transport in the presendararate and a specific inhibitor
of vacuolar membranes (KNDor non-vacuolar membranes (NapNlus NavO,) or no-
inhibitors (control), measured as initial ratesquiinacrine fluorescence-quenching, in the
tonoplast vesicles ofAechmea nudicaulis Ananas comosuysBillbergia pyramidalis
Nidularium billbergioides Tillandsia pohliana Tillandsia usneoidesnd Vriesea sucrei

Results are expressed as the mean (£SD) for tmepau@tions. The rates of proton transport
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were measured in % *Hmin' mg proteit and % of inhibition. Different capital letters
indicate an average that is significantly differamiong the treatments in the same species
(Tukey—Kramer testP < 0.05). Asterisks indicate significant differeadeetween inhibitors

in the same species by Student's t-test at 5%fisignce.

Specific activity (% min~* mg protein™)
(inhibition relative to control)

Species Control + KNQ NaN; + Na;VO3
Aechmea nudicaulis 1074+ 2 A 604 +8C 829+9B
(44 %) * (23 %)
Ananas comosus 627 +t6 A 140+ 7C 463 +9B
(78 %) * (26 %)
Billbergia pyramidalis 1200+1 A 675+4C 1146 + 3B
(44%) * (5%)
Nidularium billbergioides 546 £5 A 291 +7C 431+9B
(47%) * (21%)
Tillandsia pohliana 1045+9 A 612+3C 788+ 3B
(42%) * (25%)
Tillandsia usneoides 432 £ 1 A 114+£3C 310+3B
(74%) * (28%)
Vriesea sucrei 927+6 A 116 +16 C 681 +8B
(88%) * (27%)

ATP-dependent proton transport rates

After checking for the presence of mostly V-ATPasethe extracted vesicles, more
experiments were conducted in order to verify tbgrde to which these bromeliad species
exhibited ATP- and PPi-dependent proton transmoot the vacuole.

For all of the species, the highest %F in thegmes of three anions
(fumaraté, malaté and citrat€) and ATP or PPi was calculated based on the pratwh
anion transport rates (Supplementary Figures 1 apd The recovery of quinacrine
fluorescence-quenching to the level observed befioee addition of ATP occurred after
adding 2mM NH' ions (after 400-800 s, depending on the speais)the cuvette, proving
the integrity of the tonoplast vesicles extractedhis study, this successfully restored the pH

to the same level it was at before the additioADP (Supplementary Figure 1).
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In all of the experiments, fumarate supportedhiggest rates of vesicle acidification
in the CAM bromeliads (Table 2B. pyramidalispresented the highest %' Kransported
while in the presence of fumarate (about 3000% nmity proteirt’, subtracting the control),
followed by A. comosy®A. nudicauligN. billbergioides T. pohlianaandT. usneoide¢Table
2). ForB. pyramidalis the ATP-dependent proton transport rates in teegnce of fumarate
were about 13 times higher than thaffolusneoideg¢Table 2). In the presence of malate, the
highest proton transport rates were observel. ipyramidalis while the lowest rates, about
10 times lower thaB. pyramidalis were seen if. usneoidegTable 2). Thereby, the order
of effectiveness (not considering the control) fasarate > malate > citrate in the six CAM
species (Table 2).

Table 2 ATP-dependent proton transport, measured as linitebes of quinacrine
fluorescence-quenching in the control (no aniomgsence of fumarate, malate and citrate
(present as their BTP-salts at 50 mM) in the toasfplhesicles extracted from leaves of
Aechmea nudicaulisAnanas comosu3illbergia pyramidalis Nidularium billbergioides
Tillandsia pohliana Tillandsia usneoideand Vriesea sucreiResults are expressed as the
mean (+SD) and are relative to rates of protonspart measured in % Hnin™ mg proteit.
Different capital letters indicate averages that significantly different among species that
use the same anion (Tukey—Kramer tést< 0.05). Different lower case letters indicate
averages that are significantly different amongoasiin the same species (Tukey—Kramer

test;P < 0.05).

25



Specific activity (% min~* mg protein™)

Species Fumarate Malate Citrate Control
Aechmea nudicaulis 2235+19Ca 512+ 19Bb 116 +10Bc 465 +15BDb
Ananas comosus 2573 +33Ba 503+3Bb 37+1Cd 112+1Ec
Billbergia pyramidalis 3542+1Aa 632+33Ab 208 £17 Ad S77+4Ac
Nidularium billbergioides 1983 +9D a 339+8Db 44+8Cd 266 £9Dc
Tillandsia pohliana 1635+ 22 E a 444+6Ch 114+12Bd 336 +27Cc
Tillandsia usneoides 271+10Fa 65+3EDb 33x2Cc 54 +9 FDbc
Vriesea sucrei 89+4Ga 25+3Fc 46+4Chb 27+2Fc

PPi-dependent proton transport rates

Different from ATP-dependent proton transport whethibited the same pattern of
effectiveness for all of the CAM bromeliad speci@Ri-dependent Htransport did not
present any noticeable pattern. Borpyramidalis the highest rates of PPi-dependent vesicle
acidification was observed in the presence of fanear(Table 3).A. nudicaulis and N.
billbergioidespresented the highest rates of proton transpoitewin the presence of either
malate or fumarate (Table 3). usneoideshowed a higher rate of vacuole acidification in
the presence of citrate, when compared with therotivo anions (Table 3). Thereby, the
order of effectiveness was fumarate = malate atetforA. nudicaulisandN. billbergioides
fumarate > malate>citrate fér. comosusndB. pyramidalis fumarate > citrate > malate for
T. pohlianaand citrate > fumarate = malate fbr usneoidesDespite the fact that fumarate
supported the highest rates of vesicle acidificatio most of the CAM bromeliad species
studied, these rates were higher in ATP-dependathier than in PPi-dependent proton

transport (Tables 2 and 3).

Table 3 PPi-dependent proton transport, measured aslirates of quinacrine fluorescence-

guenching in the control (no anion), presence ofdtate, malate and citrate (present as their
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BTP-salts at 50 mM) in the tonoplast vesicles etéd from leaves oAechmea nudicaulis
Ananas comosuysBillbergia pyramidalis Nidularium billbergioides Tillandsia pohliana
Tillandsia usneoideand Vriesea sucrei Results are expressed as the mean (xSD) and are
relative to rates of proton transport measured i%nin® mg proteiri. Different capital
letters indicate averages that are significantlietent among species that use the same anion
(Tukey—Kramer testP < 0.05). Different lower case letters indicate rages that are

significantly different among anions in the samecsps (Tukey—Kramer ted?;< 0.05).

Specific activity (% min~" mg protein™)

Species Fumarate Malate Citrate Control
Aechmea nudicaulis 627 +4Ba 668 £+ 38 B a 9 +6AC 194+20Bb
Ananas comosus 266 t05Da 197+x1Db 37+2Cd 49+1Cc
Billbergia pyramidalis 848+ 19 Aa 729+10ADb 3+£0.2Dd 327 18 Ac
Nidularium billbergioides 383 +£8 C a 407 +8Ca 1+02Dc 194+8Bb
Tillandsia pohliana 345+14Ca 48 + 5 EF bc 73+£4Bb 39+3Cc
Tillandsia usneoides 13+1Ec 13+2Fc 31+3Ch 49+2Ca
Vriesea sucrei 25+3ED 77xt6Ea 26x1Ch 21+3Ch

Nocturnal malate and citrate accumulation

Levels of malate and citrate, accumulated durirg night, were measured in the
leaves (and also internodesTofisneoidesof these seven bromeliad species (Fig. 2).  All
of the species used in this study showed a higbeuraulation of malate compared with
citrate, and higher levels of ATP-dependent prdtansport in the presence of malate rather
than the citrate anion (Fig. 2 and Table 2).

As shown in Fig. 2A, malate was the main orgarc™ aaccumulated during the
nocturnal period for all CAM bromeliads specid®. pyramidalis showed the highest

nocturnal malate content followed By nudicaulis A. comosusandN. billbergioides(Fig
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2A). A. comosusand N. billbergioides followed byB. pyramidaliswere the species that
showed the highest citrate accumulation duringdéak period (Fig. 2B). As expected,
sucrej a G species, did not accumulate any citrate and alsanabunt of diurnal malate
storage was observed (Fig. 2).

A 2.5 1

1.5 1

AMalate
(mM g1 DW)

0.5 1
E
F
[
Aechmea Ananas Billbergia  Nidularium  Tillandsia  Tillandsia Vriesea
nudicaulis  comosus  pyramidalis billbergioides pohliana  usneoides sucrei

-0.5 -

Bromeliad species

AB

ACitrate
(mM g-1 DW)

E

Aechmea Ananas Billbergia  Nidularium  Tillandsia  Tillandsia Vriesea
nudicaulis  comosus  pyramidalis billbergioides pohliana  usneoides sucrei

Bromeliad species

Fig.2 Nocturnal malate (A) and citrate (B) accumulationthe leaves of seven bromeliad
species. Data are expressed as the mean (xSDB{reach biological replicate is a pool of
three individual plants)Amalate andAcitrate values were obtained from the dawn minus
dusk values. Different letters indicate averageat thre significantly different among

bromeliad species (Tukey—Kramer té3k 0.05).

28



Discussion

Numerous works in scientific literature have preasd methods that can be used to
evaluate CAM expression in bromeliad plants. Rdge@rayn et al. (2015) revealed the
photosynthetic pathways in 1893 bromeliad specigisgucarbon isotope ratios. PEPC
activity, combined with other methods, was alsoduse verify CAM induction in the
bromeliadGuzmania monostachi@reschiet al. 2010; Pereirat al. 2013). Although there
have been many studies about ATP- and PPi-depemqdetan (H) transport in tonoplast
vesicle of CAM species, only a few have shown thabable relationship between CAM
photosynthesis andHransport rates (White and Smith 1989; Bagdial. 1995; Mc Raeet
al. 2002). Moreover, only one study has verified pnoand sucrose transport rates across the
tonoplast vesicles in a bromeliad species (McBaal. 2002). For the first time, in this
study, we compared ATP- and PPi-dependehtriinsport in tonoplast vesicles, as well as
the order of effectiveness of fumarate, malate aiihte in six CAM bromeliads A
nudicaulis A. comosusB. pyramidalis N. billbergioides T. pohliana T. usneoidégsand one
Cs (Vriesea sucrgithat was employed as a control, from two subf@silBromelioideae and
Tillandsioideae, tested in controlled environmentaiditions.

The proton transport rates checked in the presefnee specific inhibitor of non-
vacuolar membranes (non V-ATPases) (MaNis NaVO,) or in the presence of a specific
inhibitor of vacuolar membranes (V-ATPases) (K\Ghowed that a higher inhibition in the
presence of KN@ather than in the presence of NaN NaVO, for all of the seven
bromeliad species used in this study. This is ewidethat the bromeliad vesicles, extracted
from the bromeliads used in this study, are mdsdyn the tonoplast. Mc Raet al. (2000)
observed in the speciédsmanas comosusbout a 96% inhibition of V-ATPase activity in the
presence of KNg) while in the presence of Nglus NaVO, this percentage was only 7%.

The difference between the results presented byrE&et al. (2000) and our results for this
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bromeliad species, might be due to either the adgists in the extraction buffer and/or the
modified method used to obtain the membranes. Bedpese results, both studies have
proved that most of the vesicles extracted areeddem the tonoplast.

Similar to the rates observed #¢alanchoé daigremontian@Vhite and Smith 1989),
the rates of ATP-dependent proton transport inpttesence of the three anions may indicate
a greater permeability of the tonoplast by fumanatther than by malate and citrate for all of
the CAM bromeliad species. On the other hand, wiffe from K. daigremontiana which
seems to present similar ATP- and PPi-dependémtarsport in tonoplast vesicles, all of the
bromeliad species that we used in this study shamMadher tonoplast ATPase activity when
compared with PPiase activity. In this way, thetpnotransport in the six CAM species
seems to exhibit a preference for ATPase insted@Pafise. A possible explanation for this
ATPase preference rather than PPiase, might beecteth with the high activity of
pyrophosphate dependent 6-phosphofructokinase RPR)- in bromeliads. The
phosphofructokinase (PFK) enzyme is responsibledtalyzing the conversion of fructose-
6-phosphate to fructose 1,6- biphosphate (Pollack\illiams 1986). In plants two types of
PFK have been described, ATP- and PPi-dependembdCand Black 1983; Mertens 1991;
Alves et al. 2001). Carnal and Black (1983) reported that asppoms with PPi-PFK
activities 4 to 70 times higher than ATP-PFK temd lte succulent and exhibit CAM
photosynthesis. These same authors showed. ioomosughat PPi-PFK activity, but not
ATP-PFK activity, would be sufficient to supportethrate of glycolytic carbohydrate
processing required for acid accumulation (Carmad 8lack 1989). Therefore, PPi-PFK
might be competing for PPi with PPiase in all SkMCbromeliad species and it may be why
the tonoplast ATPase has been selected as therprifhiggump in bromeliads.

Previous studies conducted wikalanchoé daigremontianaid not consider the

ATP- or PPi-dependent *Hransport in the absence of anions (control) (White Smith
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1989; Whiteet al. 1990; Bettey and Smith 1993; Luttgeal. 2000; Littge 2000). In addition
the protons’ transport rates were not checked witlaomions inAnanas comosu@/c. Raeet
al. 2002) andMesembryanthemum crystallinufBarklaet al. 1995). In contrast, this study
tested this transport in the absence of fumarasgaten and citrate anions; the observations
were that a significant ATP- and PPi-dependentgoraransport occurred in all of the
bromeliad species. Also, in the majority of the ces, the ATP- or PPi-dependent H
transport in the control (no anion) was higher tirathe presence of citrate (this anion was
also not tested in most of the studies previouskcdbed). To our knowledge, this is the first
time that this result has been observed. Furthpemxents were carried out in order to
verify the validity of these results. We made diéiat buffers to use in the pH measurements,
we tested different pH levels for the buffers, dod the different anions we prepared
solutions using different ATP concentrations; despghe changes, in all of the tests the
control still maintained a significant proton trppnst rate (data are not shown). Thereby,
proton transport in the absence of anions seerbs &n integral characteristic of the family
Bromeliaceae due to the fact that thetkansport without anion occurred in all of the cips
used in this study. On the other hand, becauseenfermed all of the assays considering the
presence or absence of the anions, it is possbdéstuss the real physiological significance
of our results once the background rates are stibttan all of the bromeliad species.
Besides the proton transport into the vacuole, ynatudies have shown the
accumulation of organic acids, mainly malate artcht®, during the dark period in CAM
plants and used it as a parameter to describedbeeel of CAM intensity (Maxwelkt al.
1994; Pereireet al. 2013). Based on the ATP- and PPi-dependent prioémsport and the
nocturnal malate and citrate accumulation, we we&tithe highest degree of CAM intensity
in B. pyramidalis while T. usneoideshowed the lowest level compared with the otheMCA

bromeliad species. On the other hand, as we expattsucrej the control used for all of the
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experiments, revealed a diurnal malate accumula®well as a low proton and anions
transport into the vacuole, a characteristic resparf G species. For all six CAM species,
Amalate values were considerably higher thaitrate values. The ratio averaged between
Amalate and\citrate was 5 times higher across the six CAM bi@adespecies. In addition,
these data reveal a correlation between the acatiomlof malate and citrate during the
night and the ATP- or PPi-dependent proton trarispaies in the presence of malate or
citrate anions. The quinacrine fluorescence-quergcbkperiments done for all CAM species
used in this study showed that the permeabilittheftonoplast membrane for malate appears
to be higher than its permeability for citrate. §hesult is consistent with a higher nocturnal
malate accumulation in the vacuole compared withrate accumulation.

In summary, this study has compared the ATP- d@iddBpendent proton transport in
tonoplast vesicles of onezGnd six CAM bromeliad species from two subfamilies,
Bromelioideae and Tillandsioidea&ll of the bromeliad species showed a preferencehe
tonoplast ATPase activity, which can be seen intigher H transport rates when the
species were in the presence of this proton pumpaced with the tonoplast PPiase activity.
All of the species from the subfamily Bromelioideaghibited a higher accumulaticof
organic acids during the night and also a highePAlEpendent proton transport rate
compared with the members of the subfamily Tillaoideae. In addition, this study
demonstrated the order of effectiveness of ATP- RRi-dependent Htransport, and the
relative permeability by fumarate, malate and tatran six CAM bromeliad species. In
regards to PPi-dependent proton transport no paitteorder of effectiveness was observed
for the CAM species. However, a pattern is preskefae all of the CAM bromeliad species
tested, for ATP-dependent Kransport: fumarate > malate > citrate. Finalhg aiverage rate
of nocturnal malate accumulation across the six Cétbmeliad species was 5 times higher

than the citrate accumulation. This organic actdsage into the vacuole during the night in
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all six CAM bromeliad species was found to be esdato the quinacrine fluorescence-
guenching experiments which showed that the periiitgabf the tonoplast membrane for

malate appears to be much higher than its pernigydioit citrate.
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Supplementary Figure 1 ATP-dependent proton transport monitored by thenghing of

quinacrine fluorescence in the control (no aniok), presence of fumarate (B), malate (C)

and citrate (D) in tonoplast vesicles extractednfrAechmea nudicaulijsAnanas comosus

Billbergia pyramidalis Nidularium billbergioides Tillandsia pohliana Tillandsia usneoides

and Vriesea sucreiProton transport is expressed relative to the oliserved after adding

ATP (3.0 mM) into the cuvette. In A, between 40@&&conds (depending on the species),

2.0 mM NH;" was added. Data are from one experiment, reprabsntof a total of three

preparations.

