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Resumo

CARVALHO, Humberto Henrique de, D.Sc., Universidade Federal de Vicosa, maio de 2013.
Funcédo fisiologica e molecular da proteina BiP em eventos de morte cellular
programada em plantas.Orientadora: Elizabeth Pacheco Batista Fontsorientadores:
Marcelo Ehlers Loureire Humberto Josué de Oliveira Ramos .

A proteina BiP demonstra participar da imunidade inata e atenuar eventos de morte cellular
induzido por estresse do reticulo endoplasmatico (RE) e osmotico. Plantas transgéncias com
niveis elevados de BiP foram utilizadas para avaliar se BiP controla o desenvolvimento e
morte culular porgramada (PCD) hipersensitiva. Sob condi¢cdes normais, 0 transcriptoma
induzido por BIP revelou uma robusta regulacdo negativa de genes envolvidos em PCD
hipersensitiva e uma regulacdo positiva de genes relacionados a patdgenos. A superexpressac
de BIP atrasou a senescéncia foliar e acelerou a PCD hipersensitiva disparada por
Pseudomonas syringgy. tomato em plantas de soja e tabaco monitoradas por marcadores de
PCD em plantas. O atraso da senescéncia foliar mediada por BiP correlacionou com a
atenuacdo do sinal de morte celular mediada por proteinas ricas em aspaiB§na (
inibicdo da ativacdo da resposta a proteinas mal dobradas (UPR). Além disso, sob ativagcéo
biolégica da sinalizacdo acido salicilico (SA) e PCD hipersensitiva, a superexpressao de BiP
inibiu antagonicamente a via UPR. Assim a inducao de sinais de morte celular induzidas por
NRP e mediadas por AS ocorre por uma via distinta da UPR. Os dados indicam que durante a
PCD hipersensitiva, BiP regula positivamente a sinalizacdo de morte celular mediada por
NRP por meio de um mecanismo indefinido que é ativado por sinalizacdo de AS e
relacionado ao funcionamento do RE. Em contraste, a regulacdo negativa de BiP durante a
senescéncia foliar pode ser ligada a capacidade de mediar a ativacdo de UPR e sinais de morte
celular mediada por NRP. Assim, BiP pode funcionar como regulador positivo ou negativo de

eventos de morte ceular.



Abstract

CARVALHO, Humberto Henrique de, D.Sc., Universidade Federal de Vigcosa, may, 2013.
Physiological and molecular function of BiP protein in programmed cell death evés in
plants. Adviser: Elizabeth Pacheco Batista Fontés.advisers: Marcelo Ehlers Loureiro and
Humberto Josué de Oliveira Ramos .

The binding protein (BiP) has been demonstrated to participate in innate immunity and
attenuateER- and osmotic-stress-induced cell death. Here, we employed transgenic plants
with manipulated levels of BiP to assess whether BiP also controlled developmental and
hypersensitive programmed cell death (PCD). Under normal conditions, the BiP-induced
transcriptome revealed a robust down-regulation of the genes involved in developmental PCD
and an up-regulation of the genes involved in hypersensitive PCD triggered by non-host-
pathogen interactions. Accordingly, BiP overexpression delayed leaf senescence and
accelerated the hypersensitive PCD triggered Psgudomonas syringapv. tomato in
soybeans and tobacco, as monitored by measuring hallmarks of PCD in plants. The BiP-
mediated delay of leaf senescence correlated with the attenuation of N-rich protein (NRP)-
mediated cell death signaling and the inhibition of the senescence-associated activation of the
unfolded protein response (UPR). In contrast, under biological activation of SA signaling and
hypersensitive PCD, BiP overexpression further induced NRP-mediated cell death signaling
and antagonistically inhibited the UPR. Thus, the SA-mediated induction of NRP cell-death
signaling occurs via a pathway distinct from UPR. Our data indicate that during the
hypersensitive PCD, BiP positively regulates the NRP cell-death signaling through a ye
undefined mechanism that is activated by SA signaling and related to ER functioning. In
contrast, BiP’s negative regulation of leaf senescence may be linked to the its capacity to
mediate the UPR activation and NRP cell death signaling. Therefore, BiP can function either

as a negative or positive regulator of PCD events.



INTRODUCAO GERAL

A soja € uma das principais culturas agronémicas, cuja area cultivada com plantas
geneticamente modificadas cresce a cada ano. As plantas estdo submetidas a condicfes
adversas do meio ambiente, o que limita o crescimento e consequentemente a produtividade
(Cutforth et al., 2007). Desta forma, para sobreviverem a agressdes do meio ambiente, as
células vegetais desenvolveram um complexo mecanismo de defesa que atua aumentando a
tolerancia contra estas condi¢cdes restritivas que afetam o seu crescimento e desenvolvimento.
No Brasil entre os estados produtores de soja, destacam-se Parana, Goias, Sao Paulo e Matc
Grosso do Sul, cuja produtividade esta diretamente relacionada as condi¢fes climaticas do
local de produgédo como, por exemplo, temperatura e regime de chuvas.

O estresse hidrico € um dos principais fatores que limita a producdo, causando uma
série de mudancas fisiologicas, bioquimicas e moleculares. Varias ferramentas na area de
biotecnologia tém ajudado no entendimento da percepcéo e transdugéo do sinal do estresse e
esforcos tém sido direcionados para obter novas cultivares com caracteristicas que contribuam
para minimizar perdas de producdo (Talamé et al., 2007). Utilizando a tecnologia de
microarranjos, centenas de genes induzidos por estresse, principalmeAt@ledopsis
thaliana, foram identificados como candidatos para manipulacdo genética (Shinozaki et al.,
2007). Entre as estratégias desenvolvidas, destacam-se manutencao da condutancia estomatic:
por um periodo maior de tempo, como por exemplo, na cultivar de soja BR16 (Stolf-Moreira
et al., 2010), manutencdo da turgidez da célula sob condi¢cdes de desidratacdo, como por
exemplo na cultivar Pl 416937 (Sloane et al., 1990) e manutencdo de maiores niveis de teor
relativo de agua das folhas pela superexpressdo doSmB&é’D (Valente et al., 2009).
Entretanto, as bases moleculares que conferem ao gene BiP uma funcédo protetora contra

desidratacdo das folhas, sob condi¢cbes de déficit hidrico no solo, ainda nédo foram elucidadas.

Tais condi¢cdes de estresse podem atuar diretamente sobre a homeostase do reticulo
endoplasmatico (RE). Alteracdes das funcdes do RE que promovem inibicdo da glicosilacdo
de proteinas ou da formacéo de ligacdes dissulfidicas podem resultar em acumulo de proteinas
incorretamente enoveladas, promovendo uma situacdo de estresse que altera o controle de
qualidade da célula (Trombetta e Parodi, 2003). Esse estresse ativa a via de resposta a
proteinas mal dobradasinfolded protein respons&JPR), desencadeando degradacdo das
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proteinas anormais e inducdo de chaperones moleculares e enzimas que contribuem para o re-
estabelecimento da homeostase. A proteina BiP é uma das principais chaperones do RE, da
familia Hsp70, envolvida na via de sinalizacdo de estresse e no processo de degradacao
protéica para atenuar o estimulo apoptético (Ni e Lee, 2007). BiP auxilia a translocacao
dessas cadeias para o lumen do RE e funciona como um vedante do translocon durante os
estagios iniciais de translocacdo. Dessa forma, a barreira de permeabilidade entnéoo retic
endoplasmatico e o citosol é conservada e o nivel de célcio, consequentemente, mantido
(Hamman et al., 1998; Vogel et al.,1990; Haigh e Johnson, 2002; Alder et al., 2005). Em
eucariotos, BiP € induzida em resposta a condi¢cdes de estresse abidticas adversas que
perturbam a homeostase do RE (Liu e Howell, 2010; Wang et al., 2004; Sung et al., 2001,
Sugino et al., 1999; Alvim et al., 2001) a fim de manter o processamento protéico e fidelidade

na montagem e dobramento das proteinas (Pincus et al., 2010).

A identificacdo de vias de sinalizacdo em células afetadas por diferentes estresses, bem
como das interacdes entre estas vias, constitui um dos interesses majoritarios de pesquisas ne
area de interacfes das células vegetais com o meio ambiente. Diversas evidéncias na literatura
tém demonstrado o papel de BiP na manutengcdo da homeostase celular. Superexpressao de
BiP em plantas transgénicas de tabadiocdtiana tabacumme soja Glycine mak aumenta a
tolerancia a estresse hidrico, provoca um atraso no processo de senescéncia e atenua o estad
de estresse do RE causado por tunicamicina (Alvim et al., 2001; Costa et al., 2008; Valente et
al., 2009). Além disso, tem sido demonstrado que BiP exerce um papel relevante na
imunidade em plantas (Wang et al., 2005).