39



== A. nudicaulis

== A. nudicaulis
A == A, cOMOoSus B ===A. COMOSUS
=== B_ pyramidalis [ ===B. pyramidalis
100 | =N, hillbergioides 100 == ——N. billbergioides
e w:_*—: =T, pohliana e ===T. pohliana
9\_, ===T. usneoides 2 ===T. usneoides
i V. sucrei
27 V. sucrei %\ 75
@ c
S o]
2 € 50
£ 50 %
ISt 3}
e c
c
] 8
8 25 0
) g
5 o
3 S o
L 0 w 0 250 500 750 1000
0 200 400 600 800 Ti d
Time (seconds) imeg (seconds)
= A. nudicaulis D = A. nudicaulis
C == A COMOSUS ===A. COMOoSUus
=== B. pyramidalis ====B. pyramidalis
=== N. hillbergioides 100  pe——————— — s =N. billbergioides
@ ===T. pohliana > ===T. pohliana
< ===T. usneoides B ===T. usneoides
2 V. sucrei @ 75 V. sucrei
) €
c £
g 3
£ c
3] 7]
g ¢
<]
8 25 2 25
0 [
A
S
o0 0
0 250 500 750 1000 0 250 500 750 1000
Time (seconds) Time (seconds)

Supplementary Figure 2 PPi-dependent proton transport monitored by thengaing of

quinacrine fluorescence in the control (no aniok), presence of fumarate (B), malate (C)

and citrate (D) in tonoplast vesicles extractednfrAechmea nudicaulijsAnanas comosus

Billbergia pyramidalis Nidularium billbergioides Tillandsia pohliana Tillandsia usneoides

andVriesea sucreiProton transport is expressed relative to theabserved after adding PPi

(3.0 uM) into the cuvette. Data are from one expernt, representative of a total of three

preparations.
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CHAPTER 2

Nitrate increases CAM intensity in twoKalanchoéspecies providing a

higher proton transport across the tonoplast vesies

Abstract

Among the species that perform CAM photosynthdkisKalanchoéspecies have been one
of the largest groups studied. The influence ofed#nt nitrogen sources and their relative
concentrations have on PEPC activity, organic aaatsimulation into the vacuole during the
night, and the rate of nocturnal g@ixation have been tested in select representfiwn
this genus. However, there has been little disonseegarding the interrelationship among
nitrogen sources (nitrate and ammonium), their eotrations, the rate of proton transport
into the vacuole and the levels of nocturnal orgagids accumulation iKalanchoéspecies.
The present study verified ATP- and PPi-dependestop transport rates in the presence of
three anions: fumarate, malate and citrate. Inteddiwe also showed the accumulation of
nocturnal malic, fumaric and citric acids Kalanchoé laxifloraand Kalanchoé tubiflora
cultivated with Hoagland's solution modified wittifdrent nitrogen sources and their relative
concentrations. Both species that were kept imi\b of nitrate presented the highest ATP-
and PPi-dependent proton transport rates and tifeest levels of nocturnal organic acids
accumulation, while the plants cultivated with s of ammonium showed the lowest
values. The order of effectiveness for ATP-depehdamton transport for these two
Kalanchoéspecies was: fumarate > malate > citrate. A peefee for the tonoplast ATPase
activity rather than PPiase activity was also obserin both species. Higher ATP- or PPi-
dependent proton transport rates and higher lesfei®cturnal organic acids accumulation

were verified inK. tubiflora compared with irK. laxiflora. In addition, these results showed
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a higher degree of CAM expression K tubiflora rather than inK. laxiflora. Finally,
inorganic nitrogen sources and their relative catregions influenced the intensity of the
CAM in these twdKalanchoéspecies.

Keywords: crassulacean acid metabolism, nitrogen, orgasidsavacuole.

Abbreviations: ATP, adenosine triphosphate; CAM, crassulaceahraetabolism; DW, dry

weight; PEPC, phospleoobyruvate carboxylase; PPi, inorganic pyrophosphate.
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Introduction

Crassulacean acid metabolism (CAM) is a photostittpathway characterized by
nocturnal CQ fixation performed by the enzyme phosphobyruvate carboxylase (PEPC),
the accumulation of organic acids during the nighajnly malic acid, and the efficiency of
water-use (Ting 1985; Cushma al. 2008; Borlandet al. 2011; Borlandet al. 2014). At
least 343 genera from 35 plant families perform Cplbtosynthesis (Smith & Winter 1996;
Silveraet al. 2010). Among these genet&alanchoéspecies have been one of the largest
groups studied (Kluge and Ting 1978; Osmond 197Rig& et al. 1991). It has been
suggested that most species from the géfalanchoéare able to perform CAM, and also a
correlation has been established between the ecgpagerform CAM and the climate of the
habitats where the samples were collected (Keigd. 1991).

Numerous studies have been conducted ufalanchoé blossfeldianto determine
how it performs CAM photosynthesis, in the preseoicearying environmental factors such
as the availability of nutrients (Ota 1988a, 1988a and Yamamoto 1991). In one of the
works analyzing this species, researchers obsenvaaterrelationship between CAM and the
availability of nutrients; a higher expression d&l@ photosynthesis was observed when the
plants were in the presence of 1.0 mM of nitrat@gared with in the presence of 1.0 mM of
ammonium. However, this species exhibited the lgB&AM expression when both nitrogen
sources were removed from the nutritive solutiotrggen starvation) and a water deficit
was imposed for the first time upon these plantta (0088a). This suggests that f¢r
blossfeldianaN-withdrawal status is an important factor in flants ability to reach their
highest CAM performance. In another study, plarasfthis same species received 5.0 mM
of nitrate or 5.0 mM of ammonium without being ®dipd to a water deficit. After 2 months
a higher CAM intensification was demonstrated ie fflants cultivated with 5.0 mM of

nitrate compared with those cultivated with ammanmigOta 1988b). In addition to the
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nitrogen source, the concentration of nitrogen seé¢m be an important factor in the

intensification of CAM inKalanchoéspecies. IrKalanchoé pinnatgdCrassulaceae), another

typical CAM plant, researchers investigated théusrice of different nitrate concentrations
(0.6 mM or 24.0 mM) on the CAM photosynthetic paftywPlants cultivated with a higher

nitrate concentration showed higher PEPC activibhemvcompared with plants cultivated

with a lower nitrate concentration (Wintet al. 1982). All of these studies support the idea
that both inorganic nitrogen sources and their eotrations influence the magnitude of
CAM expression.

Additional studies used another model CAM plafdlanchoédaigremontiana,to
develop a method to check ATP- and PPi-dependartbiprtransport in tonoplast vesicles
(White & Smith 1989; Whiteet al. 1990; Bettey & Smith 1993; Bartholomeat al. 1995;
Pantoja & Smith 2002). White and Smith (1989) obedrthat malate was more effective
than chloride in stimulating ATP- and PPi-dependergsicle acidification inK.
daigremontianaThis is evidence which shows that malate is mmeaglily transported across
the tonoplast compared with chloride. Also, thesatf vesicle acidification were checked in
these tonoplast vesicles and it was reported tvaiafate, followed by malate, supported
higher rates than chloride (White & Smith 1989). oftrer work done withNicotiana
tabacum (Solanaceae), asCspecies, showed the influence of both nitrogenrcsowand
concentration on proton transport across the vacant on malate accumulation (LUttge
al. 2000). The highest malate accumulation and thengést ATP-dependent malate
transport into the vacuole was observed when tkeiep was in the presence of either 10.0
or 20.0 mM of nitrate.

These studies presented before raise some impogaastions. How much
higher/lower would the Htransport across the tonoplast be in otkalanchoéspecies that

perform a stronger/weaker CAM th&nh daigremontiangperforms? How permeable would
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the tonoplast vesicles be for citrate, fumarate @muadate anions iKalanchoé laxifloraand
Kalanchoé tubiflor& Would distinct nitrogen sources and their différeoncentrations alter
proton transport across the vacuole, and/or affegdnic acids accumulation during the night
in this organelle, inKalanchoé species that perform different degrees of CAM
photosynthesis? Based on these questions, thenprealy is primarily focused on the
influence of the presence/absence of differenbgén sources (NA and/or NQ) and final
concentrations of these nitrogen sources (2.5 mM.@mM) on CAM intensity through a
combination of physiological and biochemical apptas. Also, we show for the first time,
to our knowledge, how nitrogen sources and themceatrations influence ATP- and PPi-
dependent proton transport in the presence of fa@amalate or citrate anions in two
Kalanchoé species that perform different degrees of CA,laxiflora and K. tubiflora
(Crassulaceae). This work also examines the iétiwaship among citrate, fumarate and
malate nocturnal accumulation and how the sourdesitmgen and their concentrations
affect proton transport in tonoplast vesicles. Fyndhis study discusses what influence the
presence/absence of WHand/or NQ has on the preference of Hransport in tonoplast
vesicles for ATPase or PPiase, as well as evalubh&geesrder of effectiveness of fumarate,

malate and citrate in these two species from thelyeCrassulaceae.

Material and Methods
Plant material and growth conditions

Adult Kalanchoé laxiflora(Baker) andKalanchoé tubifloraHarvey) R.Hamet plants
were taken from the garden in the Department oaBptt the University of Sdo Paulo, Sao
Paulo, Brazil, and were transferred to controlledvimnment chambers, under a

photosynthetic flux density (PFD) of about 200 pmmof s* of photosynthetic active
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radiation to the top leaf surfacetthe Kalanchoéspecies, 12 h photoperiod, a day/night air
temperature of 25/22°C, and a day/night relativaidity of 60/70%.

The plants were cultivated in pots containing fsand, with one plant per pot, and
were acclimated for two weeks. After this accliroatperiod, experiments were performed
for 60 days and each species was divided intoreetrhents based on nitrogen sources and
their concentrations: nitrogen-deficient, used a®mtrol, 2.5 mM of ammonium + 2.5 mM
of nitrate; 2.5 mM of ammonium; 2.5 mM of nitrae0¥ mM of ammonium; and 5.0 mM of
nitrate. The plants were watered every two daysafdotal of 60 days with Hoagland's
solution (Hoagland & Arnon 1950) modified with tlsencentrations of KN, Ca(NQ).
and/or (NH).SO,, described before. After 60 d, leaf samples wakern from six plants kept
in each treatment, and were then analyzed to deterthe proton transport rates in the

tonoplast vesicles, and the organic acids accuroualduring the night.

Tonoplast Isolation

Fully expanded leaves froi. laxiflora andK. tubiflora were harvested 1-1.5 hours
after the commencement of the light period. Tonsipfeactions from the mesophyll tissue
were isolated in accordance with White & Smith (@P&ith minor modifications. The leaf
margins were removed and the mesophyll tissue ¢appately 80 g fresh mass) was
suspended in 250mL of ice-cold extraction buffentaming the following: 450 mM
mannitol, 3.0 mM MgS@ 10.0 mM ethylenediaminetetraacetic acid disodsaih dehydrate
(EDTA), 10 mM dithiothreitol (DTT), 0.5% (w/v) polnylpyrrolidone (PVP-40) and 100
mM tris (hydroxymethyl)aminomethane (Trizfhbase) buffered to pH 8.0 with HCI. The
homogenate was filtered through two layers of cbelegh and the filtrate was centrifuged at
18000 x g for 20 min. The resulting supernatant easrifuged at 80000 x g for 60 min.

The resulting pellet was layered over a 23% (wigygse cushion containing 1.1 M glycerol,
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1.0 mM EDTA, 10 mM tricine and 2.0 mM DTT bufferéalpH 8.0 with bis- TRIS- propane
(BTP). The gradients were centrifuged at 100.00§ fer 70 min. Tonoplast vesicles were
removed from the interface using a Pasteur pipgtsicles were then pelleted at 100.000 x
g for 50 min. The resulting pellet was finally nespended in the same buffer as the first
pellet. All steps were performed alC4 Preparations were stored at °G0and were used

within one month.

Measurement of pH.

Measurement of pH was determined according tartethod described by White &
Smith (1989) and th€hapter 1 with minor modifications. Initial rates of Hransport at
25°C were determined from the initial rates of fegcence quenching at the time of the
addition of 3.0 mM Tris-ATP or 500 uM NRPi to the reaction media. For assays of ATP-
dependent H transport, the reaction medium contained 3.0 pNhaprine, 6.0 mM
MgS(O;,0.3 mM disodium ethylenediaminetetraacetate (EDT¥0 mM Mannitol and 25
mM BTP buffered to pH 8.0 with Mes. For measurers@itPPi-dependent Hransport, the
reaction medium was identical except that the Mg&shcentration was increased to 7.5 mM
and the medium also contained 100 mM K-Mes. 50 nilthe anions (fumarate, malate and
citrate), 50 mM potassium nitrate (inhibitor of watar membrane) or 100 pM Sodium
orthovanadate plus 100 u$bdium azide (inhibitor of non-vacuolar membraneifdred to
pH 8.0 with BTP were used in the ATP- and PPi-ddpen proton transport assays.
Approximately 3 pg of protein was used in all ok tATP- and PPi-dependent proton
transport assays. Fluorescence quenching was nedassing a model LS-55 luminescence
spectrometer (Llantrisant, UKyith excitation at 422 nm and emission at 495 noth bvith a

slit width of 5 nm. Quinacrine fluorescence intéyn$%oF) was calculated based on the slopes
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after adding ATP or PPi for each organic acids ontio| tested for all of the vesicles

extracted from these twi¢alanchoéspecies used in this study.

Protein Determination
Protein concentration was measured using the rdedbecribed by Bradford (1976),

with bovine serum albumin as the standard.

Organic Acid Quantifications

To determine the nocturnal accumulation of orgaaicls A citrate, A fumarate and
A malate), fully developed leaf samples (100 mgjnfigix individual plants were collected 1
hour after the start of the light period (dawn)ddnhour before the end of the light period
(dusk). Afterwards, the samples were ground in idiqunitrogen and subsequently
homogenized with 500 pL of MCW solution (methanohloroform and water, 12:5:1)
containing benzoic acid which was used as the atan@ mg m[' of methanol), the
samples were then incubated at 60°C for 30 minsadhples were centrifuged at 16.000
at 4°C for 10 min. The supernatant was collect€dub) and dried for 1 hour at 60°C in a
SPEED-VAC. Then, the dried sample was re-suspemd@8 uL of pyridine and 25 pL of
N- tert- butyldimethylsilyl- N- methyltrifluoroacatmide (MTBSTFA) and derivatized for 1 h
at 92°C. An aliquot of 1pL of the derivatized saeplas used to quantify the organic acids
by gas chromatography - mass spectrometry (GC-MS&)chromatographic system
(Shimadzu- QP2010SE), column (Agilent- DB5MS) andaato sampler (Shimadzu- AOC-
20i). Standard curves of citric, fumaric and madicids were used to determine the
concentrations of individual organic acids in tlangles. Results are expressed as millimole

per gram of dry weight (mmol'gDW).
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Statistical Analysis

All data were presented as mean values with *dstah deviation (SD). The
significant differences among the distinct aniomstreatments in the same species were
contrasted by the Tukey—Kramer testRas 0.05, using JMP 5.01 software (SAS Institute
2002). The difference between the inhibitors in @eme treatment and species was

contrasted by Studentdest at 5% significancd>(< 0.05).

Results
The tonoplast vesicles used in all of the protangport assays were extracted in three

independent experiments, and three anions: fumaratalaté and citraté were used to
check their % quinacrine fluorescence-quenchingr(if)' mg proteift-

To determine the relative contribution of vacuadend non-vacuolar membranes in
these two species kept in different nitrogen trestts, we used a specific inhibitor of
vacuolar membranes (V-ATPases) (KN@r non-vacuolar membranes (non V-ATPases)
(NaN; plus NavO,) (Table 1). In all of the nitrogen treatments tKatlaxiflora and K.
tubiflora plants were given, a lower ATP-dependent protandport was verified while the
membranes were in the presence of kKNGmMpared with the control (absence of inhibitors).
When the membranes extracted were in the presdridaNg plus NaVO, there was a slight
decrease in proton transport, however, this tramspas significantly higher than when the
membranes were in the presence of an inhibitoragiuslar membranes (Table 1). These
results confirm that most of the extracted vesiolethis study are indeed from the tonoplast.
All of these treatments, for boialanchoéspecies, showed an inhibition percentage of ATP-
dependent proton transport, in the presence of KNi@her than 54% (Table 1). On the other
hand, in the presence of Naplus NaVOy,, all of the other treatments showed an inhibition
percentage between 2 and 32% when a specific tohébof non V-ATPases was added

(Table 1).
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Table 1 ATP-dependent proton transport in the tonoplastclkes ofKalanchoé laxifloraand
Kalanchoé tubiflora,in the presence of fumarate and of a specifichitdris of the non-
vacuolar membrane (NaNplus NaVO,) or a specific inhibitor of the vacuolar membrane
(KNO3) or no-inhibitor (control), measured as initialtas of quinacrine fluorescence-
guenching. The treatments were: nitrogen-deficikided as a control), 2.5 mM of
ammonium + 2.5 mM of nitrate, 2.5 mM of ammonium$ 2nM of nitrate, 5.0 mM of
ammonium and 5.0 mM of nitrate. Results are expksss the mean (xSD) for three
preparations. The rates of proton transport werasomed in % B min’ mg proteift and %

of inhibition. Different capital letters indicate average that is significantly different among
the treatments in the same species (Tukey—Kransr Pe< 0.05). Asterisks indicate
significant differences between inhibitors in tlean® treatment in each species by Student's

T-test at 5% significance.

Specific activity (% min~* mg protein™)
(inhibition relative to control)

Kalanchoé laxiflora Control + KNO 4 NaN; + Na,VO4

Nitrogen-deficient 3279+ 30.8 A 161+35C 2857 +21.7B
(95%) * (13%)

2.5 mM Ammonium + 4501 +£76.2 A 171+48C 3487 +43.3 B
2.5 mM Nitrate (96%) * (23%)

2.5 mM Ammonium 2781 +19.1 A 92.0+189C 2254 +78.9 B
(97%) * (19%)

2.5 mM Nitrate 4498 + 33.4 A 58.6+6.5C 4396 +31.9B
(99%) * (2.3%)

5.0 mM Ammonium 697 £ 275 A 71.8+32C 612+ 26.4B
(90%) * (13%)
5.0 mM Nitrate 1119+47.2 A 89.8+6.2C 838+94.4B

(92%) * (25%) *

Kalanchoé tubiflora Control + KNO 4 NaN; + Na,VO4

Nitrogen-deficient 3735+54.6 A 459 £50.9 C 3010+ 30.8B
(88%) * (19%)

2.5 mM Ammonium + 3936 +136.1 A 203+475C 2659 + 86.2 B
2.5 mM Nitrate (95%) * (32%)

2.5 mM Ammonium 3673+97.01 A 232+31.2B 3580 +£108.7 A
(94%) * (2.4%)

2.5 mM Nitrate 4757 + 146.7 A 269 +235B 4622 + 168.7 A
(94%) * (2.8%)

5.0 mM Ammonium 311 +28.2 A 141 +134C 237.8+13.1B
(54%) * (23%)

5.0 mM Nitrate 1964 +132.4 A 264 +57.0C 1628 +55.6 B
(86%) * (17%)
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ATP-dependent proton transport rates (%F)Kin laxiflora’s and K. tubifloras
tonopast vesicles in the presence of fumarate,tmalal citrate anions were calculated using
the slope in Supplementary Figures 1 and 2.

Fumarate supported the highest rates of vesicléifi@ation in all of the treatments
thatK. laxiflora andK. tubiflora were submitted to, while malate was the anionaesible
for the second highest rate of acidification in tbeoplast vesicles (not considering the
control). In the presence of fumarate, laxiflora plants cultivated in 2.5 mM of nitrate
presented the highest ATP-dependent proton transgies, about 4061% mitrmg proteift
, (Table 2), followed by plants cultivated in theepence of 2.5 mM of ammonium+2.5 mM
of nitrate, nitrogen-deficient, 2.5 mM of ammonium0 mM of nitrate and 5.0 mM of
ammonium (Table 2). For comparison, ATP-dependeatop transport in the presence of
2.5 mM of nitrate was about 9 times higher thanhe presence of 5.0 mM of ammonium.
For K. tubiflora, in the presence of fumarate, the highest protansport rates were also
observed in plants cultivated in 2.5 mM of nitrat&72% mif mg proteift, followed by 2.5
mM of ammonium+2.5 mM of nitrate, 2.5 mM of ammamiunitrogen-deficient, 5.0 mM of
nitrate and 5.0 mM of ammonium. When tKialanchoéspecies was cultivated in 2.5 mM of
nitrate, ATP-dependent™Hransport was about 3.5 times higher than wherspeeies was in
the presence of 5.0 mM of ammonium.

In the presence of malate, thé Hansport rates showed a similar pattern for both
KalanchoéspeciesKalanchoéplants cultivated with 2.5 mM of nitrate presentkd highest
proton transport rates, followed by the plants icated in the presence of 2.5 mM of
ammonium+2.5 mM of nitrate, nitrogen-deficient, 208/ of ammonium, 5.0 mM of nitrate
and 5.0 mM of ammonium (Table 2). Rorlaxiflora, the highest proton transport rate in the

presence of malate was about 11 times higher tieiotvest H transport rate, while foK.
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tubiflora this proton transport rate was about 4 times highéhe plants cultivated with 2.5
mM of nitrate compared with the plants kept in BBl of ammonium (Table 2).

In the presence of citrate, the proton transpaes inK. laxiflora andK. tubiflora
did not show any discernible pattern. The higheStiriansport rates foK. laxiflora were
described in the presence of 2.5 mM of nitrate 28dmM of ammonium, while the lowest
rates were observed in the presence of 2.5 mM ah@mum+2.5 mM of nitrate and
nitrogen-deficient (Table 2). Fdt. tubiflora, the highest Htransport rates were observed in
the presence of 2.5 mM of ammonium, while the ldwesre observed in the presence of 5.0
mM of ammonium (table 2). Thereby, the order oéefilveness (not considering the control)
was fumarate > malate > citrate fidr laxiflora and K. tubiflora plants kept in all of the
treatments. The increase or decrease of ATP-depemadeton transport rates observed in
both Kalanchoé species were dependent upon nitrogen sources aed thlative
concentrations.

Generally, ATP-dependent proton transport in &lthe treatments irK. tubiflora
showed significantly higher rates while in the grese of fumarate or malate compared with
when in the presence of all of the treatmentKidaxiflora. On the other hand, the pattern of
H™ transport in the presence of fumarate and malatewery similar in both species (Table
2).

Table 2 ATP-dependent proton transport measured as ingiak of quinacrine fluorescence-
guenching in the control (no anion), presence ofdtate, malate and citrate (present as their
BTP-salts at 50 mM) in the tonoplast vesicles Kaflanchoé laxifloraand Kalanchoé
tubiflora, in nitrogen-deficient (used as a control), 2.5 mMaonmonium + 2.5 mM of
nitrate, 2.5 mM of ammonium, 2.5 mM of nitrate, 51 of ammonium and 5.0 mM of
nitrate. Results are expressed as the mean (x I&Dar@ relative to rates of proton transport

measured in % H min®. mg proteifi. Different capital letters indicate averages that
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significantly different among treatments that use same anion (Tukey—Kramer teBt<

0.05). Different lower case letters indicate avegthat are significantly different among

anions/control in the same treatment (Tukey—KratestP < 0.05).

Specific activity (% min~* mg protein™)

Kalanchoé laxiflora Fumarate

Malate

Citrate Control

Nitrogen-deficient 3040+9.6Ca

1053+15.3Chb 883 7.6Dd

274+6.8AcC

2.5 mM Ammonium + 3113+149Ba
2.5 mM Nitrate

1516 +15.3Bb

53.08+9.0CD208+7.0Cc
b

2.5 mM Ammonium 2131 +12.6 D a 522+6.9DDb 126 + 7.7 AB c 212734 d
2.5 mM Nitrate 4061 +242Aa 1623+12.0ADb #20.7 Ad 239+5.1Bc
5.0 MM Ammonium 445+ 7.7 F a 149+84Fc 73®@2Cd 190+105Db
5.0 mM Nitrate 878+ 16.4E a 210+6.0EDb 111%¥Bc 104+35Ec
Kalanchoé tubiflora Fumarate Malate Citrate Control
Nitrogen-deficient 2809+8.2Da 1424 +6.8Cb .37r858Cd 145+4.02 Cc
2.5 mM Ammonium + 3776 +5.3Ba 1810+6.7BDb 107+9.1Bd 243%8c
2.5 mM Nitrate

2.5 mM Ammonium 3715+5.01Ca 1310+10.01Db 142 +7.4 Ad 2222 B c
2.5 mM Nitrate 4172 +155A a 2088 6.9 Ab 108Gt4 B ¢ 108+7.0Dc
5.0 mM Ammonium 1207 +89 F a 531+76FDb 214&GEd 67.2+54Ec
5.0 mM Nitrate 2009 +5.2Ea 774+99ED 4523D d 26.7+x1.2Fc

The PPi-dependent proton transport rates (%HX.idaxiflora's andK. tubiflora's

tonoplast vesicles in the presence of differenbasiwere also calculated using the slopes in

Supplementary Figures 3 and 4.

The pattern of PPi-dependent Hansport rates in the presence of all of the raio

was different when compared with ATP-dependentgordtansport irK. laxiflora and K.

tubiflora. For K. laxiflora, in the presence of fumarate, the highesttidnsport rates were

observed in 2.5 mM of nitrate, 2124% mirmg protein!, followed by 2.5 mM of

ammonium+2.5 mM of nitrate, 2.5 mM of ammonium, 5® of nitrate, and 5.0 mM of

ammonium, while the lowest rate was observed imitregen-deficient treatment (Table 3).

For K. tubiflora, in the presence of the same anion, the highesbprtransport rates were

observed in 2.5 mM of nitrate followed by 2.5 mMashmonium+2.5 mM of nitrate, 2.5 mM
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of ammonium, nitrogen-deficient, and 5.0 mM of aii&, and the lowest rate in 5.0 mM of
ammonium (Table 3).

In the presence of malate, the highest rates wbserved inK. laxiflora plants
cultivated with 2.5 mM of nitrate followed by 2.5Mnof ammonium+2.5 mM of nitrate,
nitrogen-deficient and 2.5 mM of ammonium and thedst rates in 5.0 mM of ammonium
and 5.0 mM of nitrate (Table 3). On the other haldtubiflora presented the highest H
transport rates in 2.5 mM of nitrate followed by 20M of ammonium+2.5 mM of nitrate,
nitrogen-deficient and 2.5 mM of ammonium, 5.0 mMndrate and the lowest rate in 5.0
mM of ammonium (Table 3).

Finally, in the presence of citrat&. laxiflora plants cultivated in 2.5 mM of
ammonium+2.5 mM of nitrate showed the highest prdtansport rates, while the lowest
rates were observed in 2.5 mM of ammonium, 5.0 nilnomonium and nitrogen-deficient
(Table 3). FoKK. tubiflora, the PPi-dependent proton transport rates in tegepce of citrate
were the highest in 5.0 mM of ammonium and 2.5 nfviitvate, while the lowest rate was
observed in 2.5 mM of ammonium+2.5 mM of nitratealfle 3). Thereby, the order of
effectiveness (not considering the control) wasdtate > malate > citrate ft. laxiflora
plants kept in all of the treatments. On the othand, for K. tubiflora, the order of
effectiveness was very different from that obsergegliiously inK. laxiflora. In 2.5 mM of
ammonium+2.5 mM of nitrate, nitrogen-deficient aBcd mM of nitrate, the order of
effectiveness (not considering the control) wasdtate = malate > citrate; while in 2.5 mM
of ammonium, 5.0 mM of ammonium and 5.0 mM of nér& was fumarate > malate >
citrate (Table 3). The variations in the PPi-dearidproton transport rates in this species

were also dependent upon the different nitrogemcesuand their relative concentrations.

54



Table 3 PPi-dependent proton transport measured as imaties of quinacrine fluorescence-
guenching in the control (no anion), presence ofdtate, malate and citrate (present as their
BTP-salts at 50 mM) in the tonoplast vesicles Kaflanchoé laxifloraand Kalanchoé
tubiflora, in nitrogen-deficient conditions (used as a coptrdl5 mM of ammonium + 2.5
mM of nitrate, 2.5 mM of ammonium, 2.5 mM of niga6.0 mM of ammonium and 5.0 mM
of nitrate. Results are expressed as the mean (txaBD are relative to rates of proton
transport measured in %' khin™ mg proteift. Different capital letters indicate averages that
are significantly different among treatments thsg the same anion (Tukey—Kramer t&st
0.05). Different lower case letters indicate avegthat are significantly different among

anions/control in the same treatment (Tukey—KratestP < 0.05).

Specific activity (% min~* mg protein™)

Kalanchoé laxiflora Fumarate Malate Citrate Control

Nitrogen-deficient 315+7.1Ea 203+8.5Ch 3B82Cd 51.8+45Dc

2.5 mM Ammonium + 688+3.7Ba 536 +6.8BDb 219+84Ac 8733 d
2.5 mM Nitrate

2.5 mM Ammonium 511 +10.2Ca 220+12.1Chb 25.3+46Cd 51308tD ¢

2.5 mM Nitrate 2125+ 2501 Aa 753 +153ADb 75.39Bd 126 £ 5.2 Ac
5.0 mM Ammonium 404 +139Da 119+5.1Db 208.#Cc 106 +5.2BDb
5.0 mM Nitrate 523+8.9Ca 142+8.1Db 87.7.8Bc 73.3+6.7Cc
Kalanchoé tubiflora Fumarate Malate Citrate Control
Nitrogen-deficient 829+165Da 906 +549Ca 4340.7CDb 70.2+3.4DE
b
2.5 mM Ammonium + 1125+21.8Ba 1057 +£10.04 23.4+2.43 Db 498+133ED
2.5 mM Nitrate Ba
2.5 mM Ammonium 1025+501Ca 854+10.02C420+7.1CDd 90.6+9.2CD
b C
2.5 mM Nitrate 1280 +6.7 Aa 1303+ 11.9 A66.3+1.53 AB 108 +13.1 BC
a C b
5.0 mM Ammonium 468 +10.1 E a 405+8.3Eb 82HH9Ad 141 +79Ac
5.0 mM Nitrate 846 +10.8Da 674+15Db 497002 BC 120+85ABcC
d

In both specieX. laxiflora andK. tubiflora, ATP- or PPi-dependent proton transport
rates presented a control (no anion used) higtzsr tlero, and in most of the treatments the

rates in the control were higher than the ratessomea in the presence of citrate; oily
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laxiflora plants kept in 5.0 mM of ammonium, exhibited higl#TP-dependent proton
transport rates in the control compared with inghesence of malate and citrate (Table 2).

Generally, ATP- or PPi-dependent proton transpaitegs were higher in the presence
of fumarate than when in the presence of the ath@ns in both species, and in all of the
treatments. Also, this transport seems to exhilpitederence for ATPase rather than PPiase,
because the Htransport rates in the presence of ATP were alwaggber than in the
presence of PPIi.

The nocturnal malate, fumarate and citrate accatioul was measured in the leaves
of K. laxiflora andK. tubiflora (Fig. 1). In all of the treatments for baalanchoéspecies,
the highest nocturnal organic acid accumulation wadate. For example, K. laxiflora
plants cultivated with 2.5 mM of nitrate, the amboh malate accumulated during the dark
period was about 8 times higher than fumarate &odta72 times higher than citrate in this
same treatment. The second highest level of noaltumalate accumulation in this species
was observed in 2.5 mM of ammonium+2.5 mM of nérmilowed by nitrogen-deficient and
2.5 mM of ammonium. The treatments that resultedthe lowest amount of malate
accumulated during the night were 5.0 mM of nitrtdlowed by 5.0 mM of ammonium
(Fig. 1A). K tubiflora plants cultivated in 2.5 mM of nitrate, the treatihthat showed the
highest amount of organic acids accumulated dutfiregnight, exhibited nocturnal malate
accumulation of about 20 times higher than fumarael about 4 times higher than citrate.
2.5 mM of ammonium+2.5 mM of nitrate and 2.5 mMaaimonium were the treatments that
showed the second highest levels of nocturnal aatatian of this organic acid, followed by
nitrogen-deficient, 5.0 mM of nitrate and the lotvascumulation was observed in 5.0 mM of
ammonium (Fig. 1B).

For fumarate,K. laxiflora presented the highest nocturnal accumulation m th

presence of 2.5 mM of nitrate followed by nitrogdeficient and 2.5 mM of ammonium+2.5
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mM of nitrate (Fig. 1A). While&K. tubiflora demonstrated the highest nocturnal accumulation
of this organic acid in the presence of 2.5 mM itfate, 2.5 mM of ammonium + 2.5 mM of
nitrate, nitrogen-deficient and 2.5 mM of ammoni(fig. 1B).

For citrate, the highest night accumulation waseated in K. laxiflora plants
cultivated with 2.5 mM of nitrate and 2.5 mM of amnum (Fig. 1A). While forK.
tubiflora, the highest nocturnal accumulation of this orgawid was observed in 2.5 mM of
nitrate followed by 2.5 mM of ammonium + 2.5 mM mifrate and 2.5 mM of ammonium
(Fig 1B).

The order of total organic acids (malate + fumaratitrate) accumulated during the
night in K. laxiflora's treatments was as follows: 2.5 mM of nitrate 5 1M of
ammonium+2.5 mM of nitrate = nitrogen-deficient25 mM of ammoniun® 5.0 mM of
nitrate = 5.0 mM of ammonium (Fig. 1A). Fét. tubiflora, this order showed a slight
difference from that observed iK. laxiflora. It was: 2.5 mM of nitrate > 2.5 mM of
ammonium + 2.5 mM of nitrate > 2.5 mM of ammoniummitrogen-deficient > 5.0 mM of
nitrate > 5.0 mM of ammonium (Fig. 1B). As showntire previous results, the nocturnal
organic acids accumulation varies according to $pecies, nitrogen sources and their
concentrationsK. tubiflora exhibited higher nocturnal organic acids accunmtain all of
the treatments compared wil. laxiflora (Fig. 1). The total amount of organic acid

accumulated during the night K tubiflora was about 3.5 times higher thanknlaxiflora

(Fig. 1)
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Fig.1 Nocturnal organic acids accumulation (citrate, &wate and malate) in the leaves of
Kalanchoé laxiflora(A) and Kalanchoé tubiflora(B) in nitrogen-deficient conditions (used
as a control), 2.5 mM of ammonium + 2.5 mM of rtgre2.5 mM of ammonium, 2.5 mM of
nitrate, 5.0 mM of ammonium and 5.0 mM of nitrddata are expressed as the mean (x SD)
(n = 3; each biological replicate is a pool of thiedividual plants)A organic acids values
were obtained from the dawn minus dusk values.ebgfit letters indicate averages that are

significantly different among treatments (Tukey Kex testP < 0.05).
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Discussion

Many studies performed oKalanchoé species have observed the influence that
inorganic nitrogen sources and their concentrativeage on CAM expression (Ota 1988a,
1988b; Ota and Yamammoto 1991; Santos and Salefiy.19owever, this study is the first
to show, to our knowledge, the influence of différeources and their concentrations on the
transport of protons in tonoplast vesicles, andrdiationship of these nitrogen sources and
their concentrations with the nocturnal accumufatxd malate, fumarate and citrate in two
KalanchoéspeciesK. laxiflora andK. tubiflora, which perform different degrees of CAM.
Ota and Yamammoto (1991) noticed Kn blossfeldianaa higher CAM expression when
these plants were kept in the presence of niti@te. results corroborate this study; we
observed inK. laxiflora and K. tubiflora that the highest levels of organic acids, mainly
malate, were accumulated during the night in ttantsl kept under 2.5 mM of nitrate (low
concentration). Another study performed wkh lateritia found that both low and high
concentrations of nitrogen (about 1.5 mM and 15M, mespectively) decreased the PEPC
activity and titratable acidity when compared wittiermediate concentrations (3.0 mM)
(Santos and Salema 1991).Krblossfeldianaa higher ammonium concentration (10.0 mM)
presented toxicity effects such as necrosis irbdsal portion of the stem of this species (Ota
1988a). Additionally, in our investigation we veéed in K. laxiflora andK. tubiflora that the
highest ammonium and nitrate concentrations (5.0) M&treased the overall organic acids
(malate, fumarate and citrate) accumulation dutitggnight. It is probable that even 5.0 mM
of ammonium would be toxic t&. laxiflora and K. tubiflora, and this toxicity might be
responsible for the lowest rates of nocturnal oigatids accumulation in these species.
Britto et al. (2001) explained NI toxicity as a result of the high energetic costoasated
with pumping this ion back out of the cells, afemtering at high rates in ammonium

sensitive species.
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Generally, when we combine the results from thislyg and the observations made in
most of the earlier publications witkalanchoéspecies, the data support the theory that
species from the gent&@lanchoéshow a preference for NOnstead of Ni'. However, the
preference for the concentration of nitrate seemiet different amongfalanchoéspecies.
For K. pinnatg a high nitrate concentration (24.0 mM) increaB&PC activity by about 3
times, when compared with a low concentration (@gl) (Winter et al. 1982). ForK.
blossfeldiana a slight increase in nocturnal malate accumutatieas observed in the
presence of a high nitrate concentration (10.0 ntj, the CQ absorbed during the night
tended to decrease in this high concentration (M) (Ota and Yamamoto 1991). In this
study, K. laxiflora and K. tubiflora seem to have a preference for lower nitrogen
concentrations (2.5 mM) regardless of the soura@tadgen. Another revealing result is that
these species prefer either the combination obgetn sources (2.5 mM of ammonium + 2.5
mM of nitrate) or the nitrogen-deficiency, rathbam the high concentration of each nitrogen
source individually. In addition to showing the ludgnce of nitrogen sources and their
concentrations on CAM photosynthetic expressioig #tudy is also significant in that it
differentiates between which types of organic acide Kalanchoé species prefer to
accumulate during the night in the vacudlelaxiflora exhibited the highest accumulation of
malate followed by fumarate and citrate during tight, while K. tubiflora exhibited the
preference for malate, followed by citrate and fueta Besides this, it is important to report
that the levels of nocturnal organic acids whicbuaculated irK. tubiflora were significantly
higher than inK. laxiflora. In this senseK. tubiflora might perform a stronger CAM
photosynthesis when compared whthlaxiflora.

As discussed before, high ammonium concentrat{ér® or 10.0 mM) have been
shown to have a toxic effect on most of alanchoéspecies that have been previously

studied, and it could be responsible for decreagirgCAM expression in these species (Ota
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1988a). However, this raises the question why weaukdgh nitrate concentration (5.0 mM)
also decrease CAM expressionHKn laxiflora and K. tubiflora? Studies have reported that
NOs3 could inhibit the tonoplast ATPase (Sméahal. 1984). Thereby, plants kept under a
high nitrate concentration (5.0 mM), would not allthe movement of organic acids and
protons into the vacuole, which would decrease Ga&¥dression in thed€alanchoéspecies.
However, low nitrate concentrations (2.5 mM) woulot have an inhibitory effect on the
tonoplast ATPase, as we saw in this study whennilrisgen treatment presented the highest
ATP-dependent proton transport rateKinlaxiflora andK. tubiflora. In N. tabacumplants,
the relative rates of ATP-dependent malate trartgpdhe tonoplast vesicles were higher in
the presence of 10.0 mM of nitrate rather than 2000 of this inorganic nitrogen source
(Luttge et al. 2000). Thereby, the nitrate inhibitory effect seeta be directly related to
nitrate concentration, as well as dependent upersplecies. K. tubiflora andK. laxiflora,
5.0 mM of nitrate was enough to decrease ATP-degr@matoton transport.