Por meio de analises de microarranjo em soja, foi identificada uma possivel via de
convergéncia que integra as respostas ao estresse osmotico e ao estresse causado pel
acumulo de proteinas mal dobradas no RE para transduzir sinais de morte celular programada
(PCD, Irsigler et al., 2007; Reis et al, 2011). Mais recentemente, foi demonstrado que BiP
atua como regulador negativo dessa via integrativa de morte celular mediaNarigor
proteins(NRPs), modulando tanto a expressao quanto a atividade de morte celular de NRPs e
NACG6 (Reis et al.,, 2011). Esta interacdo atenua morte celular induzida por desidratacdo e

promove uma melhor adaptacdo de plantas superexpressando BiP a seca.



A funcédo do RE também influencia a atividade imune de plantas, como organela que
suporta a biossintese de proteinas antimicrobianas e componentes do sistema imune. A perda
do controle de qualidade do ER aumenta a suscetibil@adédgenos, sendo que o sistema
imune depende de uma elevada atividade secretéria (Wang et al., 2005; Moreno et al., 2012).
A resisténcia sistémica adquirida (SAR) confere imunidade a um amplo espectro de
patdgenos e sua ativacdo envolve o aumento da concentracéo de moléculas de acido salicilico
(SA), levando a inducédo de genes relacionados a patdgenos (PR, Cao et al., 1997). Tem sido
demonstrado que o regulador NONEXPRESSOROFPRGENES1(NPR1) controla tanto a
inducdo de genes PRs quantos genes UPR, como chaperones do RE (BiP2, calnexinas e
calreticulinas), durante SAR (Wang et al., 2005; Wang et al., 2006; Mukhtar et al., 2007).
BiP tem sido diretamente envolvida no estabelecimento de SAR e inducdo de morte celular
hipersensitiva induzida pelo patdgeno (Ye et al., 2011; Xu et al., 2012). Evidéncias mostram
que a regulacdo de genes da via secretéria é essencial para imunidade de plantas e ocorre
antes do acumulo de PR-1 (Jelitto-Van Dooren et al., 1999). Inser¢cdes de T-DNA em BiP2 de
Arabidopsis afetam negativamente a capacidade secretora de PR-1 apés tratamento com
analogos de acido salicilico (SA) prejudicando a resisténcia contra bactérias patogénicas.
Além disso, tem sido demonstrado que o sensor da via UPR, IRE1, pode ter uma fungéo na
imunidade em plantas, visto que mutaritigp® (Wang et al., 2005) e mutantesla (Moreno
et al., 2012) foram defectivos em SAR.

O chaperone molecular BiP parece atuar em varios mecanismos de estresse,
respondendo tanto a injdrias a nivel abidtico quanto biético. Porém os mecanismos pelo qual
BiP promove maior adaptacao das plantas a condi¢cdes adversas do meio ambiente permenece
para ser elucidado. Sabe-entretanto, que a funcédo protetora de BiP esta associada a sua
capacidade de modular eventos de morte celular induzidos por estresses (Reis et al., 2012).
Entretanto, pouco se conhece sobre o controle de BiP no processo de senescéncia natural.
Assim sendo, o objetivo primordial dessa investigacao foi elucidar o papel de BiP e seu
mecanismo de acdo em diversos eventos de morte celular programada em plantas. No capitulo
I, os experimentos foram direcionados para elucidar o papel regulador de BiP no processo de
senescéncia natural e na resposta hipersensitiva imune de plantas. No capitulo Il,d@nalises
variacdo global de expressédo génica foram conduzidas em folhas de soja superexpressando
BiP e com diferentes potenciais hidricos a fim de elucidar os mecanismos pelos quais BiP

protege as células vegetais contra morte celular induzida por desidratagéo.
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Summary

The binding protein (BiP) has been demonstrated to participate in innate immunity and
attenuate ER- and osmotic-stress-induced cell death. Here, we employed transgenic plants
with manipulated levels of BiP to assess whether BiP also controlled developmental and
hypersensitive programmed cell death (PCD). Under normal conditions, the BiP-induced
transcriptome revealed a robust down-regulation of the genes involved in developmental PCD
and an up-regulation of the genes involved in hypersensitive PCD triggered by non-host-
pathogen interactions. Accordingly, BiP overexpression delayed leaf senescence and
accelerated the hypersensitive PCD triggered Psgudomonas syringapv. tomato in
soybeans and tobacco, as monitored by measuring hallmarks of PCD in plants. The BiP-
mediated delay of leaf senescence correlated with the attenuation of N-rich protein (NRP)-
mediated cell death signaling and the inhibition of the senescence-associated activation of the
unfolded protein response (UPR). In contrast, under biological activation of SA signaling and
hypersensitive PCD, BiP overexpression further induced NRP-mediated cell death signaling
and antagonistically inhibited the UPR. Thus, the SA-mediated induction of NRP cell-death
signaling occurs via a pathway distinct from UPR. Our data indicate that during the
hypersensitive PCD, BiP positively regulates the NRP cell-death signaling through a ye
undefined mechanism that is activated by SA signaling and related to ER functioning. In
contrast, BiP’s negative regulation of leaf senescence may be linked to the its capacity to

mediate the UPR activation and NRP cell death signaling. Therefore, BiP can function either

as a negative or positive regulator of PCD events.

Keywords: BiP, Binding Protein, PCD, Programmed cell death, NRP-mediated cell death

signaling, UPR, unfolded protein response, soybean, Glycine max, Nicotiana tabacum.



Introduction

The binding protein (BiP) is an ER-resident molecular chaperone, which has been
demonstrated to play a dynamic role in the regulation of various ER-supported processes in
mammalian cells (for a review, see Hendershot, 2004). BiP mediates the gating of the
translocon pore, folding and assembly of nascent proteins, targeting of incorrectly folded
proteins for degradation, contribution to ER calcium stores, perception of ER stress and
regulation of the unfolded protein response, UPR. Except for binding calcium, all of these BiP
functions require the binding of the molecular chaperone to client proteins in an ATP-
dependent manner.

Plant BIP has been demonstrated to display molecular chaperone activity and
participate in protein folding and maturation. BiP associates detectably with normal storage
proteins in an ATP- dependent manner (Gilliginal., 1995; Vitaleet al.,1995), interactso-
translationally with rice prolamin storage proteins €Lial., 1993) and binds to exposed sites
on phaseolin monomers but not to the trimeric form of the bean protein (Fedraki2003).
Several other client proteins interact with plant BiP in an ATP-dependent manner, and thus a
molecular activity for plant BiP has been extensively demonstrated @asdk., 2010;
Snowderet al.,2007; Mainieriet al.,2004; Brandizzet al.,2003). However, the role of plant
BiP in regulating signaling events that radiate from stress in the ER, as implicated by the
protective functions of plant BiP under distinct stress conditions, is far less understood. These
functions include the ability of BiP to attenuate ER stress (Gzis#h, 2008; Alvim et al.,

2001; Leborgne-Castel al.,1999), to confer tolerance to drought in transgenic soybeans and
tobacco plants (Valentet al., 2009; Alvim et al., 2001), to promote plant innate immunity
(Wanget al.,2005) and to attenuate ER stress and osmotic stress-induced cell deadt (Reis

al., 2011).



The most-well characterized ER signaling pathway is the UPR, which is triggered by
any condition that disrupts ER homeostasis and promotes an accumulation of unfolded
proteins in the organelle lumen (Walter and Ron, 2011). In mammals, upon ER stress, the
UPR is transduced by three distinct classes of ER transmembrane proteins: PERK, ATF6 and
Irelp. Upon activation, these receptors act together to transiently attenuate protein synthesis,
up-regulate ER folding capacity and degrade misfolded proteins. BiP plays a pivotal role in
regulating the activation status of PERK, ATF6 and Irelp (Malhotra and Kaufman, 2007;
Hendershot, 2004). In plants, the UPR is transduced by two classes of transmembrane
receptors: the ATF6 orthologs, bZIP17 and bZIP28, and the Irel orthologs, Irela and Irelb, in
Arabidopsis(Eichamann and Schéafer, 2012; Fanata et al., 2013; lwata and Koizumi, 2012;
Reis and Fontes, 2013). BiP overexpression in tobacco and soybeans greatly inhibits the UPR,
suggesting a role for BiP in regulating UPR activation (Costa et al., 2008; Alvim et al., 2001,
Leborgne-Castel et al., 1999). Recently, plant BiP has been demonstrated to diratalg reg
the activation of the plant ER stress transducer bZIP28 (Srivastava R et al., 2013).