In regard to proton and organic acids transpad the vacuole, White and Smith
(1989) reported very similar ATP- and PPi-depengenton transport rates in the presence
of fumarate or D-malate for the plakt daigremontianaand this transport was more active
in the presence of fumarate compared with malateK.l laxiflora and K. tubiflora a
significant preference for ATPase to the protomgport in the presence of fumarate or
malate, rather than PPiase in all of the treatmeards observed in this study. Moreover,
fumarate was more effective than malate and citratal of the treatments, performed on
both species, in stimulating ATP- or PPi-dependesicle acidification, indicating that the
"preference" of the vacuolar channel for fumarateromalate seems to be an intrinsic
property of this transport system kK laxiflora and K. tubiflora. However, this does not

imply that more fumarate will be accumulated thasate in the vacuole, as was shown in
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our study, there is not more fumarate than maleédable in the cytosol, therefore no more
fumarate is able to be accumulated in the vacuidb®ih Kalanchoéspecies.

For PPi-dependent vesicle acidification,Kinlaxiflora, fumarate was more effective
than the other two organic acids tested in alheftreatments. IK. tubiflora, fumarate was
more effective than citrate in all of the treatnsgritowever it was only more effective than
malate in 2.5 mM of ammonium and in higher nitratel ammonium concentrations. ATP-
dependent proton transport K. tubiflora, in the presence of fumarate or malate, was
significantly higher than ifK. laxiflora. The contribution made by PPiase and V-ATPase in
the proton transport reported M. crystallinumshowed a large difference, since the V-
ATPase activity was about nine times higher thaRPiase when these plants were CAM
induced by salinity stress. Brembergaral. (1988) suggested that tonoplast ATPase is a
more important enzyme than #PPiase, in regards to driving the nocturnal acdatimn of
organic acids in this CAM plant. Our results coodie this, as we noticed a higher proton
transport in the vacuole in the presence of ATRerathan PPi for botKalanchoéspecies
used in this study. Besides a higher nocturnal macgacids accumulation iK. tubiflora
compared witlK. laxiflora, the quinacrine fluorescence-quenching experimgone for both
species showed that the permeability of the torsbpteembrane for the anions used in this
study appears to be higherHKn tubiflora rather than their permeability K. laxiflora. This
result is consistent with a higher nocturnal orgaatids accumulation into the vacuolekof
tubiflora compared with the accumulation into the vacuolK.dbxiflora.

In conclusion, this study has provided evidenca thoth ATP- and PPi-dependent
proton transport rates are influenced by inorganitogen sources (simultaneous or
individual occurrence) by their concentrations (@%.0 mM) and by th&alanchoéspecies
itself. Moreover, we have shown to our knowledgetfe first time inKalanchoéspecies,

that there is a slight ATP- and PPi-dependent pratansport in the absence of any anion,
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that can be considered as a background, and asthtre is a preference for ATPase rather
than PPiase to the proton transport in Btdhanchoéspecies. Finally, our data indicate that a
low nitrate concentration (2.5 mM) increases thetmmal organic acids accumulation,
increases ATP- and PPi-dependent proton transptarthe vacuole in botK. laxiflora and

K. tubiflora, and is responsible for the highest CAM expresaiohoth Kalanchoéspecies;
while a higher nitrate concentration (5.0 mM) deses the amount of organic acids
accumulated during the night, and also seems te havnhibitory effect on ATP-dependent

proton transport into the vacuole in béthlaxiflora andK. tubiflora.
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Supplementary Figure 1ATP-dependent proton transport monitored by thengheg of
guinacrine fluorescence in the control (no anigngsence of fumarate, malate and citrate in
the tonoplast vesicles dfalanchoé laxiflorain nitrogen-deficient (used as a control), 2.5
mM of ammonium + 2.5 mM of nitrate, 2.5 mM of amman, 2.5 mM of nitrate, 5.0 mM of
ammonium and 5.0 mM of nitrate. Proton transpogxpgressed relative to the rate observed
after adding ATP (3.0 mM) into the cuvette. Data itom one experiment, representative of

a total of three preparations.
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Supplementary Figure 2 ATP-dependent proton transport monitored by thenghing of

quinacrine fluorescence in the control (no anigngsence of fumarate, malate and citrate in

the tonoplast vesicles dfalanchoé tubiflorain nitrogen-deficient (used as a control), 2.5

mM of ammonium + 2.5 mM of nitrate, 2.5 mM of amman, 2.5 mM of nitrate, 5.0 mM of

ammonium and 5.0 mM of nitrate. Proton transpogxpgressed relative to the rate observed

after adding ATP (3.0 mM) into the cuvette. Data iom one experiment, representative of

a total of three preparations.
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Supplementary Figure 3 PPi-dependent proton transport monitored by thenghing of

quinacrine fluorescence in the control (no anigngsence of fumarate, malate and citrate in

the tonoplast vesicles afalanchoé laxiflorain nitrogen-deficient (used as a control), 2.5

mM of ammonium + 2.5 mM of nitrate, 2.5 mM of amman, 2.5 mM of nitrate, 5.0 mM of

ammonium and 5.0 mM of nitrate. Proton transpogxpgressed relative to the rate observed

after adding N#&PPi (500uM) into the cuvette. Data are from oneeexpent, representative

of a total of three preparations.
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Supplementary Figure 4 PPi-dependent proton transport monitored by thengaing of
guinacrine fluorescence in the control (no anig@ng¢sence of fumarate, malate and citrate in
the tonoplast vesicles d¢falanchoé tubiflorain nitrogen-deficient (used as a control), 2.5
mM of ammonium + 2.5 mM of nitrate, 2.5 mM of amman, 2.5 mM of nitrate, 5.0 mM of
ammonium and 5.0 mM of nitrate. Proton transpogxpgressed relative to the rate observed
after adding N&PPi (500 uM) into the cuvette. Data are from ongeeixnent, representative

of a total of three preparations.
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CHAPTER 3

Ammonium intensifies CAM photosynthesis during wate deficit increasing
vacuolar malate channel expression and the tolerardo drought in leaves

of Guzmania monostachiéBromeliaceae)

Abstract

Guzmania monostachia an epiphytic bromeliad capable of upregulatrgssulacean acid
metabolism (CAM) along the leaf in response to dgmag nutrients and water conditions.
Previous studies have shown that under droughtapi@al portion of the leaves increases
CAM expression in comparison with the basal regiddditionally, absence of nitrogen
combined with water deficit seems to increase CAMiisity in the apex of the leaves of this
bromeliad. The present study has demonstratedntkerelationship between nitrate and/or
ammonium and water deficit in the regulation of CAMensity inG. monostachideaves.
The highest induction of the CAM photosynthesis waserved in the leaves kept in the
presence of ammonium associated with a water teffeor the first time, it was observed
that NH," + water deficit is associated with the increasé®P- and PPi-dependent proton
transport into the vacuole and with higher expmsdevels of vacuolar malate channel,
ALMTO. In addition, higher levels of total soluble sugand an increase in antioxidant
enzymatic activities (SOD, CAT, APX and GR) weresetved in the presence of hH+
water deficit . In the presence of ammonium, theuawlation of soluble sugars and the
activation of antioxidant defenses seem to beedlat the increased of drought tolerance by
osmotic adjustment and limitation of oxidative dgman the leaves db. monostachia
Keywords: ammonium, crassulacean acid metabolism, epipbytimeliad, malate transport,

nitrate, tonoplast.
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Abbreviations: ALMT9, aluminum-activated malate transporter 9;PX ascorbate
peroxidase; ATP, adenosiné-tBphosphate; CAM, crassulacean acid metabolisiAT,C
catalase; DW, dry weight; FB293, F-box protein 2&R, glutathione reductase; MDH,
malate dehydrogenase; PEG, polyethylene glycol,RERosphenopyruvate carboxylase;
PPi, inorganic pyrophosphate; RWC, relative watentent; SOD, superoxide dismutase;

TF2A, Transcription initiation factor IIA; TSS, wtsoluble sugar.
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Introduction

In typical crassulacean acid metabolism (CAM), aes-saving photosynthetic
pathway, the C@is taken up at night and fixed by phosphobyruvate carboxylase (PEPC)
as organic acids, mainly malic acid, into the vaeu&raynet al. 2004; Silvera and Lasso
2016). During the light period, organic acids areleased from the vacuole and
descarboxylated by malic enzyme (ME) or phosphognmate carboxykinase (PEPCK) and
the CQ is reduced in the Calvin cycle (Ting 1985; Cratral. 2004; Silveiraet al. 2009).
CAM has been observed in 33 vascular plant famdied in more than 6% of all vascular
plants (Winter and Smith 1996; Cragh al. 2015). Some plants are able to switch between
Cs and CAM photosynthesis in response to environnheatzors, such as temperature,
water, photon flux and nutrients (Wintetr al. 2008; Freschet al. 2010; Winter and Holtum
2011; Pereirat al. 2013). However, little has been discussed abautdlationship between
nutrients and CAM compared with the other environtak factors (Ota 1988a, 1988b;
Santos and Salema 1991; Winter and Holtum 2011).

One of the most recent studies performed Galandrinia pohliandra
(Montiaceae), a facultative CAM specistiowed a slight nocturnal G@ssimilation when
KNO; fertilization was interrupted (Winter and Holturl2). Ota (1988a, 1988b) observed
in Kalanchoé blossfeldianéCrassuleaceae) the highest CAM expression irptesence of
1.0 or 5.0 mM of nitrate compared with 1.0 or 5.Bmf ammonium. Rodriguest al. (2014)
demonstrated in the apical portion of the leave&wimania monostachi@romeliaceae) a
higher CAM expression in the absence of nitrogempmared with either the absence of
potassium or phosphorus.

In relation to malate transport, the CAM ortholegaf Arabidopsis thaliana
protein, ALMT9 (aluminum activated malate transpor®) seems to be the best candidate

for this anion transport into the vacuole, howeteis vacuolar channel has not been
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characterized in CAM species (Kovermaginal. 2007; Borlandet al. 2009). On the other
hand, the accumulation of malate as malic acidtdute H transport in tonoplast vesicles
conducted by HATPase and/or HPPiase has been well described Kalanchoé
daigremontiana (Crassulaceae), an obligate CAM species (White &mdith 1989;
Bartholomewet al. 1996; Luttgeet al. 2000). Luttgeet al. (2000) found inNicotiana
tabacum(Solanaceae), az:Gpecies, higher malate accumulation and relatiVar&hsport
rates into the vacuole when the plants were cuétvan the presence of either 10.0 or 20.0
mM of nitrate compared with 3.0 and 6.0 mM of amman In the same study.
daigremontianapresented similar relative 'Hransport rates while in the presence of 10.0 or
20.0 mM of nitrate and 3.0 or 6.0 mM of ammoniuniitfbe et al. 2000). However, to our
knowledge, no studies have shown the interrelatipnamong inorganic nitrogen sources,
expression level of ALMT9 and ATP- and PPi-depengeaton transport into the vacuole in
CAM plants.

Although past studies have shown that ammoniumbeatoxic and negatively
affect the photosynthetic rates in some speciesh sas Kalanchoé blossfeldianand
Moricandia arvensis(BrassicaceaelWinter et al. 1982; Ota 1988a), recent studies have
verified higher photosynthetic activity in the pease of ammonium compared with nitrate
(Guo et al. 2007; Hessiniet al. 2013; Li et al. 2009; Zhonghuaet al. 2011). Spartina
alterniflora (Poaceae), af3pecies, was able to maintain the highest photbstin rates and
stomatal conductance when cultivated with ammonipnopably due to the increase of
antioxidant enzymes, which limit oxidative damaged ancrease PEPC activity (Hessaial.
2013). Oryza sativa(Poaceae) cultivated under water deficit (PEG 104%y: 6000) in
medium containing ammonium presented highep @&3imilation rates when compared with

the plants cultivated in the presence of nitrateadldition, Guoet al. (2007) inferred that
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ammonium nutrition enhances the resistance to veaitess in rice. However, little is known
about the effects of combining ammonium with wakeficit in CAM plants.

Here, we show that ammonium is more effective thigate in promoting an increase
in CAM intensity in the leaves dbuzmania monostachiander drought conditions. This is
probably because ammonium triggers the activatioll®T9 and, consequently, the malate
transport into the vacuole. Higher photosynthedites resulted in accumulation of soluble
sugars, involved in the osmotic adjustment. Bestopmance of ammonium-treated leaves

under water stress can also be related to anegifieictivation of antioxidant enzymes.

Material and Methods
Plant material and Growth Conditions

Micropropagated plants ofcuzmania monostachigl.) Rusby ex Mez Var.
monostachia approximately 3 cm tallwere transferred to pots containing a commercial
organic substrate (Tropstrato-“Vida Verde”) and mt@ned in a greenhouse in the
Department of Botany at the University of Sdo Pa&ldao Paulo, Brazil, until reaching the
adult phase (approximately two and half years)diP&et al. 2013). After this period, plants
were then transferred to controlled environmentzdneber under 200 pmol ‘ms’ of
photosynthetic active radiation to the top leafates of the bromeliad, 12 h photoperiod, a
day/night air temperature of 25/22°C, and a dawiglative humidity of 60/70% for
acclimation. During one month of acclimation akpis were watered with distilled water on

a daily basis.

Water and Nutrient Deficit Treatment
Water deficit treatment was imposed based on Reretr al. (2013) with

modifications. After 30 days of acclimation in tbleamber conditions described above, adult
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plants that averaged 23.7 =+ 0.9 cm tall with 324 ®leaves and a tank volume of 40.5 £ 7.3
mL, had their 8 to 12" youngest fully developed leaves detached and ity
transferred to glass flasks containing 10 mL otikksl water or 30% polyethylene glycol
6000 (PEG) (water deficit condition) diluted in: #aghson solution (Knudson, 1946) without
nitrogen source (nitrogen-deficient) (hydric potehheary= -2.3 - MPa) or containing 2.5
mM of ammonium + 2.5 mM of nitrate (+NF+ NOs) (hydric potential neay= -2.0 MPa),
5mM of ammonium (+NHif) (hydric potential neay= -2.3 MPa) or 5mM of nitrate (NQ
(hydric potential neay= -2.2 MPa) as the only source of nitrogen. Thericypotential was
determined by a psychrometer (HFRO, Wescor, USA). Flasks with the detached leaves
were kept in a controlled environment growth chamdee previously described. After 7 d,
leaves from different nitrogen treatments were did into three portions: a) basal,
corresponding to the part of the leaf that fornestink in the whole plant and contains lower
levels of chlorophyll, b) apical, correspondingth@ upper half of the green part of the leaf
blade, and c) middle, corresponding to the lowdf dfathe green part of the leaf blade. The
apical portions were used for all biochemical analaoular analyses. The basal portion of
the leaves was used only for the molecular as3dys middle region was used together with
the apical portion to do the proton transport assagcause the fresh weight necessary to

perform the method was 80 g.

Measurements of Relative Water Content (RWC)

Relative water content was determined accordirtbeonethod described by Pereira
et al. (2013). The fresh, dry and turgid weights of apieaf discs (~ 1 cf) were weighed
immediately after leaf harvest to determine thehreeight (FW), and then these same discs
were kept in contact with distilled water for 24Afterwards, all leaf discs were weighed to

determine the turgid weight (TW) and were subsetiyemaintained for 72 h at 60 °C before
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being weighed to determine the dry weight (DW) slies water content was calculated using
the formula ((FW- DW)/ TW- DW)) x 100 (Martin anctlmitt, 1989). Measurements were
made in triplicate.
Organic Acids Quantifications

The nocturnal accumulation of organic acidsc{trate andA malate) was determined
according to the method describedGhapter 2. Leaf samples (100 mg) were collected 1
hour after the start of the light period (dawn)ddnhour before the end of the light period
(dusk). Afterwards, the samples were ground in idiqunitrogen and subsequently
homogenized with 500 pL of MCW solution (methanohloroform and water, 12:5:1)
containing benzoic acid which was used as the atan@ mg m[' of methanol), the
samples were then incubated at 60°C for 30 minsadhples were centrifuged at 16.000
at 4°C for 10 min. The supernatant was collect€dub) and dried for 1 hour at 60°C in a
SPEED-VAC (Labconco). Then, the dried sample wasuspended in 25 pL of pyridine and
25 pL of N- tert- butyldimethylsilyl- N- methyltifioroacetamide (MTBSTFA) and
derivatized for 1 h at 92°C. An aliquot of 1uL bétderivatized sample was used to quantify
the organic acids by gas chromatography - masdrepeetry (GC-MS), a chromatographic
system (Shimadzu- QP2010SE), column (Agilent- DBMISd an auto sampler (Shimadzu-
AOC-20i). Standard curves of citric and malic acidere used to determine the
concentrations of individual organic acids in thenples. Results are expressed as micromole

per gram of dry weight (uMGDW).

PEPC and MDH Activities
Phosphenobyruvate carboxylase (PEPC) and malate dehydrogen&sDH)
extractions and assays were performed as deschpddereiraet al. (2013) with minor

modification. Leaf samples (1 g) stored in liquittagen were ground to a fine powder and
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extracted in five volumes (v/w) of buffer contaigi?00 mM Tris—HCI (pH 8.0), 1 mM
EDTA, 5 mM dithiothreitol (DTT), 10 mM MgG| 10% (v/v) glycerol and 0.5% (w/v)
bovine serum albumin (BSA) (5 mL of buffer per gramtissue). The homogenate was
centrifuged for 5 min at 15.000 x g, and the sugemt was used in the PEPC and MDH
assays. The MDH activity (in the OAA-reducing diren) was assayed in a 2 mL reaction
containing 50 mM Tris—HCI (pH 8.0), 2 mM OAA, 5 mMgCl, and 200 uM NADH. For
enzymatic determination, the reaction was initidigcddding an aliquot of 400 pL of the leaf
extract. The PEPC activity was assayed in a 2 mahdsird reaction medium containing 50
mM Tris—HCI (pH 8.0), 1 mM DTT, 10 mM Mggl10 mM NaHCQ, 200 puM NADH and 3
mM phosphenopyruvate. For enzymatic determination, the reactias started by adding
an aliquot of 200 uL of leaf extract. For both fPEPC and MDH activities determination,
the change in absorbance was continuously meaati@tD nm after adding the leaf extracts,
and all reported rates are from linear portionsab$orbance versus time curves (usually
between 0 and 10 min). The enzymes were assay&@CatPEPC and MDH activities were
expressed as pmol NADH consumed per minute per gfairy weight (umol NADH mift

g DW).

Soluble Sugars Quantifications

In order to quantify soluble sugars (glucose, fosetand sucrose), samples (100 mg)
were ground in liquid nitrogen and subsequently bgemized with 500 pL of MCW solution
(methanol, chloroform and water, 12:5:1) containimgnyl-b-glucopyranoside that was used
as the standard (2 mg/mL of methanol), and the Emwere then incubated at 60°C for 30
min. All samples were centrifuged at 16.000 x A4 for 10 min. The supernatant was
collected (50 pL) and dried for 1 hour at 60°C BREED-VAC (Labconco). Then, the dried

sample was re-suspended in 25 pL of pyridine and p25 of Bis(trimethylsilyl)
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trifluoroacetamide (MTBSTFA) and derivatized fohaur at 75°C. An aliquot of 1pL of the
derivatized sample was used to quantify solubleasuyy gas chromatography - mass
spectrometry (GC-MS), a chromatographic system nf@Hzu- QP2010SE), column
(Agilent- DB5MS) and an auto sampler (Shimadzu- APBL). Standard curves of glucose,
fructose and sucrose were used to determine theentmtions of individual soluble sugar in

the samples. Results are expressed as micromotgararof dry weight (UM G DW).