In addition to the ER stress-specific signaling UPR, the ER accommodates the
integration of multiple stress signals. One plant-specific, ER stress-shared response is ER and
osmotic stress-integrated signaling, which converges on N-rich proteins (NRPSs) to transduce a
cell death signal (Costa et al., 2008; Isrigler et al., 2007). As an integrated pathway, NRP-
mediated cell death signaling is activated by either ER or osmotic stress but requires both
signals for full activation (Reist al.,2012). Upon ER and osmotic stress, the expression of
the transcriptional activatdBmERD15 is induced, which then activates the promoters and
expression of the N-rich protein genes, NRP-A and NRP-B. An enhanced accumulation of N-
rich proteins up-regulates the cell death effeGoNAC81 (formerly designated GmNACEG;

Faria et al., 2011) and GmNAC30 to induce a programmed cell death (PCD) event, which can
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be monitored by an induction of caspase activity, DNA fragmentation, chlorophyll loss,
elevated peroxidation and senescence-associated marker gene expressi@t #drafia09;

Costaet al., 2008). Recent studies have demonstrated that BiP negatively regulates NRP-
mediated cell death signaling and manipulating BiP expression protects plants against drought
(Reiset al.,2011; Valenteet al.,2009). The underlying mechanism of BiP-mediated increase

in water stress tolerance is associated with its capacity to modulate the osmotic stress-induced
NRP-mediated cell death response. However, whether BiP would also control programmed
cell death under developmental conditions remains unanswered.

As the gateway of antimicrobial protein and immune signaling component
biosynthesis, the ER also functions as central regulator in the execution of immune responses
in plants and animals. The ER patrticipates in at least three different demands in plant innate
immunity, and compelling evidence has linked BiP to all three ER-supported immunity
functions (Eichmann and Schéafer, 2012). First, ER functions as a surveillance system of
proper glycosylation and folding of immune signaling receptors(lal., 2009; Liebrancdet
al., 2009; Nekrasoet al.,2009; Saijcet al.,2009). Accordingly, overexpression of rice BiP3
regulates XA21-mediated innate immunity by specifically regulating the processing and
stability of the immune receptor (Padt al., 2010). Second, plant immunity depends on
elevated secretory activity for the efficient production of immune proteins (Maead,

2012; Wanget al.,2005). NONEXPRESSOROFPRGENES1 (NPR1), the master regulator of
SA-dependent systemic acquired resistance (SAR), coordinately controls the up-regulation of
PR genes and UPR genes during SAR (Wang et al., 2005). BiP also participates in the
establishment of efficient SAR (Warg al., 2005). BiP2 silencing ir\rabidopsisattenuates

PR1 secretion, a marker of SAR, upon treatment with SA analogs and impairs resistance

against bacterial pathogens. Finally, the ER has been demonstrated to participate in the
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hypersensitive response (HR), a PCD-kind of host defense triggered in plant-pathogen
incompatible interactions and in non-host resistance €Kual., 2012; Yeet al., 2011).
Reverse genetics and overexpression studies have revealed that BiP also participates in the
pathogen-induced HR PCD, although with contrasting results. BiP2 silencing is associated
with a delay in the establishment of non-host HR PCD inducedaoyhomonas oryzagv.

Orizae (Xuet al.,2012), whereas BiP overexpression alleviates cell death induced by ectopic
expression of th@otato virus X TGBp3al protein (Yet al.,2011).

Although BiP has been implicated in controlling cell death events in plant cells,
whether BiP functions as a positive or negative regulator in HR PCD remains debatable.
Additionally, an analysis of whether BiP-mediated regulation of cell death is linked to
senescence under normal conditions is merited. Here, we employed soybean and tobacco
transgenic lines with increased or suppressed BiP levels to elucidate the role of BiP as a

mediator of development- and immunity-related cell death events.
Results

Expression profiles of BiP-overexpressing soybean leaves

We employed the soybean transgenic lines 35S::BIP-4 and 35S::BiP-2, which have
been previously demonstrated to overexpress a functemdiPD (Valenteet al., 2009;
Figure Sla), to elucidate the BiP-induced transcriptome in soybean leaves grown under
normal conditions. Affymetrix GeneChipH Soybean Genome Arrays were used to determine
the BiP-induced global variation of gene expression compared to wild type leaves. Soybean
leaves at the V3/V4 stage of development were harvested and two biological replicates,
consisting of a pool of leaves from three different soybean plants, were used for each
treatment. The quality of the array was assessed by pairwise comparisons using MA plots

(Figure S2a). Using criteria of a corrected p-value > 0.05 and log2-fold-change wel.5,
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identified 310 genes that were differentially expressed in BiP-overexpressing leaves
compared to control, untransformed leaves (Figure S2b). A predominance of down-regulated
genes (254) was observes over up-regulated genes (56). Functional annotation based on gene
ontology and the David bioinformatics database
(http://david.abcc.ncifcrf.gov:8080/summary)spevealed some interesting terms (Figure
S3a). Among the differentially expressed genes, we observed an over representation of abiotic
stress-responsive genes (13%) that largely predominated the down-regulated list gene (Tables
S1 and S2; Figure S2c¢). These down-regulated genes were represented by ackawgeofr
dehydration-induced genes and components of the antioxidant system. Therefore, under
normal developmental conditions, BiP-overexpression massively down-regulates components
of the antioxidant system. Likewise, protein degradation and cell death-associated genes were
mostly down-regulated in BiP-overexpressing lines (Table S2, cell death and proteolysis),
which may be consistent with the negative effects of BiP on stress-induced senescence or cell
death programs (Valengt al.,2009; Reist al.,2011).

Up-regulated defense and immune system-related genes clearly predominated in BiP-
overexpressing lines. Most notable genes include the Bet vl gene family, pathogenesis-related
protein (PR) genes, and lignin biosynthetic process genes, such as lignan, a chitinase class |
and a syringolide-induced protein (Durner et al., 1997; Broeledeat, 1988; Jacobst al.,

1999; Loet al.,1999; Slaymaker and Keen, 2004). These results are consistent with previous
data, which suggest that BiP participates in plant immunity and enhanced PR protein
synthesis (Wang et al., 200%litto-Van Dooreret al, 1999).

A set of flavonoid-related genes, which fall into the Biological Process/Metabolic

Process category, was up-regulated in the BiP-overexpressing line. The O-metiltransferases

(OMTSs), which participates in the biosynthesis of flavonoids and lignin, have been implicated
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in disease resistance in plants (Lam et al.; 2007). Therefore, these flavonoid-related genes
enhanced the list of biotic stress- responsive genes, which were up-regulated in the 35S::BiP-
4 line.

A representative sub-set of down-regulated and up-regulated genes were selected to
validate the microarray hybridization results by quantitative RT-PCR (Figure S3b). The gRT-
PCR results perfectly matched the microarray hybridization results. Taken together, the global
gene expression variation results indicated that BiP overexpression in soybean leaves down-
regulates cell death-associated genes and simultaneously up-regulates immune system

components.

BiP delays leaf senescence under normal developmental conditions

Recently, BiP has been implicated as a negative regulator of ER stress-, osmotic
stress- and drought- induced cell death through the modulation of stress-induced NRP-
mediated cell death signaling (Reisal.,2011, 2012; Valentet al.,2009). Because the gene
expression profile was assessed under normal conditions and because BiP overexpression
down-regulated genes associated with PCD, we examined whether BiP would also regulate
aging or leaf senescence under normal developmental conditions.

We observed that BiP-overexpressing plants flowered at similar rate as wild type
controls (approximately 37 days after germination, DAG, on average) but displayed delayed
senescence after flowering, because the plants retained green leaves for a longerures (Fig
la, 1b and 1c for a comparison of leaf yellowing progression between 35S::BiP-4 and WT at
51, 72 and 93 DAG). Accordingly, a clear difference in the quantitation of senescence-
associated physiological markers between wild type and 35S::BiP-4 leaves was observed
during 21 days of growth, between 58 to 79 DAG, that did not persist through later stages of

development. For example, significant differences in the leaf pigment content, such as
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chlorophyll A (Figure 1d), chlorophyll B (Figure 1e), total chlorophyll (Figure 1f) and
carotenoids (Figure 1g) between the wild type and BiP-overexpressing lines were prdnounce
during this time window. At 65 and 72 DAG, the photosynthesis rate (A) was significantly
higher in BiP-overexpressing lines compared to wild type, untransformed controls (Figure
19), whereas the malondialdehyde (MDA) content, a product of senescence-associated lipid
peroxidation, was lower in BiP-overexpressing lines (Figure 1i). The expression of
senescence-associated genes, suchnaSAC1(Pinheiro et al., 2009) and cysteine protease
(GmCystR Valente et al., 2009), was also monitored by gRT-PCR (Figures 2a and 2b),
revealing theGmNAC1land GmCystPtranscript levels in wild type and BiP-overexpressing
lines displayed similar profiles; higher expression levels were observed at later developmental
stages. However, at 72 DAG, the aging-associated induction of these genes was remarkably
lower in BiP-overexpressing lines than in wild type leaves. Collectively, these resultstsugges
that BiP modulates senescence under normal, greenhouse growth conditions.

Because high secretory activity may also cause ER stress, we measured the extent of
the UPR activation during development to correlate the BiP-mediated modulation of ER stress
x senescence. We used the UPR marker genesay®iPD CNXandPDI that were known
to be induced at the RNA and protein levels by ER stress. We also selected two soybean Irel
homologs, Glyma01g36200 and Glymal1g09240, using a sequence comparison with Irela
and Irelb fromArabidopsis(Figure S4), as additional ER stress-associated genes. All tested
UPR marker genes were up-regulated during senescence, indicating that developmental
programmed leaf senescence activated the UPR in plants (Figures 2c, 2d, 2e, 2f and S5).
Consistent with a previous observation, BIP overexpression initiated a feedback regulation of
endogenous BiP gene expression, as the level of senescence-mediated BiP induction was

significantly lower in the 35S::BiP-4 lines (Figure 2c; Leborgne-Cattal., 1999; Costa et
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al., 2008). These results further confirm that BiP transcription is regulated via a feedback
mechanism that involves monitoring BiP protein levels. BiP overexpression also inhibited the
UPR activation during senescence, as the induction of the other UPR-associated marker genes
(CNX, PDI and Ire homologs) was significantly lower in BiP-overexpressing than in wild
type. At a later developmental stage (93 DAG), the Bd#tated inhibition of the UPR was
relieved, and the transcript levels of UPR marker genes reached wild type levels. These
results are consistent with previous observations, which demonstrated that the BiP modulation
of UPR activation depends on the duration and intensity of the ER stress, where BiP

inhibition is relieved with persistent stress (Retisl.,2011).

The BiP-mediated delay of leaf senescence is associated with an attenuation of NRP-mediated
cell death signaling

As BiP modulates the stress-induced NRP-mediated cell death response, we examined
whether this pathway is also activated during developmental programmed leaf senescence.
First we assessed whether the expression of the components of this p&tRRag, NRP-B
and GmNAC-6 are up-regulated during natural leaf senescence (Figure 3). The qRT-PCR
assay was also performed with the homologs of vacuolar processing enzymes (VPE), as we
recently demonstrated that VPE is a downstream target of the stress-induced NRP-mediated
cell death (Mendest al, under review). In addition, VPE is an executioner of programmed
cell death in plants and is induced during natural leaf senescence (Kinetshital1999;
Yamadaet al., 2004, Hatsugaiet al., 2004). Under normal developmental conditions,
components of the stress-induced NRP-mediated cell death signbiiRig;:A NRP-B
GmNACS8land VPEs, were up-regulated at the onset of leaf senescence and displayed
increased transcript levels as leaf senescence progressed (Figure 3). BiP overexpression

significantly inhibited the NRP-mediated signaling pathway at 72 DAG, which did not persist
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through later stages of development. Because VPE displays caspase-like activity that is
associated with the execution of programmed cell death (Hara-Nishimura et al., 2005), we
monitored the induction of caspase 1 activity in wild-type and 35S::BIP-4 leaves undergoing
senescence as additional evidence of NRP-mediated cell death signaling activation (Figure
4a). At 72 DAG, caspase-1 activity was significantly lower in 35S::BiP-4 leaves than in wild-
type leaves, which is consistent with an inhibitory role of BiP in NRP-mediated cell death
signaling. The inclusion of a caspase-1-specific inhibitor reduced enzyme activity to basal
levels. Collectively, these results closely paralleled the BiP inhibition of the UPR and the BiP
attenuation of leaf senescence. The BiP-mediated inhibition of NPR-mediated cell death
signaling likely accounts, at least in part, for the attenuation of leaf senescencgedispla

BiP-overexpressing lines.

BiP accelerates the onset of non-host hypersensitive programmed cell death

Although BIiP overexpression down-regulated cell death genes, we observed a clear
predominance of up-regulated defense and immune system-related genes in BIP-
overexpressing lines. Those genes included PR genes, which are readouts of HR, a form of
PCD elicited in non-host or incompatible interactions that is characterized by the rapid death
of plant cells at the site of pathogen infection. Therefore, it was of interest to assess whether
BiP overexpression would affect HR elicited by non-host-pathogen interactions. As expected,
inoculating soybean seedlings wilseudomonas syringg®y. tomato triggered a rapid cell
death response, which was phenotypically visible at 24 h post-inoculation (Figure 5a).
However, BiP-overexpressing lines displayed a cell death phenotype at 12 h post-inoculation,
and more severe necrotic lesions persisted throughout the experiment compared to inoculated
wild type leaves. Cell death was measured b®Jtproduction in the inoculated leaves, and

cell damage was monitored using electrolyte leakage from disk leaves and an exclusion of
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Evans blue vital dye (Figure 5)..8, from oxidative bursts is known to drive programmed
cell death at challenged sites (Lirgiaal.,2002). A significantly enhanced oxidative burst was
induced in wild type inoculated leaves; however, much me ldccumulated in 35S::BiR-
inoculated leaves at 36 h post-inoculation (Figure 5b). Electrolyte leakage was induced in
wild type leaves at 12 h post-inoculation and the values continuously increased with the
progression of the HR response (Figure 5c). The 35S::BiP-4 inoculated leaves exhibited an
enhanced conductivity from electrolyte leakage throughout the experiment compared to wild
type leaves. Likewise, the intensity of Evans blue dye stained cells, an indicator of cell death,
was greater in 35S::BiP-4 inoculated leaves throughout the experiment (Figure 5d). We also
monitored HR PCD induction by assaying the parallel induction of HR molecular markers,
including PR-1 andPR-5, which are frequently used to examine local activation of defense
mechanisms during HR, and cysteine protease, a cell death-associated marker. The expression
of these HR markers progressively increased with the HR response progression (Figures 7a,
7b and 7c¢).PR1 and PR5 induction has been associated with an activation of systemic
acquired resistance (SAR), which frequently is triggered locally by HR (Van eba.,
2006; Van Loon and van Strien, 1999) and with a rapid response to salicylic acid (SA), which
is increased upon HR. Consistent with the profiles of the other analyzed HR markers, the
induction ofPR-1, PR-5 andGmCystPoy Pseudomonasas much greater in 35S::BiP-4 lines
than in inoculated wild type leaves at all experimental time points (Figures 7a, 7b and 7c).
Collectively, these results establish that BiP enhances or accelerates PCD induced by HR.
Under normal conditionsPR-1 and PR5 were significantly induced in BiP-
overexpressing lines compared to wild type lines (see time zero in Figures 7a and 7b).
BecausePR1 and PR5 are SA-responsive gene markers, we examined whether BiP

stimulated SA synthesis under normal conditions (Figure S6a). The SA levels, which were
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quantified in wild type and 35S::BiP-4 lines at the V3/V4 stage of development, were
significantly higher in 35S::BiP-4 lines. These results may indicate that higher SA
accumulation in 35S::BiP-4 lines represents a priming state that may be further amplified
when SA signaling is biologically activated by biotrophic pathogens. Although we did not
detect differences in JA accumulation between the wild type and 35S::BiP-4 lines under
normal conditions (Figure S6b), a higher SA accumulation in 35S::BiP-4 may promote the
antagonistic effect of SA on JA signaling, because several genes involved in JA synthesis

were down-regulated by BiP overexpression (Table S2).

UPR and NRP-mediated cell death signaling are induced by non-host-pathogen interactions
and antagonistically controlled by BiP during the hypersensitive response.