Antioxidants Enzymes Activities

Fresh leaf samples of 200 mg harvested at 12ht (ighod) were ground with 2 mL
of extraction solution described by Souzlaal. (2013). Homogenates were centrifuged at
11000g, 4°C for 30 min, and supernatants were kept atG80ntil analysis. All samples
were analyzed in triplicates.

SOD enzyme activity was determined according touBeamp and Fridovich (1971)
with modifications by Balert al. (2009).The reaction mixture contained 50 mM potassium
phosphate (pH 7.8), 0.1 mM EDTA, 0.075 mM nitraaetlium blue chloride (NBT, Sigma-
Aldrich), 13 mM methionine and 0.002 mM riboflavi@ne mL of reaction mixture was
mixed with 40 pL of extract and placed under a 23PNillips®) fluorescent light for 5 min.
SOD activity was determined at 560 nm in a spetimogmeter and expressed as units g
DW. One unit of SOD activity is defined as the amipoaf enzyme required to inhibit the
reduction of NBT by 50% per minute.

GR enzyme activity was determined following Shaegitel Bassham (1977). The
reaction mixture contained 50 mM Tris-HCI (pH 7.6)5 mM oxidized glutathione (GSSG),
0.15 mM NADPH and 3 mM MgGl The reaction was started by adding 100 pL of leaf

extract to the reaction mixture. NADPH consumptpnGR was measured at 340 nm in a
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spectrophotometer at 15 s intervals for 2 min. VAtstiwas calculated with an extinction
coefficient of 6.2 mM cmi* andexpressed as pmol NADRin™® g* DW.

APX enzyme activity was assayed with the methodmesd by Nakano and Asada
(1981), modified by Wengt al. (2007) The reaction mixture contained 100 mM potassium
phosphate (pH 7.0), EDTA 0.1 mM, 0.5 mM ascorbaig .2 mM HO, The reaction was
started by adding 40 pL of leaf extract into thacteon mixture. The oxidation of ascorbate
was measured at 290 nm in a spectrophotometer aiiritrvals for 2 min. The activity was
calculated with an extinction coefficient of 2.8 riMm* and expressed as pmol ascorbate
min™ g* DW.

CAT enzyme activity was quantified according to ku¢l1974) with some
modifications. The reaction solution contained b potassium phosphate (pH 7.5) and 15
mM H,0,. The reaction was started by adding 100 puL of kefact into the reaction
solution. The consumption of,B, was measured at 240 nm in a spectrophotometés at 1
intervals for 2 min. CAT activity was calculatedtivian extinction coefficient of 0.4 miM

cm*and expressed as pmoj® mint g* DW.

Tonoplast Isolation

The method for tonoplast vesicle extraction wasetasn that used for Ananas comosus
(McRaeet al. 2002) and other bromeliad species (Chapter 1)vésavere harvested in the
flasks kept in controlled environment chamberst®.@.5 h after commencement of the light
period. The sections of leaf lamina (apex and neiquirtions) totaling approximately 80 g
fresh mass were suspended in 250 mL of ice-coldhetkdn buffer containing the following:
450 mM mannitol, 3.0 mM MgSf 2.0 mM ethylenediaminetetraacetic acid disodiatt s
(EDTA), 10 mM DL-dithiothreitol (DTT), 1.0% (w/v) @yvinylpyrrolidone (PVP-40), 0.5%

(w/v) bovine serum albumin, 100 mM tris(hydroxymgjaminomethane (Triznfabase,
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adjusted to pH 8.0 with HCI), 1mM phenylmethysulplofluoride, 1.1 M glycerol, 0.5 mM
3,5-di-tert-4-butylhydroxytoluene, 25.19 mM potassi disulfite and 1.0 mM benzamidine
hydrochloride. After precooling, the tissue was logenized in a commercial blender and the
homogenate filtered through two layers of cheeske@dod then centrifuged at 18000 x g for
20 min. The resulting supernatant was centrifuge80800 x g for 60 min. The resulting
pellet was layered over a 25% (w/v) sucrose cuskmmaining 1.1 M glycerol, 1.0 mM
EDTA, 10 mM Tricine (N-[tris(hydroxymethyl)methyllgcine), adjusted to pH 8.0 with BTP
(1,3-bis[tris(hydroxymethyl)methylamino]propaneyda2.0 mM DTT. The gradients were
centrifuged at 100 000 x g for 70 min, after whiochoplast vesicles were removed from the
interface using a Pasteur pipette. Vesicles wesa fielleted at 100 000 x g for 50 min and
finally resuspended in the same buffer as the figdtet. All steps were performed &tC4

Preparations were stored at 28Quntil required.

Measurement of Vesicle Acidification.

Rates of intravesicular acidification on energizatof the tonoplast HATPase or A-PPiase
were determined according to the method descrigad/thite & Smith (1989) and in Chapter
1, with minor modification. Initial rates of Hransport at 25°C were determined from the
initial rates of fluorescence quenching upon thditaeh of 3.0 mM Tris-ATP or 500 mM
NayPPi to the reaction medium. For assays of ATP-dégenH transport, the reaction
medium contained approx. 2-9 ug protein, 3.0 uM nagnine (6-chloro-9-{[4-
(diethylamino)-1-methylbutyllamino}-2-methoxyacna# dihydrochloride), 6.0 mM MgSQO
0.3 mM EDTA, 150 mM mannitol and 25 mM BTP buffered pH 8.0 with Mes (2-(N-
morpholino) ethansulphonic acid). For measuremefit®Pi-dependent Htransport, the
reaction medium was identical except that the Mg&shcentration was increased to 7.5 mM

and the medium also contained 100 mM K-Mes, perin@aions to be tested were present at
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50 mM (supplied as fumaric acid, malic acid, oricitacid, and buffered to pH 8.0 with
BTP). Inhibitors tested were 50 mM potassium néti@hibitor of vacuolar HATPase), 100
UM sodium orthovanadate (inhibitor of plasma membr&f-ATPase), 100 uM sodium
azide (inhibitor of mitochondrial ATP synthase)dé&h0 mM ammonium sulphate (uncoupler
of transmembrane pH gradients). Fluorescence quaneras measured using a mot&i55
luminescence spectrometétantrisant UK) with excitation at 422 nm and emission at 495

nm, both with a slit width of 5 nm.

Protein Determination
Protein concentration was measured according tdf&re (1976), using bovine serum
albumin as the standard.
RNA Extraction and RT-PCR

Total RNA was extracted from 100 mg (FW) of powdkteaf material (apex and
basal portions collected separately at dusk) ustageLink RNA Mini Kit (Ambion)
following the manufacturer's recommendations. GanddNA contamination was removed
by treatment with DNAse | (Invitrogen). The cDNA svaynthesized using the SuperScript
[l One-Step RT-PCR System (Invitrogen) as reconueen by the manufacturer.
Amplifications were carried out in total volume ®® uL with SYBR Select Master Mix
(Applied Biosystems) on StepOnePlus Real-Time PO®plied Biosystems). PCR
conditions consisted of an initial heating ste@%ftC for 10 min, followed by 95°C for 15 s,
40 cycles of 54°C for ALMT9 or 52°C for the refeoengenes for 30 s, 72°C for 30 s. After
cycling, melting curves were run from 60°C to 958€ 20 min, to confirm that a single PCR
product was amplified. The analyses of expressiabilgy of the reference genes were
performed with BestKeeper (Pfaffl 2004). The refatexpression level of target genes was

calculated as described by Pfaffl (2001), with gxpression values normalized against the
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geometric mean of two reference genes (Pfall 2081)reactions were performed using
three biological replicates and two technical regikes. Primers used in this study were
designed on partidb. monostachisequences obtained in the transcriptomic anabfdisis
species performed by our group (unpublished datag primers pairs used are shown in

Supplementary Table S1.

Statistical Analysis

All data were presented as mean values with = atahdieviation (SD). The
differences between averages in relation to wataretldrought conditions were assessed by
t-Student’s average comparison testPak 0.05. The significant differences among the

different treatments were contrasted by Tukey-Knésrtest aP < 0.05.

Results
PEG 6000 (30%) induces a water deficit in detacleades

The leaves o6. monostachi&ept under water deficit for 7 days by the additod
PEG 6000 showed a decrease in the relative watternb(RWC) independent from the
nitrogen treatment when compared with the leaves ikewater. Besides, NA + water
deficit provided a lower decrease in the relatiser content compared with the other
nitrogen treatments under water deficit (Fig.1)e3éresults indicated that PEG 6000 (30%)

can induce a deficiency of water in the leave& omonostachia
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Fig.1. Relative water content in the leaves®f monostachigkept for 7 days in water or
water deficit (PEG 6000) associated with the preseor absence of ammonium and/or
nitrate. Data are expressed as the mean (xSD)ye¢ tieplicate samples. Asterisks indicate a
significant difference between control (water) awdter deficit in the same nitrogen
treatment P < 0.05%; Student's t-test). Different capital dedt indicate averages that are
significantly different among the nitrogen treatrser water P < 0.05; Tukey-Kramer's
test). Different lower case letters indicate avesghat are significantly different among

nitrogen treatments + water defidR € 0.05; Tukey-Kramer's test).

CAM induction in the leaves of G. monostachia urtdikerent nitrogen sources

One of the most important parameters used to chibekoccurrence of CAM
photosynthesis is the nocturnal accumulation oaoigacids. As shown in Fig. 2A and 2B,
the leaves kept under NH+ water deficit presented the highest levels ofateahnd citrate
accumulation during the night. The nocturnal matateumulation levels in the apical portion
of the leaves kept under water stress conditiore8r 2.3 and 1.9 times higher when the
leaves were in the presence of ammonium ratherithtre nitrogen- deficient, NI + NOs

or NOs, respectively (Fig. 2A). In Figure 2B, the leavept under N followed by the
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presence of N@ presented the highest citrate nocturnal leveldatdaaccumulation during
the night was always higher than citrate accumutatndependent of the nitrogen treatment
(Fig.2).

In addition to the accumulation of nocturnal orgaacids, PEPC and MDH activities
were analyzed to check the CAM expression in tla&de ofG. monostachigFig. 2). In
accordance with the higher accumulation of orgauicls, the highest PEPC activity was
observed in the leaves kept under a water defisibeiated with Nif (Fig. 2C), followed by
leaves maintained in nitrogen-deficiency + wateficite In the presence of NH + water
deficit, PEPC activity was about 1.3 to 2.2 timeghkr than in the other nitrogen treatments
that were associated with water deficit (Fig. 2Except for NH" + NOs, all nitrogen
treatments that were associated with a water dgfigsented higher PEPC activity than
when in the presence of water (Fig. 2C). In relatio MDH, the highest values of activity
were observed in the leaves kept in the presencHHf + water deficit and nitrogen
deficient + water deficit conditions (Fig. 2D). Thefluence of ammonium or nitrate
concentrations on the PEPC activity was also cleeakehe leaves os. monostachigFig
S1). The PEPC activity was always higher in therdsakept in the presence of NHather
than NQ" (Fig S1). Higher ammonium concentrations increabedPEPC activities, while
no significant changes were detected in PEPC #desvunder different nitrate concentrations

(Fig S1).
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Fig.2. Nocturnal malic (A) and citric (B) acids accumigat PEPC (C) and MDH (D)
activities in the leaves @&. monostachi&ept for 7 days in water or water deficit asscat
with the presence or absence of ammonium and/cat@itData are expressed as the mean
(xSD) of three replicate samples. Asterisks indicatsignificant difference between water
and water deficit in the same nitrogen treatméht<(0.05%; Student's t-test). Different
capital letters indicate averages that are sigmitiy different among the nitrogen treatments
+ water P < 0.05; Tukey-Kramer's test). Different lower césters indicate averages that
are significantly different among nitrogen treatnser water deficit R < 0.05; Tukey-

Kramer's test).

Effect of water deficit and N sources on solublgass content

Fructose, glucose and sucrose were quantifie@.imonostachideaves kept under
different nitrogen treatments associated with wdgdicit and their respective controls (Fig.
3). The main soluble carbohydrate accumulated wasoge followed by fructose and
sucrose depending on the nitrogen treatment andrwandition (Fig 3A, 3B and 3C). The

leaves kept in NE + water deficit presented the highest total s@uhigars (TSS) levels
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(Fig. 3D). In general, the leaves kept in wateiditgpresented an increase in the TSS, mainly
glucose and sucrose contents, compared with theedesiept in water in all nitrogen

treatments (Fig.3).
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Fig.3. Fructose (A), Glucose (B), Sucrose (C) and tadhllde sugars (TSS) (D) content in
G. monostachideaves kept for 7 days in water or water defisgaiated with the presence
or absence of ammonium and/or nitrate. Data areeegpd as the mean (xSD) of three
replicate samples. Asterisks indicate a signifiadifference between water and water deficit
in the same nitrogen treatmer € 0.05%; Student's t-test). Different capitaldestindicate
averages that are significantly different among niteogen treatments + watelP € 0.05;
Tukey-Kramer's test). Different lower case letterdicate averages that are significantly

different among nitrogen treatments + water deffeik 0.05; Tukey-Kramer's test).

Effect of water deficit and N sources on antioxidamzymes activities

Under water deficit conditions the activities oétantioxidant enzymes (SOD, CAT,
APX and GR) were higher in the leaves kept in NH4water deficit, compared with the

leaves kept in water, as well as the leaves kegémuthe other nitrogen treatments + water
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deficit (Fig. 4). For SOD, the enzyme that exhitbite highest activity levels compared with
the other antioxidants enzymes, all of the nitrogeatments associated with water deficit
exhibited higher levels of activity rather tharthe presence of water (Fig. 4A). Water deficit
decreased the APX activity for all nitrogen treatmse excepting for NH4that showed a

significant increase in the activity of this enzyme
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Fig.4. Antioxidant enzymatic activities of SOD (A), CAB), APX (C) and GR(D) inG.
monostachideaves kept for 7 days in water or water defisgaxiated with the presence or
absence of ammonium and/or nitrate. Data are es@dess the mean (£SD) of three replicate
samples. Asterisks indicate a significant diffeeemetween water and water deficit in the
same nitrogen treatmenP (< 0.05%; Student's t-test). Different capital dedt indicate
averages that are significantly different among niteogen treatments + watelP € 0.05;
Tukey-Kramer's test). Different lower case letterdicate averages that are significantly

different among nitrogen treatments + water defeik 0.05; Tukey-Kramer's test).
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Effect of water deficit and N sources on ATP andd&pendent proton transport rates

To determine the relative contribution of vacuaad non-vacuolar membranes in the
green portion of the leaf blade Gf monostachideaves kept in different nitrogen treatments,
we used a specific inhibitor of vacuolar membrafés\TPases) (KNG@) or non-vacuolar
membranes (non V-ATPases) (Naus NaVO,) to show that most of the membranes used
were vacuolar (Table S1).

The leaves oG. monostachiaxhibited higher ATP-dependent proton transpddasra
in the presence of fumarate compared with malatiecrate independent from the nitrogen
treatments and water conditions (Table 1). In thesgnce of fumarate, the leaves kept in
NH," + water deficit presented the highest ATP-dependsston transport, while the leaves
kept in the presence of NGshowed the lowest proton transport rates in tlesgarce of the
same anion (Table 1). ATP-dependent proton transptes were about two times higher in
the leaves kept in the presence of ;NH water deficit than in the leaves maintained @:N
+ water deficit (Table 1). For all of the nitrogémreatments, the order of effectiveness of

ATP-dependent proton transport was always fumarat@late > citrate (Table 1).

Table 1 ATP-dependent proton transport was measured aal irates of quinacrine-
fluorescence quenching in the presence of fumanadégte and citrate (present as their BTP-
salts at 50 mM) in the tonoplast vesiclesSofmonostachideaveskept in water or PEG 30%
associated with the presence or absence of ammamd/or nitrate. Results are expressed as
the mean (+SD) and are relative to rates of pratansport measured in %*Hnin' mg
proteini’. Different capital letters indicate averages theg significantly different among
treatments that use the same anion in the samemat the leavesR < 0.05; Tukey-

Kramer's test). Different lower case letters intBcaverages that are significantly different
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among anions in the same treatment in each poofitine leavesK < 0.05; Tukey-Kramer's

test).

Specific activity (% min~* mg protein™)
Treatments Fumarate Malate Citrate
Nitrogen-deficient + water 162+15Da 724+ 0.3CDh 35.6+1.3Cc
Nitrogen-deficient + water deficit 197 + 0.3 B a 80.3+14Bb 52.7+0.7AcC
NH;" + NOy + water 164+1.2Da 59.4+1.0Db 42.03+02 8
NH," + NO; + water deficit 189+6.2BCa 78.1+1.3BCh 532+1.2Ac
NH," + water 124 +15E a 72.8+3.3Ch 47.1+1.1ABc
NH," + water deficit 317+16Aa 89.1+0.7ADb 348+1.1Cc
NOs + water 117+3.3Ea 62.4+1.2DDb 53.4+1.3Ac
NO; + water deficit 182+ 3.7Ca 76.4+1.6 BCh 518A ¢

PPi-dependent proton transport in the presendanoérate, malate and citrate in the
leaves kept under a water deficit showed highetoprdransport rates compared with the
leaves kept in water. (Table S3). The order ofatifeness of proton transport for the leaves
maintained in water deficit was always fumarate alate > citrate. In general, the PPi-
dependent proton transport was lower than the Afdop transport in all of the nitrogen

treatments.

Effect of water deficit and N sources on ALMT9 tiglaexpression

The ALMT9 gene, which encodes a vacuolar malate channeluprasgulated under
water deficit, showing a higher induction (aboubRl) when water deficit was associated to
NH;" nutrition in comparison to N NH4" + NO; or nitrogen deficiency in the apical
portion of the leaves db. monostachigFig. 5). All nitrogen treatments led to the regzien
of this gene in the absence of water deficit. AbdMT9 expression in the basal portion of the

leaves was always lower than in the apical one. &2).
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Fig. 5.qRT-PCR analysis of the expressio’AbiMT9 gene in the apical portion of the leaves
of G. monostachi&kept in water or water deficit associated with asniam and/or nitrate
deficiencies for 7 days. Relative expression inheaeatment was compared with a
normalized control (nitrogen-deficient + water).t®are expressed as the mean (+ SD). The
mean relative expression was calculated from thansmef two technical replicates from
three biological replicates and normalized agaihstreference genes (FB293 and TF2A).
Asterisks indicate significant differences betwesater and water deficit in the same
nitrogen treatmentR < 0.05%; Student's t-test). Different capital dett indicate averages
that are significantly different among treatmentwater in the same portion of the leaves (
< 0.05; Tukey-Kramer's test). Different lower calstters indicate averages that are
significantly different among treatments + watefidein the same portion of the leave3 €

0.05; Tukey-Kramer's test).