Next, we assessed whether the exogenous application of SA induced the UPR and the
stress-induced NRP-mediated cell death signaling (Figure S7). As expected, the SA-
responsive gene markdP®-1 andPR-5 and the cell death-associated gene mai&ens|AC1
and GmCystPwere efficiently induced by SA treatment (Figures S7a, S7b, S7c and S7d).
Except for the Ire homolog Glyma01g36200 (Figure S7), the other two Irel homologs and the
other UPR gene markersoyBiR, CNXandPDI, were induced by exogenous SA application.
Likewise, all the stress-induced NRP-mediated cell death signaling compoN&RsA
NRP-B GmNACB8landVPEs were efficiently induced by SA. The up-regulation of the UPR
and NRP-mediated cell death signaling by SA prompted us to investigate whether these
stress-induced pathways were induced blseaudomonasnvasion that triggers non-host
resistance in soybean.

The UPR marker gens®yBiPandPDI were induced by Bseudomonasvasion but
displayed different induction kinetics than the PR genes (Figure 6). In contrast to the more

delayed response kinetics of the PR genes, the accumulatmoyBif, PDI and the IRE

19



homolog Glyma09g32970 peaked as early as 6 h after infection. This is not surprising
because the UPR has been reported as an early response to pathogen invasion in anticipation
of PR synthesis along the ER (Jelitto-Van Dooeeral., 1999). Consistent with a role as a
negative regulator of the UPR, BiP overexpression inhibited UPR activation triggered by
Pseudomonagvasion because tHeéseudomonamediated induction of UPR markers was
attenuated in 35S::BiP-4 lines (Figures 6d, 6e, 6g and 6h). However, BiP overexpression
stimulated calnexin induction in response t®seudomonas syringgev. tomato invasion

(Figure 6f). Because the chaperone and immune functions of calnexin are uncoupled (Wang,
et al., 2004, Saijo et al., 2009), the immune function of calnexin may predominate over its
chaperone function as an UPR marker in non-host resistance.

Additionally, the NRP-mediated cell death signaling was induced when the SA
signaling was biologically activated lseudomonasivasion (Figure 7). In fact, all of the
components of this cell death signaliéddRP-A NRP-B GmNAC81and theVPE homologs,
were effectively induced byseudomonasfiltration and displayed similar induction kinetics
to the SA-responsive PR genes. Moreover, BiP overexpression further stimulated the
induction of NRP-mediated cell death signaling in the same manner as in the induction of the
SA-responsive PR genes and calnexin. The amplification of the HR-mediated cell death signal
in 35S::BiP-4 and 35S::BiP-2 lines was also confirmed by an enhanced caspase 1 activity
displayed by 35S::BiP-4 and 35S::BiP-2 inoculated leaves compared to inoculated wild-type
leaves (Figure 4b). These results indicate that the NRP-mediated signaling pathway was
induced during the establishment of non-host resistance and thus may participate in the
execution of HR PCD. Furthermore, they suggest that the SA-mediated induction of the NRP-
mediated cell death signaling may occur via a similar signaling branch as the induction of the

PR genes, because they share similar induction kinetics and similar control mechanisms in
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response to pathogen invasion. In fact, BiP positively regulates both the PR genes and NRP-
mediated cell death signaling pathway induction, which is antagonistic to its negative
regulation of the UPR in response to HR PCD.

The relation between BiP mRNA abundance and the hypersensitive PCD response
induced by non-host- pathogen interactions was also investigated in tobacco, using lines with
suppressed BiP expression (antisense lines, AS1 and AS2) and lines with overexpressed BiP
(sense lines; S1 and S2, Alviehal, 2001; Figure S1b). Tobacco leaves were also challenged
with Pseudomonas syringger. tomato, and HR was examined 36 h post-inoculation (Figure
S8). In transgenic sense lines with enhanced BiP accumulation, the leaf lesions were
phenotypically more severe than in the wild type or antisense lines (Figure S8a). Likewise,
H.O, production was more pronounced in the sense lines, as judged by DAB staining (Figure
S8b). Cell death and cell damage induced by non-host interactions were quantified by
measuring the ion leakage and exclusion of Evans blue dye (Figures 10c and 10d). Similar to
soybeans, the tobacco sense inoculated leaves exhibited an enhanced conductivity from
electrolyte leakage and a greater intensity of stained cells with Evans blue dye throughout the
experiment compared to wild type leaves. These results confirmed that enhanced BiP
accumulation accelerates the onset of HR PCD triggered by non-host interactions.
Importantly, the cell death phenotype was associated with BiP levels, because the antisense
lines with decreased BiP levels, when challenged wWgkeudomonasdisplayed decreased
electrolyte leakage and dead cells at later stages post-inoculation compared to wild type
leaves (Figures S8c and S8d, see 24 h and 36 h post-inoculation).

We also monitored the induction of HR PCD by assaying the parallel induction of
pathogenesis-related genes, sucRR4, PR-4, chitinase and glucanase (Figure S9). The SA-

responsive marker gen®@R-1 (Figure S9a) and chitinase (Figure S9d) displayed a higher
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expression in sense leaves than in wild type and antisense leaves inoculated with
Pseudomona®Rkemarkably, the induction of SA-responsive genes was less pronounced in the
antisense line than in wild-type leaves at 36 h post-inoculation, confirming that BiP
suppression attenuated the hypersensitive response triggered by non-host-pathogen
interactions. The BiP-mediated regulation of SA-responsive gene induction is consistent with
our finding that BiP stimulates SA signaling activation. In contrast, the induction &Ride

and glucanase genes, which are molecular markers of JA signaling, was compromised in the
sense lines compared to wild-type inoculated leaves (Figures S9b and S9c). These results may
be associated with the antagonistic effects of the SA signaling stimulation on JA signaling.
Accordingly, PR4 was more induced in the antisense lines, in which BiP suppression

inhibited the SA signaling activation.

Discussion

Recent studies on ER-stress induced cell death have uncovered a relevant role for the
molecular chaperone BiP in controlling cell death events in plant cells (Rels 8011;
Valenteet al., 2009; Schréder and Kaufman, 2005). BiP has been demonstrated to control
drought-induced cell death through the modulation of osmotic stress and ER stress NRP-
mediated cell death signaling (Re&isal., 2012). BiP has also been implicated in regulating
programmed cell death triggered by an immune response in plants and by ER stress
specifically (Xuet al.,2012; Reis et al., 2011; Wang et al., 2007; Wang et al., 2005). Here,
we employed soybean transgenic lines that overexpress a functional BiP to elucidate the role
of plant BiP in developmentally programmed and biotic stress-induced cell death events. The
BiP-induced transcriptome under normal conditions revealed a robust down-regulation of
genes involved in developmental PCD and an up-regulation of genes involved in

hypersensitive PCD triggered by non-host plant-pathogen interactions. Consistent with the

22



BiP-induced expression profile, we demonstrated several lines of evidence indicating that BiP
can either negatively or positively regulate PCD events. Under normal conditions, BiP
overexpression delays leaf senescence and attenuates the appearance of seessceted-a
markers, such as chlorophyll loss, photosynthesis rate decrease, lipid peroxidation and
induction of senescence-associated genes. In contrast, we monitored hallmarks of HR PCD
and demonstrated that enhanced BiP accumulation accelerated and amplified HR triggered by
non-host-pathogen interactions and that silencing BiP delayed the HR PCD. The BiP-
mediated amplification of the HR PCD may be linked to the activation of the SA signaling
because, even under normal conditions, the 35S::BiP-4 line displayed an enhanced SA
accumulation and an increased expression of SA-responsive marker genes,PidhRR-

5 andPR-10, compared to wild type, which may serve as a priming state for further induction
of SA signaling upon biological activatio®seudomonasnfection induced a faster and
stronger PR-1 and PR-5 gene expression in 35S::BiP-4 inoculated leaves, which were
associated with a more rapid appearance and amplification of hypersensitive PCD hallmarks,
such as leaf necrotic lesions,® production, electrolyte leakage and exclusion of Evans
blue dye, as indicators of dead cells.