Discussion

The data presented in this study highlight the irtgod role that inorganic sources of
nitrogen play in controlling the intensity of CAMhptosynthesis. Our assays showed that
presence of Nif + water deficit increases this photosynthetic pathin the leaves of the
bromeliadGuzmania monostachiavhen compared with the other nitrogen treatmesdsne
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studies have shown the opposite respondealanchoé blossfeldianéOta 1988b; Ota and
Yamammoto 1991). The highest nocturnal,Gi®ation and malate accumulation during the
night were observed in the presence of 1.0 mM dfat@. On the other hand, lower
concentrations (0.2 mM) of ammonium increased, @ftake at night when compared with
the same concentration of nitrate (Ota and Yamani®®l). When this species was
cultivated in higher concentrations of nitrate enmaonium (10.0 mM), a higher CAM
expression was observed in the presence of nitndide the plants kept under ammonium
presented toxicity effects and died (Ota 1988b)r Bo monostachialeaves, higher
ammonium concentrations (5.0 mM) induced a high&MCexpression than lower
concentrations (1.25 or 2.5 mM). On the other hawtien lower concentrations of
ammonium were associated with nitrate the PEPQicilecreased more than when the
nitrogen sources were applied separately. The deeran PEPC activity in the presence of
both nitrogen sources was likely a result of theedo ammonium concentrations, which
decrease this enzymes activity and the presenodrafe. Nitrate is known to increase the
cytokinins levels, which act as negative regulatbPEPC activity inG. monostachiaand
Mesembryanthemum crystallin@chmitt and Piepenbrock 1992; Peratal. 2013).
Ammonium also showed a positive effect on the esgio;n of ALMT9 gene in the
apical portion of the leaves &. monostachiaThis is the first study, to our knowledge, that
has investigated the influence of inorganic nitrog®urces on the biochemical levels of
CAM photosynthesis and molecular AEMT9 gene expression in the leaves of AGAM
bromeliad species. The apical portion ®@f monostachideaves showed a high&l.MT9
expression when in the presence of ,;NH water deficit compared with the other nitrogen
treatments and compared with the basal portion.ekoannet al. (2007) reported that this
gene is expressed in all organs and cytosolic maatl fumarate levels are responsible for

activating ALMT9 in Arabidopsis A. thalianawild-type plants exhibited a higher stomatal
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conductance and aperture when compared with atdtmi®kout mutants (De Angedit al.
2013a). These results show the involvemenAbMT9 in mediating chloride flux in the
vacuole of guard cells to perform a stomatal apertuin A. thaliana In Nicotiana
benthamianaleaves, the heterologous expressionAMLMT9 enhanced malate current
densities across the mesophyll tonoplasts (Kovenmein al. 2007). In Vitis vinifera
(Vitaceae) was observed thdvALMT9 mediates malate and tartrate accumulation in the
berries. This gene is expressed in mesocarp tigadeits transcriptional levels increases
during the fruit maturation (De Ange#it al. 2013b). However, the major role ALMT9
described foA. thalianamay not be the same for other plant species, &dlyeCAM plants.
Borlandet al. (2009) describeALMT9 as the best candidate to be an inward-rectifymgra
channel responsible for transporting malate inte vacuole through a voltage-gate. Our
study corroborates the other publications sincevevdied that the highe#t{LMT9expression
occurred in the apical portion &. monostachideaves kept under N + water deficit at
dusk. Under this treatment, this region of the lg@sented a higher malate content, which
was responsible for activating and increashhdgMT9 expression levels. F@. monostachia
ALMT9seems to be related to the malate transport m@toacuole at night, when the organic
acids accumulation into the vacuole is higher aAdllGntensity is stronger in the apex of the
leaves kept in NI + water deficit. Although, more studies need tgbgormed in order to
better understand the crucial role tAaMT9 plays inG. monostachia

In relation to proton and organic acids transpatés, another study performed with
Nicotiana tabacunshowed higher ATP-dependent proton transport aalaten accumulation
into the vacuole in the presence of nitrate rattn ammonium (Luttgeet al. 2000).
However, no studies have shown what influence génosources have on proton and organic

acids transport into the vacuole of CAM plants. Qesults support the idea that NH
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associated with water deficiency increases CAMnsity in the leaves d&. monostachidy
increasing proton and organic acids transporttimeovacuole.

Other species have shown a preference for ammonatirer than nitrate for
photosynthesis and growth, since NHseems to enhance the plant's tolerance to stress
conditions (Polesskayet al. 2003; Inselsbacheat al. 2007; Liet al. 2009; Fernandez-Crespo
et al. 2012; Hessinet al. 2013). NH" was the most important N source found in the taink
Vriesea gigantegBromeliaceae). The ammonium concentration in #rek tand its foliar
uptake for this bromeliad species was about 7 tilmgker than the nitrate concentration
(Inselsbacheet al. 2007). InOryza sativaa higher water uptake rate was observed in the
presence of ammonium + PEG 10% (MW: 6000) (wasdrcd condition) compared with
nitrate + PEG10% (MW: 6000) (lat al. 2009). In another study performed with the same
species a higher GCassimilation rate was verified in the presenceNbf,” + PEG 10%
(MW: 6000) rather than in the presence of nitratenitrate and ammonium + PEG 10%
(MW: 6000) (Guoet al. 2007). These authors suggest that,Nhbtrition enhance®ryza
sativa plants' tolerance for water stress (Gatoal. 2007; Liet al. 2009). In our studys.
monostachiashowed higher relative water content in the ledkegst under N + water
deficit compared with the other nitrogen sourcesoesited with water deficit. In this way,
ammonium seems to enhance the tolerance of thisddi@d leaves to drought conditions.

Our results also show the highest PEPC and MDHvies in the leaves of.
monostachiakept under N + water deficit; this strengthens the idea thatyNidcreases
CAM intensity in the leaves of this bromeliad. Semly, Spartina alternifloraplants grown
with NH," nutrition exhibited a higher photosynthetic adivilue to an increase in PEPC
activity. It was proposed for this species that amimm could decrease the oxidative damage
by the induction of antioxidant enzymes activitietessiniet al. 2013). Additionally, forG.

monostachiathe leaves that presented the highest CAM inteisithe presence of Nf +
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water deficit also exhibited the highest SOD, CAPX and GR activities. This suggests that
ammonium might decrease the oxidative damage itetinees by increasing the antioxidant
enzymes activities.

Under water stress conditions, plants accumulatgarsuthat can function as
osmolytes which maintain the cell turgor, prevegtand protecting membrane fusion and
maintaining proteins functionality (Guet al. 2007; Krasensky and Jonak 2012; Arabzadeh
2012; Sinay and Karuwal 2014; Ceustetrsl. 2016). Lisaret al. (2012) reported that plants
regulate the osmotic potential of the cell by iasiag sugar contents in order to withstand
drought conditions, mainly when drought stressaases from a weak stress to severe one. In
G. monostachiahe highest total soluble sugars levels (fructgbecose and sucrose) were
also observed in the leaves maintained under ptesehNH;," + water deficit. This result
suggests that NA enhances the tolerance ®f monostachideaves to a severe water stress
by increasing the soluble sugar content and pramdhe reduction of water potential, which
could increase the water-use efficiency and couteilio the better functioning of the CAM
enzymes in the presence of this nitrogen sourcteadsof nitrate or nitrogen-deficiency
(Nimmo, HG 2000; Borlanét al.2011).

In conclusion, this study provides evidence of pasiregulation of CAM intensity in
the leaves of5. monostachiawhen NH' is associated with water deficit, more specifigall
by increasing PEPC and MDH activities and orgagidsavacuolar accumulation during the
night. Proton transport into the vacuole @BthALMT9 expression were increased in the
presence of NI + water deficit suggesting a regulation of CAM tsynthesis by this
inorganic nitrogen source at the biochemical anteowar levels. Ammonium also promotes
an increase in leaf tolerance to water defigibppbly by osmotic adjustment due to sugar

accumulation and by improving leaf capacity to timikidative damage by stimulating
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antioxidant enzymes activities, all of which seetasfavor CAM photosynthesis iG.

monostachia
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Supplementary Material
Table S1.Primer pairs used for gRT-PCR analysis.

Annotation  Primer (forward/reverse) Amplicon length (pb) Efficiency (%) R 2

GmALMT9 5' GCAAAGGATTTAATCGGGGT 3 171 90 0.9998
5' ATAAGGCTTCATCGTCGGGTA 3

GmMTF2A 5" GATGTCAATGTGGCTTATGAGG 3 110 89 0.9999
5'CTTTTGCGTTTTCCAGAGGAC 3

GmFB293 5' CTGAAGATGTGAACAAGCAAATCA 3" 137 83 0.9999
5' CTGCCCAAACAGAAGAAGG 3
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Figure S1.PEPC activity inG. monostachideaves kept in water or water deficit associated
with different ammonium (A) or nitrate (B) conceations for 7 days. Data are expressed as
the mean (xSD) of three replicate samples. Relagi¥pression in each treatment was
compared with a normalized control (nitrogen-defnti + water). Asterisks indicate a
significant difference between water and wateralefn the same nitrogen treatmemt €
0.05%; Student's t-test). Different capital letténglicate averages that are significantly
different among the nitrogen treatments + wakek(0.05; Tukey-Kramer's test). Different
lower case letters indicate averages that arefgigntly different among nitrogen treatments

+ water deficit P < 0.05; Tukey-Kramer's test).

Table S2.ATP-dependent proton transport in the tonoplasicies of G. monostachideaves

in the presence of fumarate and of a specific ¥ of the non-vacuolar membrane (NaN
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plus NaVv0O,) or a specific inhibitor of the vacuolar membrafdédNO3) or no-inhibitor
(control), measured as initial rates of quinacfinerescence quenchings. monostachia
leaves were kept under water or PEG 30% associaittd the presence or absence of
ammonium and/or nitrate during 7 days. Resultseapgessed as the mean (£SD) for three
preparations. The rates of proton transport werasored in % Hmin’ mg proteift and %

of inhibition. Different capital letters indicat&erages that are significantly different among
treatments that use the same anion in the samemat the leavesR < 0.05; Tukey-
Kramer's test). Asterisks indicate averages thatsagnificantly different Asterisks indicate

significant differences between inhibitors in treeme treatment by Student's T-test at 5%

significance.
Specific activity (% min~* mg protein™)
(inhibition relative to control)
Treatments Control + KNO3 NaNs; + NayWOs3
Nitrogen-deficient + water 322 +18.7 A 122 £9.2C 203+17.6B
(62%)* (37%)
Nitrogen-deficient + water 365 £10.2 A 95.8+6.03C 301+10.7B
deficit (74%)* (17%)
NH;" + NOy + water 300+8.5A 33.26.2C 188+11.9B
(89%)* (37%)
NH;" + NOs + water deficit 297+ 175A 63.7+4.3C 255+16.8B
(79%)* (14%)
NH4" + water 263+139A 43.9+9.01B 258 £115A
(83%)* (1.9%)
NH," + water deficit 407 +16.9 A 149 +149C 297 +89B
(63%)* (27%)
NO;s + water 117 +8.9A 22.6+22C 80.4+49B
(81%)* (31%)
NOjs + water deficit 23049 A 68.4+7.8C 169+9.8B
(70%)* (26%)

Table S3.PPi-dependent proton transport measured as iratie$ of quinacrine-fluorescence
guenching in the presence of fumarate, malate @ratec (present as their BTP-salts at 50
mM) in the tonoplast vesicles &. monostachideaveskept in water or PEG 30% associated

with presence or absence of ammonium and/or nitRésults are expressed as the mean
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(+SD) and are relative to rates of proton transpeeasured in % Hmin mg proteift-

Different capital letters indicate averages tha significantly different among treatments
that use the same anion in the same portion ofelnes P < 0.05; Tukey-Kramer's test).
Different lower case letters indicate averages #natsignificantly different among anions in

the same treatment in each portion of the leakes{.05; Tukey-Kramer's test).

Specific activity (% min~* mg protein™)

Treatments Fumarate Malate Citrate
Nitrogen-deficient + water 168 + 5.9 EF a 160+1.2Ba 144 +6.9ADb
Nitrogen-deficient + water deficit 255+ 7.2 B a 132+7.7Ch 122+6.4BDb
NH," + NO; + water 107+15Ga 100+5.8Da 88.9+35Db
NH," + NO; + water deficit 155+11.1Fa 117+59Chb 97.9+6.8CDb
NH," + water 216 +3.1Ca 499+1.1ED 51.01+3.2FDb
NH," + water deficit 293+52Aa 186 +5.7 A b 145 +6.8 Ac
NOs + water 183 +5.4 DE a 185+95Aa 113+4.7BCb
NOs + water deficit 190+55Da 127+1.2Chb 7068.8E c
2 1 Owater .
B \Vater deficit
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Figure S2.qRT-PCR analysis of the expressionfafMT9 gene in the basal portion of the
leaves ofG. monostachi&kept in water or water deficit associated with amiam and/or
nitrate deficiencies for 7 days. Relative exprassio each treatment was compared with a

normalized control (nitrogen-deficient + water)gach portion of the leaf. Data are expressed
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as the mean (£ SD). The mean relative expressiancaiculated from the means of two
technical replicates from three biological replesatand normalized against the reference
genes (FB293 and TF2A). Asterisks indicate sigaiftcdifferences between water and water
deficit in the same nitrogen treatmef € 0.05%; Student's t-test). Different capital dett
indicate averages that are significantly differambong treatments + water in the same
portion of the leavesP(< 0.05; Tukey-Kramer's test). Different lower cdsters indicate
averages that are significantly different amongttreents + PEG in the same portion of the

leaves P < 0.05; Tukey-Kramer's test).
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CHAPTER 4

Profiling of aquaporin gene expression in leaves @uzmania monostachia

effects of day/night, nitrogen nutrition and waterdeficit regulation

Abstract

Leaves play an important role in the growth andettgsment of plants, especially for tank
epiphytic bromeliad species. In these plants, #tsabportion of the leaves, where the tank is
formed, is used to absorb and deliver water andemi$ to the leaf blade. Previous studies
with the tank epiphytic bromelia@uzmaniamonostachia have shown that the basal portion
of the leaves is preferentially involved in the @aipgion of water and nutrients, while the
apical region is mostly responsible for the asstioh of nutrients and photosynthesis,
showing a functional compartmentalization in thavies of this species. Aquaporins (AQP)
have an important role in leaf growth, and movemantl in water and CQransport. The
present study attempted to investigate the exmmessi 11 aquaporin genes in the basal,
middle and apical portions of the leavesfmonostachido discover if this functional leaf
characteristic may be related to a differentialutation of distinct aquaporin genes by the
time of day (dawn or dusk), water deficit and ireorig nitrogen sources. Most of the AQP
genes were up-regulated at the beginning of ligihiopl (dawn) in all three portions of the
leaves. Under water deficit induced by PEG coupteditrogen deficiency, most of the
Plasma Membrane (PIP) aquaporin genes were upateguin the apex of the leaves. PIPs
might increase membrane water permeability, waggrsport and C@diffusion in the top of
the leaves under water deficit. The apex is knownhave the highest rates of CAM
photosynthesis. The probable higher water and &hsport in the apical region by PIPs

could contribute to the higher CAM photosynthedisaryved in the leaves of this species
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under water deficiencyChapter 3). When NH’ or NO; were added to the medium

containing PEG, the strongest up-regulation of Ag#Pes was observed in the basal and
middle portions of the leaves in the presence of NBur data suggests that the increase of
AQP expression by NH enhance&. monostachia resistance to water deficit by increasing
water absorption in the basal portion and facihathe transport of water from both the base
and middle regions to the apex of the leaves. ilyker water content in the apical portion

might help to increase the intensity of CAM phota$yesis previously observed in the apex

of the leaves kept in the presence of,NRutrition coupled to water deficit.

Keywords: Ammonium, Aquaporins, Epiphytic bromeliad, Generession, Nitrate, Water.
Abbreviations: AQPs, aquaporins; DW, dry weight; FB293, F-bootpin 293; NIP,
nodulin-26 like intrinsic protein; PEG, polyethykeglycol; PIP, plasma membrane intrinsic
protein; RWC, relative water content; SIP, smaBibantrinsic protein; TF2A, Transcription

initiation factor lIA; TIP, tonoplast intrinsic ptein.
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Introduction

Bromeliad species occupy a wide range of habalatsthey have developed strategies
that help them survive in different environmentahditions (Smith & Till, 1998). One of the
key adaptations in epiphytic bromeliad speciefiésgresence of a "tank" structure, which is
formed by the overlapping of leaf bases. This $tmeécplays a central role in storing water
and nutrients, which can be used in unfavorablerenmental conditions, such as drought
(Benzing 1980, 2000; Zotz and Thomas 1999; Netthl 2013). In these tank bromeliads,
the base of the leaf is responsible for absorbiatewand nutrients, and delivering them to
the leaf blade (Nortlet al 2013). Northet al. (2013) proposed that water taken up by leaf
blades travels through the xylem and exits thounghttaqueids and the nearby cell walls in
Guzmania lingulataHowever, xylem elements are reduced in diametesome bromeliad
species and their reduction in the diameter liiésr conducting capacity (Tomlinson 1969).
Shatil-Coheret al (2011) suggest a possible involvement of aquapdiAQPs) regulating
water movement in and out of the veins in the lsaMerabidopsis thalianaunder drought
conditions. However, little work has been done noerstand the contribution of aquaporins
to water relations in the leaves of tank epiphlgtiemeliad species.

Aquaporins are water channels that belong to tAmmntrinsic protein family (MIP).
These proteins are found in almost all living oligars and the number of AQPs vary among
species (Agreet al 1998). InA. thaliana35 genes have been discovered (Qhiglewl
2002), while forGossypium hirustunover 71 genes have been documented (arél
2010). Agquaporins are classified into five subfaesilaccording to sequence homology and
subcellular location (Kruset al, 2006; Maurekt al 2008). These distinct subfamilies are:
plasma membrane intrinsic proteins (PIPs), tondplasinsic proteins (TIPs), small basic
intrinsic proteins (SIPs), nodulin26-like intrinsproteins (NIPs), and uncharacterized X

intrinsic proteins (XIPs) (Johansat al 2001; Danielson and Johanson 2008). Although
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AQPs have been described mainly as water chanthelse proteins can also facilitate the
passive transport of small solutes such as, glyicammonia, urea, boric acid, silicon,
arsenite, carbon dioxide (Gand hydrogen peroxide £8,) (Maurelet al. 2008; Katsuhara
et al 2014).

Aquaporin expression can be regulated during pldevelopment and by
environmental factors (Heinest al 2009). In relation to developmental factors, AQGEsm
to play a more important role in roots rather tHaaves, under normal environmental
conditions, since many PIP and TIP genes exhilatéalgher expression in the roots rather
than in the leaves (Johansseiral 1996; Chaumoret al 2000; Baige®t al 2002; Smaret
al. 2001). However, modulation of AQP expression basn shown to influence the leaf
hydraulic conductivity and plant recovery from watdress, showing how important the
AQPs are for leaf function (Paresital. 2009, Postairet al 2010). The developmental stage
also regulates AQPs expressidtardeum vulgareshowed a higher expressiontwPIP1;3
in mature leaves, whilelvPIP1;5 and HvVPIP1;6 were up-regulated in the root elongation
zone (Weiet al, 2007).