In the present study, we demonstrated that the UPR was strongly activated in
senescing leaves. This robust UPR activation may be due to an increased secretory activity of
leaf cells during senescence. BiP overexpression inhibited UPR activation at intermediate
stages of leaf senescence (72 DAG), but this UPR inhibition was alleviated at later
developmental stages when the induction of UPR gene ma&b§ PDI and Ire homologs)
in 35S::BiP-4 leaves approached the normal levels displayed by wild type leaves. BiP
overexpression in tobacco and soybeans was previously demonstrated to attenuate UPR

activation by ER stress, suggesting a role for BiP in regulating UPR in plants éfa@dia
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2008; Alvimet al.,2001; Leborgne-Castel al.,1999). A role of BiP as an UPR regulator in
plants was further confirmed by recent data demonstrating that BiP regulates the activity to
the UPR transducer bZIP28 (Srivastava et al., 2013). However, the BiP-mediated inhibition of
UPR activation appears to depend on the duration and intensity of the ER stress, such that BiP
inhibition is relieved during persistent stress (Ratisal., 2011). The results of the present
investigation are consistent with the hypothesis that BiP modulation of UPR is dependent on
the ER processing capacity and secretory activity and might explain the controversy
surrounding a potential role for BiP as a regulator of UPR in plants.

BiP modulates the propagation of an ER stress and osmotic stress-induced cell death
signal by negatively regulating the expression and activity of NRP-mediated cell death
signaling components (Re&t al.,2011). This interaction attenuates dehydration-induced cell
death and promotes the adaptation of BiP-overexpressing lines to droughét(Rlei2011,

2012; Valenteet al.,2009). Here we revealed that the stress-induced NRP-mediated cell death
signaling also likely operates during developmentally programmed leaf senescence. We
observed that all cell death pathway componeNRBP-A NRP-B GmNAC8land VPE
homologs, were induced during leaf senescence. FurthermoreGrti¢AC81imediated
induction of VPE during leaf senescence was associated with a specific increase in taspase-
activity, demonstrating that a VPE-mediated PCD may be functional during leaf senescence.
VPE is a cysteine protease that exhibits caspase-1-like activity and has been associated with
Tobacco mosaic virugnduced hypersensitive cell death (Hatsugaial., 2004) and more
recently with developmental PCD (Hatsugail.,2012; Hara-Nishimurat al.,2011). As an
executioner of vacuolar collapse-mediated PCD, VPE acts as a processing enzyme ¢o activat
various vacuolar proteins, which participate in the disintegration of vacuoles, to initiate the

proteolytic cascade in plant PCD (Hatsugsi al., 2004). We observed that BiP als
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attenuated NRP-mediated cell death signaling during leaf senescence by inhibiting the
induction of pathway components, such as NRFHBNAC8landVPE homologs, as well as
caspase-1 activity. Therefore, BiP may delay leaf senescence by modulating NRP-mediated
cell death signaling. The BiP-mediated negative regulation of NRP-mediated cell death
signaling during leaf senescence may be linked to its function as an UPR regulsippadnt

of this hypothesis, we demonstrated that the BiP-mediated inhibition of the PCD signal was
temporally coordinated with the BiP-mediated inhibition of the UPR, as it occurred at 72
DAG but not at later developmental stages. Furthermore, BotiNAC81and NRP-B
promoters harbor the unfolded protein response element (UPRE) ccnnnnnnnnnnnnccacg
(positions -200 in th&lRP-Bpromoter and -383 in themNAC81promoter), which could be
activated by the UPR and hence be modulated by BiP (Figure S10).

In addition to being induced during leaf senescence, which was demonstrated by this
investigation, and by ER stress and osmotic stress (&aaia 2011; Isrigleret al.,2007), the
NRP-mediated cell death signaling is also induced by SA signaling. This induction was
confirmed by an exogenous application of SA (Figure S7) and by the inoculation of soybean
and tobacco leaves witPseudomonas syringapv. tomato, which incites a non-host
hypersensitive response in these plant species. Under biological activation of SA signaling,
BiP overexpression did not inhibit the induction of NRP-mediated cell death signaling but
rather enhanced the expression cell death pathway components and caspase 1 activity. The
enhanced induction of NRP-mediated cell death signaling in 35S::BiP-4 leaves paralleled an
increased expression of PRs and the enhanced development of morphological and
physiological hallmarks of HR PCD elicited by non-host resistance. Therefore, in response to
SA signaling, BiP positively regulated NRP-mediated cell death signaling. In contrast, BiP

overexpression suppressed the induction of UPR marker genes in response to activated SA
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signaling. These results are consistent with previous observation, which revealed an
enhancement of the SA-mediated induction of UPR marker genes and a concomitant decrease
in PR-1 gene expression Arabidopsiship2 knockout lines (Wangt al.,2005).

Salicylic acid (SA) plays a central role in plant defense signaling. It is required for the
recognition of pathogen-derived components and subsequent establishment of local resistance
in the infected region as well as for systemic resistance (Loake and Grant 2007; @affney
al., 1993). During systemic acquired resistance (SAR), there is a massive buildup of PR
proteins in vacuoles and in the apoplast. Coordinated up-regulation of the protein secretory
machinery is required to ensure proper folding, modification, and transport of PR proteins.
Accordingly, the ER-resident gene BiP is induced before PR-1 accumulation @vahg
2005; Jelitto-Van Dooreret al., 1999; Figure 6).NPR-1 the master regulator of SA-
dependent SAR, not only directly induces the PR genes but also prepares the cell to secrete
PR proteins by controlling the expression of the secretory machinery components and UPR
genes (Wangt al.,2005). HoweverNPR1regulates the expressionR-1 and UPR genes
via interactions with distinct transcriptional factors (Pajerowska-Mukhtar et al., 2012; Zhang
et al., 1999). We observed that BiP antagonistically modulates the SA-mediated induction of
UPR genes and PR genes, which is coordinated with the induction of the NRP-mediated cell
death response. Therefore, the SA-mediated induction of NRP cell-death signaling likely
occurs via a pathway distinct from the UPR, which contrasts with the coordinated induction
of the NRP-mediated cell death response and the UPR by developmentally programmed leaf
senescence.

In summary, we propose that the underlying mechanisms of BiP-mediated delay in
leaf senescence or acceleration of HR PCD by the non-host response are likelyegssticia

least in part, with its capacity to modulate the NRP-mediated cell death response (Figure
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S10). Although the BiP-mediated positive regulation of NRP cell-death signaling occurs
through a yet undefined mechanism that is activated by SA signaling and related to ER
functioning, the BiP-mediated negative regulation of this pathway is likely associated with the
capacity of the ER-resident molecular chaperone to regulate the UPR activation that occurs
during leaf senescence. Recent studies on ER-stress induced cell death have uncovered a
relevant role for the molecular chaperone BiP in controlling cell death events in plant cells
(Reis etal.,, 2011; Valenteet al., 2009; Schréder and Kaufman, 2005). BiP has been
demonstrated to control drought-induced cell death through the modulation of osmotic stress
and ER stress NRP-mediated cell death signaling (Reml., 2012). BiP has also been
implicated in regulating programmed cell death triggered by an immune response in plants
and by ER stress specifically (a1 al.,2012; Reis et al., 2011; Wang et al., 2007; Wang et

al., 2005). Here, we employed soybean transgenic lines that overexpress a functional BiP to
elucidate the role of plant BiP in developmentally programmed and biotic stress-induced cell
death events. The BiP-induced transcriptome under normal conditions revealed a robust
down-regulation of genes involved in developmental PCD and an up-regulation of genes
involved in hypersensitive PCD triggered by non-host plant-pathogen interactions. Consistent
with the BiP-induced expression profile, we demonstrated several lines of evidence indicating
that BiP can either negatively or positively regulate PCD events. Under normal conditions,
BiP overexpression delays leaf senescence and attenuates the appearance of senescence
associated markers, such as chlorophyll loss, photosynthesis rate decrease, lipid peroxidation
and induction of senescence-associated genes. In contrast, we monitored hallmarks of HR
PCD and demonstrated that enhanced BiP accumulation accelerated and amplified HR
triggered by non-h&t-pathogen interactions and that silencing BiP delayed the HR PCD. The

BiP-mediated amplification of the HR PCD may be linked to the activation of the SA
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signaling because, even under normal conditions, the 35S::BiP-4 line displayed an enhanced
SA accumulation and an increased expression of SA-responsive marker genes Pdh as

PR5 and PR-10, compared to wild type, which may serve as a priming state for further
induction of SA signaling upon biological activatidPlseudomonasfection induced a faste

and strongePR-1 and PR-5 gene expression in 35S::BiP-4 inoculated leaves, which were
associated with a more rapid appearance and amplification of hypersensitive PCD hallmarks,
such as leaf necrotic lesions,® production, electrolyte leakage and exclusion of Evans
blue dye, as indicators of dead cells.