Among the environmental conditions that regulatePA€Xpression, drought stress has
been the factor most studied in plants. Nevertselgse overall pattern of AQP expression
varies according to the genetic background, kindstodéss imposition and developmental
stage. Two-week old. thalianaplants showed a 10-fold decrease in the transieveis of
AtPIP1;5 AtPIP2;2 AtPIP2;3 and AtPIP2;6 in the leaves when subjected to a mannitol-
induced drought stress (Jaeg al. 2004). In a more recent study, the pattern ouight
regulation of PIPs was analyzed in five accessmié-week oldA. thalianaafter ceasing
watering for 8-11 days of (Alexanderssetmal 2010). The authors showed tAaPIP1;4 and

AtPIP2;5 were the only AQP transcripts up-regulated upoougnt stress whereas most
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AtPIPs were down-regulated, showing a pattern distinotnfrthe observed by Jarey al
(2004).

The expression of few aquaporin genes was showpetoegulated by diurnal or
circadian rhythm (Henzleet al 1999; Lopezet al 2003; Hachezt al 2008; Sakurai-
Ishikawaet al, 2011). Hacheet al (2008) showed that for maize leaves, most ofZam& 1P
genes are up-regulated in the first hours of thlet Iperiod and down-regulated at the end of
the day. The oscillation in aquaporin expressionnguthe day usually correlates well with
the variation in plant hydraulic parameters, ad toairaulic conductivity (L), transpiration
and stomatal conductance (Henzé¢ral 1999; Lopezet al 2003; Beaudettet al, 2007;
Sakurai-Ishikaweet al, 2011). Meanwhile, these studies were done oroiCB4 species,
which have a distinct pattern of hydraulic regulativhen compared to CAM plants.

As described above, AQP genes are regulated byndaisenvironmental and
developmental factors. However, little has beercudised about how multiple associated
environmental conditions, such as water deficiyrmil oscillation and inorganic nitrogen
sources, would affect the gene regulation of thee A&QP subfamilies, PIP, TIP, NIP and SIP
along the leaf of a CAM species.

In Guzmania monostachiaa tank epiphytic bromeliad species, plants kemdeu
drought conditions showed a lower decrease of waiatent in the apex rather than in the
basal portion of the leaves (Pereataal. 2013). The authors proposed the possibility afewa
transport mediated by the aquaporins from the asailon, which forms the tank where the
water is stored, to the apical portion of the lsawehich presents higher photosynthetic rates
(Pereiraet al 2013). In this study, we investigated RWC andagpquin gene expression in
the apical, middle and basal portions of the leaxfe&. monostachi&kept under different
inorganic nitrogen sources, NOor NH," coupled to water deficit, for seven days. We

observed lesser decrease of RWC in the apicalgpodf the leaves under NH+ water
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deficit when compared with N+ water deficit. When in the presence of either,Nét
NOs + water deficit, most of the AQP genes were doegufated at dawn and up-regulated
at dusk, in the apical, middle and basal portiohthe leaves. Under water deficR]P1;2
genes were always up-regulated in the apical purtichile the NIP and SIP genes were

always down- regulated in the same region of theds.

Material and Methods
Plant Material and Growth Conditions

Micropropagated plants ofcuzmania monostachigl.) Rusby ex Mez Var.
monostachiavere cultivated and obtained for the experimestsgithe method described by
Pereiraet al (2013) and inChapter 3. For the experiments, the adult plants were then
transferred to controlled environmental chamberenr2D0 umol rif s* of photosynthetic
active radiation to the top leaf surfaces of thenfeliad, 12 h photoperiod, a day/night air
temperature of 25/22°C, and a day/night relativaidity of 60/70% for acclimation. During

one month of acclimation, all plants were watereith @distilled water on a daily basis.

Water and Nutrient Deficit Treatment

Water deficit treatment was imposed as describedPegeiraet al (2013) with
modifications. After 30 days of acclimation in tbkamber conditions, as described above,
adult plants that averaged 23.7 + 0.9 cm tall BRt7 £ 4.1 leaves and a tank volume of 40.5
+ 7.3 mL, had their B to 12" youngest fully developed leaves detached. Theeteavere
individually transferred to glass flasks containit@ mL of distilled water (control) or 30%
polyethylene glycol 6000 (PEG) (water deficit) ddd in Knudson solution (Knudson, 1946)
without nitrogen source (nitrogen-deficient) or taning 5.0 mM of ammonium (N#) or

5.0 mM of nitrate (N@) as the only source of nitrogen. Flasks with de¢ached leaves
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were kept in a controlled environment growth chandsepreviously described. After 7 d in
the controlled environment, leaves from differeititagen treatments were divided into three
portions: a) basal, corresponding to the part efldaf that forms the tank in the whole plant
and contains lower levels of chlorophyll, b) middé®rresponding to the lower half of the
green part of the leaf blade, and c) apical, cpoeding to the upper half of the green part of
the leaf blade. The portion of the base, which imaontact with the liquid in the flask glass
was discarded, whereas the remainders of the baghl|le and apical portions were used for

further analyses.

Measurements of Relative Water Content (RWC)

Relative water content was determined accordinpéomethod described by Pereira
et al. (2013) and irChapter 3. The fresh, dry and turgid weights of basal, medahd apical
leaf discs (~ 1 cA) were weighed immediately after leaf harvest toedrine the fresh
weight (FW), and then these same discs were kepbmtact with distilled water for 24 h.
Afterwards, all leaf discs were weighed to deteenthe turgid weight (TW) and were
subsequently maintained for 72 h at 60 °C befonegoeeighed to determine the dry weight
(DW). Tissue water content was calculated usingfdhmula ((FW- DW)/ TW- DW)) x 100
(Martin and Schmitt, 1989). Measurements were niadeplicates.

RNA Extraction and gRT-PCR

Total RNA was extracted from 100 mg (FW) of freelzeed powdered leaf material
(apex and basal portions collected separately)guBlareLink RNA Mini Kit (Ambion)
following the manufacturer's recommendations. GanddNA contamination was removed
by DNAse | treatment (Invitrogen). The cDNA was #sized using the SuperScript 1l
One-Step RT-PCR System (Invitrogen) as recommehgede manufacturer. Amplifications

were carried out in total volume of 10 uL with SYB®elect Master Mix (Applied
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Biosystems) on StepOnePlus Real-Time PCR (Appliadsygtems). PCR conditions
consisted of an initial heating step at 95°C fondi@, followed by 95°C for 15 s 40 cycles of
52-60°C for 30 s, depending on the primer (Tablg &id a final elongation step of 72°C for
30 s. After cycling, melting curves were run fro@f6 to 95°C for 20 min, to confirm that a
single PCR product was amplified. The analysexpfession stability of the reference genes
were performed with BestKeeper (Pfaffl 2004). Thktive expression level of target genes
was calculated as described by Pfaffl (2001), whih expression values normalized against
the geometric mean of two reference genes (PfafitlL All reactions were performed using
three biological replicates and two technical regikes. Primers used in this study were
designed on partidb. monostachisequences obtained in the transcriptomic anabfdisis

species performed by our group (unpublished date.primers are shown in Table S1.

Statistical Analysis

All data were presented as mean values with + standrror (SE). The differences
between averages in relation to water and watecitiefere assessed by t-Student’s average
comparison test & < 0.05. The significant differences among theeddht treatments were

contrasted by Tukey-Kramer's tesPat 0.05.

Results
Relative water content in the leaves of Guzmaniaasiachia

The relative water content was determined in el middle and apical portions of
the leaves o6Guzmania monostachiar 7 days (Fig. 1). Under water deficit, the haseddle
and apex showed a marked reduction in RWC when aoedpwith the same portions of the
leaves kept in water over 7 days in almost allhef nitrogen treatments (Fig 1). In general,

the decrease in the RWC in the basal portion ofelaees under water deficit was about 1.2
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times higher than in the same portion of the cdrig@ves for all of the nitrogen treatments
on the % day and 1.3 higher on the? Blay in the presence of NQFigs. 1A, 1B). For the
middle region, the decrease in the RWC was ab@utirhes in the presence of NG water
deficit on the & day and 1.2 to1.4 times on th& @ay in all nitrogen treatments + water
deficit compared with the nitrogen treatments +emalhe apical portion of the leaves kept
in water showed the lower RWC when compared withldhsal and middle portions of the
leaves (Fig. 1). When comparing the apical regiothe leaves under water deficit with those
kept in water, the decrease in RWC was the higheshe g day, for the leaves kept in the
presence of N@(Fig. 1E and 1F). On the other hand, for the dpcation of the leaves
under water deficit the decrease in RWC was theesbwn the 8 day in the leaves kept in
the presence of NA (Fig. 1F). Overall, after 7 days under water stydise apical region of
the leaves exhibited the highest RWC in the presaid\H,", whereas in the middle and
basal portions, the highest RWC was observed imgen-deficient and NH treatments
(Figs 1B, 1D and 1F). These results showed that BE@ (30%) was effective in the
induction of water deficit by decreasing the RWCeiov days in all of the portions of
detached leaves fro@. monostachialn general, when compared with the respectiverobn
(water), the highest decrease in the RWC was oederv the apical portion of the leaves
kept in +NQ" + water deficit, while the lowest decrease wasfieerin the basal portion of

the leaves kept in nitrogen deficiency + waterdefi
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Fig.1. Relative water content in the basal portions efldaves kept for 7 d in water (A) or
water deficit (B), in the middle region of the lesvkept in water (C) or water deficit (D) or
in the apical portion of the leaves Gf monostachikept in water (E) or water deficit (F)
associated with the absence of ammonium and/oateitData are expressed as the mean
(xSE) of triplicate samples (each biological reglecis obtained from different leaves from
different plants). Asterisks indicate a significadifference between water and water deficit in
the same nitrogen treatment at the same time ofddye P < 0.05%; Student's t-test).
Different capital letters indicate averages that significantly different among the nitrogen

treatments + water or water deficit at the same winday P < 0.05; Tukey-Kramer's test).
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The effect of time of the day (dawn or dusk) orapquin gene expression

Most of theG. monostachiaaquaporin genes were down-regulated at dusk in the
apical, middle and basal portions of the leavest keyer nitrogen deficiency + water,
exceptingTIP 4;3 which presented a slight up-regulation in thedtgdortion of the leaves
at dusk (0.6 fold-change) (Fig. 2). The highestregulation at dusk was observed for
TIP2;2b (about 1.2 fold-change) in the basal portion & thaves (Fig. 2). In the basal
region, the only aquaporin gene that exhibited rmadcriptional change wadP1;2a (Fig.
2). In general, most aquaporin genes presentedasiexipression pattern in all of the portions

of the leaves of5. monostachia
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Fig.2. Heat map showing the expression profiles of aquag®nes in the apical, middle and
basal portions of the leaves Gf monostachiaRelative expression at dusk was compared
with a normalized control (nitrogen deficient aivag in each portion of the leaf. The color
scale represents FPKM normalized lodransformed counts where blue indicates low

expression and red indicates high expression.
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The effect of water deficit on agquaporin gene esgimn

The NIP2;1 gene exhibited the highest down-regulation in mhieldle (1.2 fold-
change) portion of the leaves under nitrogen daficy + water deficit at dawn, while
TIP2;2a (1.8 fold-change in the apex and 1.9 fold-chamgéhe middle) andIP2;2b (1.8
fold-change in the apex and 2.1 fold-change in riiddle) showed the highest down-
regulation in these portions of the leaves at disg. 3). On the other hand, in the basal
portion of the leaves under water deficit at dawtR1;5a PIP1;5c andTIP4;3 showed a
slight down-regulation (0.6 fold-change), but skilver than the down-regulation observed
for the same genes described before in the otlggone of the leaf (Fig 3). The highest up-
regulation was verified faPIP1;2a (1.2 fold-change at dawn and 2.2 fold-change akdin
the apical portion of the leaves under water deftéig. 3).NIP5;1 was the most up-regulated
gene (1.7 fold-change) in the basal portion of li®ves at dusk (Fig 3). Most of the
aquaporin genes exhibited a higher expression ak,dwhen compared with the gene
expressed at dawn under water deficit (Fig 3), shgwhat genes previously shown to be
down-regulated at dusk compared to dawn (Fig. 2pweduced by water stregsIP5;1 (1.7
fold-change in the bas@nd SIP2;1 (1.0 fold-change in the basggnes analyzed showed
higher up-regulation in the basal portion of thavks, kept in water deficit at dusk, rather
than in the apical and middle regions. Conversallyof the PIP1;2 genes exhibited higher
up-regulation in the apical portion of the leaveba@h dawn and dusk, when compared with

the up-regulation rates measured in the basal agdlerportions (Fig. 3).
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and basal portions of the leaves@fmonostachiat dawn and dusiRelative expression in
nitrogen treatments + water deficit was compareth vei normalized control (nitrogen-
deficient + water) in each portion of the leaf. T¢wor scalerepresents FPKM normalized
log, transformed counts where blue indicates low exmwes and red indicates high

expression.

The effect of inorganic nitrogen sources on aguapgene expression

The only genes up-regulated in the apex of theeeainder N@ nutrition at dawn
werePIP1;2h PIP1;5aandTIP4;3. In this same nitrogen treatmeRtiP1;2b, PIP1;5b and
TIPs were up-regulated in the middle portion at dawhjlevin the basal portion, the up-
regulated genes weRdP1;2a (1.4 fold-change) an81P2;1(1.0 fold-change) with a stronger
up-regulation inPIP1;2a at dawn (Fig 4). For this same nitrogen treatmii®2;1 was the
most down-regulated genes in the apical (2.1 folahge) and middle (0.8 fold-change)

portions at dawn; whiléIP1;5c (1.2 fold-change) an#llIP5;1 (1.6 fold-change) were the
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most down-regulated genes in the basal portiohigtsame time of the day (Fig 4). The same
genes that were up-regulated in the apex in theepee of N@ were also up-regulated in the
same portion of the leaves under NHwhile in the middle portion, most of tiRIP1;5 and

all TIPs were up-regulated in the presence of,NEFig. 4). For the basal portioR|P1;2a
(2.0 fold-change) andriP2;2b (1.5 fold-change) showed the strongest up-reguiati
however, most of the genes exhibited an up-reguiati the presence of NHin the basal
portion of the leaves db. monostachiat dawn (Fig 4). The strongest down-regulated gene
at dawn in the apical region under NHvasNIP2;1 (1.2 fold-change); while in the middle
region werePIP1;2aandNIP2;1 (0.5 fold-change) and in the basal portion W#81;5a (1.4
fold-change) (Fig. 4). At dusk, in the apical portiof the leaves, most of the AQP genes
were either up-regulated and few genes did notbéeli transcriptional changes in the
presence of either NOor NH,;" (Fig. 4). In the middle region, most of the AQmegs were
up-regulated and this regulation was stronger éngiresence of N than NQ' (Fig. 4). In
the basal portion, all genes were up-regulatedpaesented a very similar expression pattern

under NQ or NH;" nutrition (Fig. 4).

120



global
| B
2 0 2

DAWN DUSK
1 1
I L 1
APEX MIDDLE BASE APEX MIDDLE BASE

] T L]

NH4+

®
O
222222 Annotation

*]:pum;m
PIP1:2b
i

NO3-
NH4 +
-N
NO3-
NH4 +
-N
NO3-
NH4+
-N
NO3-
NH4+
NO3-
NH4+

&
[

PIP1:5a
|PIP1:5b
PIP1:5¢
TIP2:2a
TIP2:2b
TIP4:3

_ NIP2:1
NIPS:1
] SIP2;1
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deficient + water) in each portion of the leaf. Tdwor scale represents FPKM normalized
log, transformed counts where blue indicates low exmwes and red indicates high

expression.

The coupled effect of inorganic nitrogen sourcesl avater deficit on aquaporin gene
expression

When water stress was associated to differenbgetr sources in the medium,
changes in the expression profile of some genes wieserved. For example, in the apical
portion of the leaves submitted to water deficider NQ or NH4+ containing medium at
dawn, the expression &flP1;5c (0.5 fold-change)which was down-regulated by nitrogen
sources under control water condition, was up-igdl by both nitrogen treatments under

water stresaNIP5;1 andSIP2;1were slightly up-regulated in the apex by NH4+ emaater
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stress at dawn (Fig 5). At dawn, most of the AQRegeexhibited a stronger up-regulation in
the middle portion of the leaves kept in the presesf NH," when compared with NO(Fig.

5). In this leaf portionTIPs andNIP5;1 were up-regulated in the presence ofsN@hile
PIP1;2 genes andNIPs were up-regulated in the presence of NEt dawn (Fig. 5). In the
basal portion of the leaves, the strongest up-etgdligene at dawn wsP1;2aeither in the
presence of N® (1.5 fold-change)r NH;" (2.0 fold-change)Fig. 5). The most down-
regulated genes wefdPs in the apical portion of the leaves kept in N@& dawn (Fig 5).
The transcript abundance of most of the aquapoeimeg increased under both nitrogen
treatments in the middle and base portion of thevde at dusk. In the apex, distinct
expression patterns were observed at dadR1;5awas the most down-regulated gene either
in the presence of N(0.8 fold-changepr NH," (1.1 fold-change)n the apical portion
(Fig. 5).TIP2;2bdid not exhibit transcriptional chang®iP2;1 was slightly down-regulated
and all of the other AQP genes were up-regulatatiermiddle portion of the leaves kept in
the presence of NO+ water deficit. In contrast, under YyHall AQP genes were up-
regulated in the middle region of the leaves akd&gy. 5). In the basal region of the leaves
kept in NQ" + water deficitPIP1;5aandTIP2;2a showed no transcriptional changes, while
TIP2;2b andNIP5;1 were slightly down-regulated at dusk. The remamQP genes were
up-regulated by N@associated to water deficit in this portion of tbaf (Fig 5). In contrast,
at dusk, all AQP genes expressed in the basalopodi the leaves were up-regulated by
NH;" under water deficitPlP1;2a (1.7 fold-change)PIP1;2b (1.4 fold-change)andNIP2;1
(1.5 fold-change) were the most up-regulated genes in this portibthe leaf under the

presence of NI + water deficit (Fig. 5).
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Discussion

Aquaporin expression is regulated by many enviremiad factors such as drought,
flooding, salinity, cold and diurnal oscillationdafiget al 2004; Heineret al. 2009; Vera-
Estrellaet al 2012). In relation to diurnal cycle, Vera-Estaedit al (2012) showed the
transcriptional changes of McPIP1;4 in unstressadualtdesembryanthemum crystallinum
plants. The transcript levels of this agquaporinggdacreased at night and increased during
the day. However, wheM. crystallinum plants were under salt stress no changes were

observed in the expression of PIP or TIP genesngluhe day/night cycle (Vera-Estrekd
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al. 2012). The diurnal expression of most of the ZmBénes in the mature zones of the
leaves ofZea maysvas higher in the first hours of the light perimmmpared with at the end
of the day (Hacheet al. 2008). In our study, most of the AQP genes (FIP, NIP and SIP)
had their expression decreased at the end of fhéatlausk) in the apical, middle and basal
portions of the leaves db. monostachiaThis result corroborates the highest AQP gene
expression observed f@. maysleaves in the first hours of the light period; teaf of G.
monostachiaalso showed a positive regulation in the firstigonf the day for PIP, TIP, NIP
and SIP genes and a higher expression at dawn cechpéth at dusk. Interestingly, all the
genes analyzed in this study showed a day/nighsdtrgtional regulation on, at least, one
portion of G. monostachideaf. Day/night regulation has been shown for faguaporin
genes until now, and mainly for root-specific genelere the variation in expression levels
was correlated to diurnal changes in root hydradanductivity. The leaves ofG.
monostachiare an interesting model to study the regulatioAQ@P genes, since it has been
previously demonstrated (Peregtal 2013) that the basal portion of the leaf can fiemcas
a root, absorbing water and nutrients from the tank

Drought is another environmental factor that ratpd AQP expression, and its effect
has been well-documented in the scientific literati®martet al 2001; Janget al 2004; Da
Silva et al 2013).A. thalianaseedlings presented a down-regulation of AtPIPAtB)P2;2;
AtPIP2;3, AtPIP2;4 and AtPIP2;6 in the roots andhe aerial parts under drought stress.,
while only AtPIP2;1 and AtPIP2;5 genes were up-taga over 2 weeks of drought (Jastg
al. 2004). The transcript accumulationMfP2, MIP3, MIP4 decreased iNicotiana glauca
leaves of plants under drought-stress (Smeairal 2001). In our study, we observed both
upregulation and downregulation of different PIPh@® of G. monostachiaunder water
deficit, depending on the time of the day and [gation. The opposite profile observed for

the same genes in the apex and basal portiong ¢éales reinforce the different functions of
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these tissues. The PIPs play an important roleatemabsorption and hydraulic maintenance
in the leaves (Let al. 2014; Xuet al 2014). In addition, PIPs can facilitate £diffusion in
the mesophyll and affect photosynthetic rates (Metket al. 2011). In general, most of the
PIP genes showed a stronger up-regulation in the kpodion of the leaves ofs.
monostachiaunder water deficit compared with the other paiat dawn and at dusk.
Under water deficit, the RWC was the lowest indpex of the leaves &.monostachiaand
comparatively higher inthe middle and basal portions. PIPs are known natfon as water
channels (Ariani and Gepts 2015); these genes deseribed to be down or up-regulated
under drought conditions (Smaet al. 2001; Janget al 2004). Based on the observed for
other plant species, the up-regulation of PIP geaesincrease water and g@ermeability

of the membrane facilitating their transport in #q@cal portion of the leaves. However, at
dusk PIP genes are up-regulated in the base dédlves when compared with the dawn; this
up-regulation could help to increase water trartsfmothe apical portion of the leaves under
water deficit at dusk when photosynthesis ratedayieer in this region of the leaf (Peregta
al. 2013).