In the present study, we demonstrated that the UPR was strongly activated in
senescing leaves. This robust UPR activation may be due to an increased secretory activity of
leaf cells during senescence. BiP overexpression inhibited UPR activation at intermediate
stages of leaf senescence (72 DAG), but this UPR inhibition was alleviated at later
developmental stages when the induction of UPR gene ma&d§ PDI and Ire homologs)
in 35S::BiP-4 leaves approached the normal levels displayed by wild type leaves. BiP
overexpression in tobacco and soybeans was previously demonstrated to attenuate UPR
activation by ER stress, suggesting a role for BiP in regulating UPR in plants é€a@dia
2008; Alvimet al.,2001; Leborgne-Castel al.,1999). A role of BiP as an UPR regulator in
plants was further confirmed by recent data demonstrating that BiP regulates the activity to
the UPR transducer bZIP28 (Srivastava et al., 2013). However, the BiP-mediated inhibition of
UPR activation appears to depend on the duration and intensity of the ER stress, such that BiP
inhibition is relieved during persistent stress (Ratisal., 2011). The results of the present
investigation are consistent with the hypothesis that BiP modulation of UPR is dependent on
the ER processing capacity and secretory activity and might explain the controversy

surrounding a potential role for BiP as a regulator of UPR in plants.
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BiP modulates the propagation of an ER stress and osmotic stress-induced cell death
signal by negatively regulating the expression and activity of NRP-mediated cell death
signaling components (Re&t al.,2011). This interaction attenuates dehydration-induced cell
death and promotes the adaptation of BiP-overexpressing lines to drought¢t(Rlei2011,

2012; Valenteet al.,2009). Here we revealed that the stress-induced NRP-mediated cell death
signaling also likely operates during developmentally programmed leaf senescence. We
observed that all cell death pathway componeRRBP-A NRP-B GmNAC8land VPE
homologs, were induced during leaf senescence. FurthermoreGriiid¢AC8imediated
induction of VPE during leaf senescence was associated with a specific increase in taspase-
activity, demonstrating that a VPE-mediated PCD may be functional during leaf senescence.
VPE is a cysteine protease that exhibits caspase-1-like activity and has been associated with
Tobacco mosaic virusnduced hypersensitive cell death (Hatsuegaial., 2004) and more
recently with developmental PCD (Hatsugaal.,2012; Hara-Nishimurat al.,2011). As an
executioner of vacuolar collapse-mediated PCD, VPE acts as a processing enzyme €0 activat
various vacuolar proteins, which participate in the disintegration of vacuoles, to initiate the
proteolytic cascade in plant PCD (Hatsugsi al., 2004). We observed that BiP also
attenuated NRP-mediated cell death signaling during leaf senescence by inhibiting the
induction of pathway components, such as NRFHBNAC81landVPE homologs, as well as
caspael activity. Therefore, BiP may delay leaf senescence by modulating NRP-mediated
cell death signaling. The BiP-mediated negative regulation of NRP-mediated cell death
signaling during leaf senescence may be linked to its function as an UPR regulsixqupdnt

of this hypothesis, we demonstrated that the BiP-mediated inhibition of the PCD signal was
temporally coordinated with the BiP-mediated inhibition of the UPR, as it occurred at 72

DAG but not at later developmental stages. Furthermore, BotiNAC81and NRP-B
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promoters harbor the unfolded protein response element (UPRE) ccnnnnnnnnnnnnccacg
(positions -200 in th&lRP-Bpromoter and -383 in themNAC81promoter), which could be
activated by the UPR and hence be modulated by BiP (Figure S10).

In addition to being induced during leaf senescence, which was demonstrated by this
investigation, and by ER stress and osmotic stress (&aaia 2011; Isrigleret al.,2007), the
NRP-mediated cell death signaling is also induced by SA signaling. This induction was
confirmed by an exogenous application of SA (Figure S7) and by the inoculation of soybean
and tobacco leaves witPseudomonas syringapv. tomato, which incites a non-host
hypersensitive response in these plant species. Under biological activation of SA signaling,
BiP overexpression did not inhibit the induction of NRP-mediated cell death signaling but
rather enhanced the expression cell death pathway components and caspase 1 activity. The
enhanced induction of NRP-mediated cell death signaling in 35S::BiP-4 leaves paralleled an
increased expression of PRs and the enhanced development of morphological and
physiological hallmarks of HR PCD elicited by non-host resistance. Therefore, in response to
SA signaling, BiP positively regulated NRP-mediated cell death signaling. In contrast, BiP
overexpression suppressed the induction of UPR marker genes in response to activated SA
signaling. These results are consistent with previous observation, which revealed an
enhancement of the SA-mediated induction of UPR marker genes and a concomitant decrease
in PR-1 gene expression Arabidopsiship2 knockout lines (Wangt al.,2005).

Salicylic acid (SA) plays a central role in plant defense signaling. It is required for the
recognition of pathogen-derived components and subsequent establishment of local resistance
in the infected region as well as for systemic resistance (Loake and Grant 2007; @affney
al., 1993). During systemic acquired resistance (SAR), there is a massive buildup of PR

proteins in vacuoles and in the apoplast. Coordinated up-regulation of the protein secretory
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machinery is required to ensure proper folding, modification, and transport of PR proteins.
Accordingly, the ER-resident gene BIP is induced before PR-1 accumulation @vahg

2005; Jelito-Van Doorenet al., 1999; Figure 6).NPR-1 the master regulator of SA-
dependent SAR, not only directly induces the PR genes but also prepares the cell to secrete
PR proteins by controlling the expression of the secretory machinery components and UPR
genes (Wanget al., 2005). HoweverNPR1regulates the expressionPR-1 and UPR genes

via interactions with distinct transcriptional factors (Pajerowska-Mukhtar et al., 2012; Zhang
et al., 1999). We observed that BiP antagonistically modulates the SA-mediated induction of
UPR genes and PR genes, which is coordinated with the induction of the NRP-mediated cell
death response. Therefore, the SA-mediated induction of NRP cell-death signaling likely
occurs via a pathway distinct from the UPR, which contrasts with the coordinated induction
of the NRP-mediated cell death response and the UPR by developmentally programmed leaf
senescence.

In summary, we propose that the underlying mechanisms of BiP-mediated delay in
leaf senescence or acceleration of HR PCD by the non-host response are likely asabciated,
least in part, with its capacity to modulate the NRP-mediated cell death response (Figure
S10). Although the BiP-mediated positive regulation of NRP cell-death signaling occurs
through a yet undefined mechanism that is activated by SA signaling and related to ER
functioning, the BiP-mediated negative regulation of this pathway is likely associated with the
capacity of the ER-resident molecular chaperone to regulate the UPR activation that occurs

during leaf senescence.
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Experimental Procedures

Plant Growth and transgene expression

Soybean seedsG(ycine max cv.Conquista) transformed withoyBiPD under the
control of theCauliflower mosaic virus35S promoter (Valentet al., 2009) as well as
untransformed, control seeds were germinated and grown in 3.0 L pots containing a mixture
of soil and dung (3:1) in greenhouse conditions under natural conditions of light, a relative
humidity of 65-85% and a temperature ranging from 35 °C during day to 15 °C at night. At
different periods and developmental stages, as indicated in the figure legends, the plant tissues

were harvested, immediately frozen in liquid nitrogen and stored at -80 °C.

Transgenic lines were confirmed by PCR, and transgene accumulation was monitored
by immunoblotting as previously described (Valeateal., 2009). Briefly, the total protein
was extracted from untransformed or transformed soybean plant leaves and immunoblotted
with an antibody prepared against Bn coliproduced BiP carboxyl domain (anti-carboxy
BiP; Buzeli et al., 2002) at a 1:1,000 dilution and a goat anti-rabbit IgG alkaline phosphatase
conjugate (Sigma) at a 1:5,000 dilution. Alkaline phosphatase activity was assayed using 5-

bromo-4-chloro-3-indolyl phosphate (Sigma) and p-nitro blue tetrazolium (Sigma).

RNA extraction, cDNA synthesis and mRNA purification
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The total RNA was extracted from leaves at the V3/V4 or V4 developmental stage, in
which the third trifoliate leaf had fully expanded, using TRIzol (Life Tecnologies Inc.) and
treated with RNase-free DNase (Life Tecnologies Inc.). The RNA was quantified by
spectrophotometry (Evolution 60 Thermo Scientific) and examined in a 1.3 % (p/v)
denatiring agarose gel that was stained with 0.1 ug/mL ethidium bromide (EtBr). The total

RNA was used for reverse transcription (RT)-PCR and microarray analyses.