TIPs are vacuolar membrane channels (tonoplastlvad in the regulation of
osmotic potential and water flux through this comip@nt (Liet al 2014). At dawn, the TIP
genes were up-regulated in the apical portion efldaves ofs. monostachiainder water
deficit. On the contrary, at dusk all TIP genesevdown-regulated. In this way, TIPs might
be regulating and supporting water transport amaotis potential in the apical portion of the
leaves of this bromeliad at dawn, due to organidsaaccumulation during the night and,
consequently, higher turgor pressure, but not akdwhen turgor decreases after the
remobilization of organic acids and water becomeslable for plants (Luttge 2004; Pereira

et al 2013).
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The effect of inorganic nitrogen sources on watdatrons has been intensively
studied in plants (Walch-Liat al 2000; Gucet al. 2007; Gacet al 2010; Dinget al 2015).

In rice, a higher water absorption rate was obskmethe presence of ammonium + water
deficit rather than nitrate + water deficit (Gabal 2010). On the contrary, French bean
plants showed a higher water uptake in the presehcirate rather than ammonium (Geb

al. 2007). In tobacco plants, no difference in watgsorption rates was observed between the
plants supplied with nitrate and those suppliedhainmonium (Walch-Liet al 2000). Our
results demonstrated a higher RWC in the apicaldhaiand basal portions of the leaves of
G. monostachi&ept under NH + water deficit on the™7d of drought stress, compared with
NOs; + water deficit. For this epiphytic bromeliad sigs¢ NH," seems to improve water
uptake ability and enhance leaf tolerance to waedcit.

For rice seedlings, an improvement in the wateakmptoy the roots was associated
with the involvement of aquaporins (Ga® al 2010; Dinget al 2015). Oryza sativa
seedlings showed higher aquaporin activity in tmesence of ammonium than in the
presence of nitrate (Gaa al 2010). In this same study, the plants suppligti ammonium,
rather than nitrate, exhibited both the highestelevof water uptake and the highest
photosynthetic rates (Gaet al 2010). Dinget al (2015) showed an up-regulation of
OsPIP1;2, OsPIP1;3, OsPIP2;2, OsPIP2;3 and OsPiR2de plants kept under NH+
PEG 10% (MW 6000). This increase in AQP gene exgwasin the presence of ammonium
+ water stress resulted in a higher permeabilitthefroot hydraulic (Dingt al 2015). In the
leaves ofG. monostachiamost of the AQP genes exhibited a stronger uplatign under
control water conditions and in the presence ohbdtsources, with higher AQP transcript
accumulation under NH nutrition in the basal and middle portions, rathiean in the
presence of N@. Additionally, under a PEG-induced water stressimilar general profile

of down-regulation at dawn and up-regulation atkdwas observed for both N sources, but
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with some differences for specific genes. In genek®P genes were induced by water
deficit in the basal and middle portions in theserce of N and NQ at dusk. As
reported by Nortlet al (2013), the basal portion of the leaf in the apt tank bromeliad
species is the place where water and nutrientalaserbed, captured and delivered to the leaf
blade. InG. monostachiathe up-regulation of most of the AQP genes inldhgal and middle
portions of the leaves kept under NH+ water or water deficit could be related to an
improvement in water uptake and transport fromithse and middle to the apex portion. The
gradient of water content from the highest RWC olest in the base to the lowest in the
apex is an evidence to support this hypothesiadtition, higher photosynthetic rates were
observed in the presence of NH+ water deficit compared with NO+ water deficit
(Chapter 3). Therefore, NiJ* may induce AQP gene expression in the basal amidleni
regions of the leaves under water deficit at das&inly GmPIPs1;2 and GmPIPs1;5, which
presented the strongest up-regulation. TheseWwdRs previously characterized as water and
CO, channels and its increased expression might tfaeliwater transport and G@iffusion
from the base to the apical portion of the leavd® induction of aquaporins in the base,
pumping water to the apex, associated with theesspon of some AQPs in the apex,
avoiding water loss, could result in a higher watmd CQ availability to the
phosphoenolpyruvate carboxylase enzyme (PEPC),hwixdibited higher activity in the
apical portion of the leaves (Pere@taal 2013;Chapter 3). This higher PEPC activity in the
apex is responsible for a stronger CAM intensityhis portion of the leaves kept in H+
water deficit rather than NO+ water deficit Chapter 3). In relation to the other aquaporin
subfamilies analyzed in this study, NIP5;1 and N1P&e described as urea, boron, arsenite
and silicon transporters (Gat al. 2012; Katsuharat al 2014; Ariani and Gepts 2015); while
SIP2;1 seems to act as an endoplasmic reticulum ¢g&hnel for other small molecules, but

not water (Ishikawat al 2015). In this way, the regulation of GmNIP anch&P genes by
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nitrogen sources and water deficit in the leave& ofmonostachias still unclear and more
studies are necessary in order to better underdtaeid regulation along the leaf of this
epiphytic bromeliad.

Although there are probably many aquaporin gené&s. imonostachiaif we consider
the number of genes described for other speciedhave examined only 11 isoforms that
represent the main aquaporin subfamilies. Cleaslg, must be cautious with regard to
correlations between expression of AQPs and thervsiitess response Gf.monostachia
since the expression of the complete multigenicilfamnd the corresponding functional
analysis are still missing.

In conclusion, this study showed for the firstdirtthe regulation of AQP expression
by different environmental factors along the le&fG monostachiaTaken together, our
results suggest that aquaporin are differentiadlyutated by day/night cycle and inorganic
nitrogen sources and are very responsive to wafeitl contributing to maintain the cellular
water balance in the leaves of this bromeliad. Butttate and ammonium regulate aquaporin
expression, with small differences among theseNvgmurces, and a higher induction for the
aquaporin genes expressed in the base of leavegmmnoesponsible for nitrogen and water
uptake. Some of these AQPs may also be involvedhéntransport of small nitrogen

molecules.
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Supplementary Material

Table S1 Primer pairs used for qRT-PCR analysis.

Annotation Primer (forward/reverse) Amplicon Tm (°C) Efficiency (%) R®
length (pb)
PIP1.2a 5 TGTTCTACATGGTGATGCAGTGCC 3' 156 60 87.5 0.9997

5'TGCCCACAATCTCAGCACCCA 3

PIP1.2b 5' GTGAAGGGGTTCGAGAAGGG 3 150 54 86.5 0.9998
5" CTTGGCATCAGTGGCAGAGA 3

PIP1.5a 5 GTGTGGTGAAGGGGTTCCAA 3 153 55 89 0.9998
5' TGGCATCAGTGGCAGAGAAG 3

PIP1.5b 5'GTCGTCAAGGGCTTCCAGAA 3' 139 55 85 0.9998
5' CGGAGAAGACGGTGTAGACG 3'

PIP1.5¢c 5' AGGATGTACTGGTGGTACGC 3 66 54 91 0.9997
5 GTGGATCTTTTGGGTTGGGC 3

TIP2.2a 5' CCGCCATTGCCTACAACAAGTT 3 104 57 87 0.9997
5'CGACACCGCCACGCCCAG 3

TIP2.2b 5'CCGACCCAGTAGATCCAGTT 3 203 57 84 0.9998
5'CTCGTCTACACCGTCTACGC 3

TIP4.3 5' ATCATCACCGCCACCACCAG 3 133 57 93 0.9997
5' TCCTCACCTTCCTCTTCGTCTTCG 3'

NIP2.1 5'GCCTCATCGTAACGGTGATGAT 3 121 59 89 0.9998
5' GGCACCTGAATCCAAGGGAA 3

NIP5.1 5' GGAGACGCTGATCGGCAATGC 3 137 60 90.5 0.9998
5' CCCAGGGGAAGTGGCGGAG 3'

SIP2.1 5" GATTCCTCCAGTTAAATCAGAG 3 74 52 81 0.9960
5' TCATGAAAACATGGATATCAAGCA 3

TF2A 5' GATGTCAATGTGGCTTATGAGG 3 110 52 89 0.9999
S'CTTTTGCGTTTTCCAGAGGAC 3'

FB293 5' CTGAAGATGTGAACAAGCAAATCA 3" 137 52 83 0.9999
5' CTGCCCAAACAGAAGAAGG 3
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Principais conclusbes

As principais conclusdes obtidas desse traballbodg&critas individualmente para
cada capitulo apresentado.

No capitulo 1, entre as 6 espécies de bromélias CAM utilizadessen estudo,
Billbergia pyramidalisapresentou as maiores taxas de transporte denprdapendente de
ATP ou PPi e maior acumulo noturno de malato, emigudillandsia usneoidegxibiu as
menores taxas de transporte de protons e acimut@ld¢o durante a noite. Todas bromélias
mostraram uma preferéncia pela ATPase, em vez @dadlRomo forca préton-motriz para o
transporte de acidos organicos no interior do vaci® permeabilidade do tonoplasto na
presenca de ATP, para todas as bromélias CAM tesfadfumarato > malato > citrato.

No capitulo 2, plantas de&Kalanchoélaxiflora e Kalanchoé tubifloracultivadas com
2.5 mM de nitrato apresentaram maiores taxas depaate de prétons dependente de ATP
ou PPi e maior acumulo noturno de acidos orgamoeomterior do vacuolo. Por outro lado,
plantas de ambas as espécies mantidas em 5.0 rmMateo exibiram os menores valores de
transporte de prétons e acumulo de &cidos organignte a noite. Ao comparar as duas
espécies, 0s parametros descritos acima foram esaias plantas dé tubiflorado que nas
plantas deK. laxiflora. De modo geral, os resultados apresentados nap#glo sugerem
que K. tubiflora apresenta um CAM mais forte comparado ddmlaxiflora e as fontes
inorganicas de nitrogénio (NHou NQ;) , bem como suas concentragdes, influenciam no
grau de expressdo do CAM nessas duas espédiadatehoé

No capitulo 3, os dados claramente mostram que a presencadsdéadmonio (5.0
mM) associada ao déficit hidrico (PEG 6000 30%pfage a maior expressao do CAM na
porcado apical das folhas deéuzmania monostachiaguando comparado com a presenca
isolada de nitrato (5.0 mM). Foi observado tambémaior acimulo de agucares sollveis

(glicose, frutose e sacarose) e atividade das ipaiscenzimas antioxidantes (SOD, CAT,
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APX e GR) na porcéo apical das folhas dessa bramdgdintidas na presenca de amdnio. O
transporte de prétons e acidos organicos depersléatATP, bem como a expressao do gene
ALMT?9, que codifica o transportador de malato adivgor aluminio, foram aumentados na
presenca de aménio como Unica fonte isolada degeitio. Esses resultados sugerem que o
amonio melhorara a capacidade de limitar o dandatixio, bem como favorece o transporte
de &cidos orgéanicos no interior do vacuolo na poegical das folhas d8 monostachia

No capitulo 4, nossos resultados sugerem que 0s 11 genes gfiearndhquaporinas
escolhidos nesse estudo séo diferencialmente dipilpelo ciclo dia/noite e fontes de
nitrogénio e sdo muito responsivos aos déficitibddrcontribuindo para manter o balanco
hidrico em folhas d&. monostachiaA presenca de NH parece favorecer a inducédo dos
genes que codificam PIP1;2 e PIP1;5 nas porc¢osal lramediana no final do dia. O
aumento na expressao desses genes na base, pddigxr no transporte de agua para o
apice, associado com a repressdo desses genescéa ppical, evitando a perda de agua,
poderia resultar em uma maior disponibilidade deadggCQ para a enzima PEPC que exibiu

maior atividade na porcao apical das folhas, coastattado noapitulo 3.
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Resumo

Historicamente, o metabolismo &cido das crasswafAM) tem sido bem estudado em
espécies das familias Bromeliaceae e, principaln&rassulaceae. Essa via fotossintética é
caracterizada pelo acumulo noturno de acidos orgérdentro do vacuolo e pela fixacdo de
CO, durante a noite pela enzima fosfoenolpiruvato @atase (PEPC). No entanto, pouco se
sabe sobre a preferéncia pela atividade da enzilRage ou PPiase no transporte de protons
e acidos organicos no interior das vesiculas doptasto em espécies CAM. A fotossintese
CAM pode ser induzida em plantas caracterizadasoc@AM-facultativas por diversos
fatores ambientais, por exemplo, déficit hidriarmoperiodo, salinidade e deficiéncia de
nutrientes. Contudo, pouco tem sido discutido sabrdluéncia dos nutrientes na indugéo do
CAM. Esse estudo investigou o transporte de préatravés da membrana do tonoplasto em
seis espécies de bromélias CAM e duas espéciéaldachoé Todas as espécies usadas
nesse estudo mostrou uma preferéncia pela ATPagealpela PPiase para o transporte de
protons e 4cidos organicos no interior das vessadidatonoplasto. NGs também observamos
uma maior expressdo do CAM nas plantaskdéanchoé laxiflorae Kalanchoé tubiflora
mantidas na presencga de 2.5 mM desN®or outro ladoGuzmania monostachiaauma
espécie de bromélia epifita, exibiu a maior intdade do CAM nas folhas mantidas na
presenca de NH + déficit hidrico. Nessa espécie de bromélia, aomekpressio do gene
ALMT9na porg¢éo apical das folhas, seguido pelas mdiaxes de transporte de protons pela
ATPase, acumulo de acgucares sollveis e a ativagsidefesas antioxidantes parecem estar
relacionados com o aumento da toleréncia peloeapsndtico e limitagdo do dano oxidativo
nas folhas mantidas na presenca de,'NH déficit hidrico. Uma outra explicacdo para a
maior intensidade do CAM no apice das folhas mastieim NH" + déficit hidrico poderia
ser a maior expressao dos genes que codificam aguap nas regides basal e mediana das

folnas na presenca dessa fonte de N, principalmet®s e TIPs, que talvez sejam
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responsaveis pelo transporte de dgua das porc¢8akéanediana para a porcdo apical das
folhas. O maior conteddo de agua conservado na&@pagical poderia ajudar a aumentar a
intensidade da fotossintese CAM nessa por¢édo diaasfaleG. monostachianantidas na
presenca de NA + déficit hidrico.

Palavras-chave Aquaporinas; Metabolismo acido crassulaceo; Fornde nitrogénio;

Transporte de prétons.
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Abstract

Historically, crassulacean acid metabolism (CAM3 baen studied in many families, mainly
Bromeliaceae and Crassulaceae. This photosynthmtibway is characterized by the
nocturnal organic acid accumulation in the vacwasevell as CQfixation during the night
by the phosphoenolpyruvate carboxylase enzyme (PER@vever, little is known about the
preference of ATPase or PPiase activities for thetop and organic acids transport in
tonoplast vesicles in CAM species. CAM photosynthean be inducted in CAM-facultative
species by environmental factors such as, watecigjghermoperiod, salinity and nutrients
deficiency. Although, little has been discussedualtbe influence of nutrients on CAM
induction. This study investigated proton transpoit€AM bromeliad species and two CAM
Kalanchoéspecies. All of the species used in this study d€ltba preference for ATPase
rather than PPiase for the proton and organic acatsport into the tonoplast vesicles. We
also observed a higher CAM expressionKialanchoé laxifloraand Kalanchoé tubiflora
plants kept in the presence of 2.5 mM of N@n the other handiuzmania monostachia
plants, an epiphytic tank bromeliad species, exubihe highest CAM intensity in the leaves
kept in the presence of NH+ water deficit. In this same bromeliad, a makatssporter
gene,ALMTY9, showed its highest expression in the apical porbf the leaves and the
highest proton transport rates into the vacuoleAbyase. Soluble sugars and antioxidant
enzymes activities were also verified in this studyorder to observe their influence on
increasing the drought tolerance@imonostachialn the leaves kept in Nfi+ water deficit
the highest antioxidant activities and accumulatansoluble sugars were observed, this
suggests that this inorganic nitrogen source semisicrease the drought tolerance by
osmotic adjustment and limitation of oxidative dg®maThese factors can favor the increase
of CAM intensity in the leaves kept under NH- water deficiency. Another explanation for

why the highest CAM intensity was observed in thiza portion of the leaves kept in YH
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+ water deficiency is because of the higher exprassf aquaporin genes in the basal and
middle regions of the leaves in the presence af fhisource, mainly PIPs and TIPs, which
might be responsible for transporting water froma Hasal and middle portions to the apical
portion where these AQP genes are repressed. Thehfat the highest water content is
conserved in the apical portion might help to explaie increase in the intensity of CAM
photosynthesis observed in the leavesGofmonostachigkept in the presence of NH+

water deficit.

Keywords: Aquaporins; Crassulacean acid Metabolism; Nitraggurces; Proton transport.
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