RT-PCR assays were performed with 3 ug of total RNA, 5 uM of oligo-dT, 0.5 mM
of dNTPs and 1 U of M-MLYV reverse transcriptase (Life Technologies Inc.). For microarray
analysis, mMRNA was purified using the FastTrack 2.0 mRNA Isolation kit (Life Technologies
Inc.) according to the manufacturer’s instructions, quantified by spectrophotometry
(Evolution 60 Thermo Scientific) and electrophoresed in 1.5% denaturing agarose gels in the

presence of EtBr.

Microarray experiment and data analysis

For the microarray, RNA was extracted from untransformed, wild-type and BiP-
overexpressing soybean leaves at the V3 developmental stage. Three biological replicates
corresponding to transformed (35S::BiP) and untransformed (WT) leaves were used to obtain
two independent mRNA pools to hybridize duplicated chips for each sample. Hybridizations
were performed on Affymetrix GeneChip Soybean Genome  Arrays
(http://affymetrix.com/index.affxaccording to the manufacturer’s instructions and the following
the steps: (a) double-stranded cDNA synthesis using the SuperScript One-Cycle cDNA kit,
(b) purification and cleaning of double-stranded cDNA with the cDNA Wash Buffer and
Cleanup Spin Column, c) synthesis of biotinylated cRNA using the IVT Labeling kit, (d)

amplification of cRNA using the IVT Master Mix, purification as in b and quantification at
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260 nm by spectrophotometry (Evolution 60 Thermo Scientific) and (e) fragmentation
(hydrolysis) of biotinylated cRNA to 35 to 200 nucleotides. Then, the cRNA (15 pg) was
hybridized to an Affymetrix Soybean Genome Array for 16 h according to the Affymetrix
GeneChip protocol with buffers provided by the manufacturers. The arrays were washed in a
GeneChip Fluidic Station 450 GCOS/Microarray Suite (GeneChip Operating Software) and
stained using a GeneChip IVT Labeling Kit. The chips were scanned with a Gene Array
Scanner 3000 (Affymetrix) at 3 um pixel resolution and a 570 nm wavelength, generating cell

intensity files (CEL).

The CEL files were computationally analyzed using the R/Bioconductor package
(Version 1.6/Version 2.6.0; Li and Wong, 2001). Normalization was performed using the
Robust Multiarray Analysis (RMA) method (Irizarry et al., 2003), which is available through
the R/Bioconductor package for Affymetyrix arrays (Kerr et al., 2000). Microarray Quality
Assessment was performed using functions from the Affy package along with functions from
the R/Bioconductor package. To identify differentially expressed genes, we used
R/MAANOVA (Microarray Analysis of Variance,
http://churchill.jax.org/software/rmaanova.shtml), and the significance of differential gene
expression was detected using F and t tests. The estimated p-values were corrected by FDR
(false discover rate, Benjamin and Hochberg, 1995), and the resulting respective gene lists
were classified according to the corrected p-value and fold-change. The genes were
considered differentially expressed if they yielded a corrected p-value > 0.05 and a fold-
change > 1.5. The genes were annotated using the annotation Affymetrix file for the chip
(http://www.affymetrix.com/support/technical/annotationfilesmain.affx), which were
complemented with annotations from Soybase (http://www.soybase.org/) and Phytozome

(http://www.phytozome.net/) data bases.
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Quantitative RT-PCR (gRT-PCR)

All of the real-time PCR procedures, including tests, validations and experiments,
were conducted according to the recommendations of Applied Biosystems. Real-time RT-
PCR reactions were performed on an ABI7500 instrument (Applied Biosystems) using
cDNAs from the treatments, gene-specific primers (Table 1) and the S¥®BBn PCR
Master Mix (Applied Biosystems). The amplification reactions were performed as follows: 10
min at 95 °C and 40 cycles of 94 °C for 15 sec and 60 °C for 1 min. The soybean RNA
helicase (Irsigleret al, 2007) and tobacco RNA actin (Cosa al., 2008) were used as
endogenous controls to normalize the real-time RT-PCR values. The gene expression was

AACT
z

quantified using the " or method.

Physiological measurements

The carotenoid, chlorophyll a, and chlorophyll b contents were determined as
described by Wellburn (1994). Two 0.5-cm leaf discs were incubated with 5 mL of;€aCO
saturated DMSO. After 12 hours at room temperature, the total pigment content was

determined spectrophotometrically at 480, 649.1 and 665.1 nm and expressed as ug cm’.

Photosynthetic C®assimilation (A) was measured in fully expanded leaves with a
portable open-flow gas exchange system (LICOR 6400, Li-COR, USA) under ambignt CO
concentrations, normal temperature conditions and an artificial, saturating irradiance (1,000
umol photons M s at the leaf level) as described by Vu et al. (1986). All measurements

were performed at 9 am.

The extent of leaf lipid peroxidation was estimated by measuring the malondialdehyde
assay (MDA) content, as described by Cakmak and Horst (1991). Approximately 0.150 g of

leaves were homogenized with 2 mL of 0.1% trichloroacetic acid (TCA). The mixture was

35



centrifuged at 12,009 for 15 min. All steps were performed at 4 °C. Supernatant aliquots
(0.5 mL) were added to 1.5 mL 0.5% thiobarbituric acid (TBA) in 20% TCA, and the samples
were incubated at 90 °C for 20 min. The reaction was stopped by incubation on ice, followed
by centrifugation at 13,00 for 4 min. The absorbance of the supernatant was determined at
532 nm and subtracting from it the non-specific absorbance at 600 nm. The MDA
concentration was calculated using the molar absorptivity coefficient ofmi@5 cm*

(Heath & Packer, 1968).

Total protein extraction from leaves and quantification

Total protein extracts were obtained as described by @&bag. (1988) with some
modifications. Approximately 200 mg of leaves from sense, antisense and untrandformed
tabacumlines were crushed in liquid nitrogen, and the powder was homogenized with 10%
(w/v) trichloroacetic acid in acetone containing 0.07% (v/v) 2-mercaptoethanol. The total
protein was precipitated for 120 min and recovered by precipitation at 2§,f20@®0 min.

The pellet was washed twice with acetone containing 0.07% (v/v) 2-mercaptoethanol, and the
residual acetone was removed under vacuum. The pellet was resuspended by ultrasonication
in 8 M urea, 4% (v/v) Triton X-100 (v/v) and 60 mM DTT. The total protein extract was
stored at -20 °C. The protein concentration was determined according to Bradford (1976)

using BSA as standard.

Bacterial strains and plant inoculation

For the plant inoculation experiments, a BiP-overexpressing soyblame max
cv. Conquista) transgenic line was used at the VC developmental stage (fully expanded
unifoliate leaves) as well as an untransformed line taneke-week-oldeavesof Nicotiana

tabacumcv. Havana (sense, anti-sense and wild type; Alvim et al., 26&Budomonas
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syringaepatovar tomato was cultured at 28 °C in KB (King’s B; King et al., 1954) medium

for 18 hours. After centrifugation, the bacterial cultures were resuspended in 10 mM MgCl
The leaves of transgenic and wild-type plants were inoculated with bacterial suspensions at an
OD 600 nm of 0.2 (which corresponds to approximately 1 ’xceéls/mL; Bogdanovet al.,

1998) while applying a controlled pressure against the abaxial epidermis. Alternatively, the
leaves were inoculated by aspersion of the bacterial suspension {tedl&0nL), stored in a

cloud chamber for 3 days and transferred to a growth chamber at 28 °C, 80% humidity with a
12 h photoperiod (Budde & ullrich, 2000). The plant material was frozen in liquid nitrogen

and stored at -80 °C.

Determination of salicylic acid contents by UPLC-MSD

The plant extracts were prepared as described previously (fedrahf 2008) with
some modifications. Approximately 200 mg of fresh tissue were crushed in liquid nitrogen,
transferred to a falcon tube and added to 400 pL of 10% (v/v) methanol and 1% (v/v) acetic
acid. The plant extract was sonicated (Ultrasonic homogenizer 4610 series, Cole-Parmer
instrument) twice at 30% power for 20 sec on ice. After incubation for 30 min on ice, the
extract was purified by centrifugation for 10 min at 13,00énd 4 °C. The supernatant was
carefully removed and reserved, whereas the pellet was re-extracted as described. The
supernatants were combined, centrifuged as before and filtered (Syringe filters 0.45 pm GHP

Acrodisc).

Liquid chromatography was performed using a nanoAquity UPLC System (Waters,
Milford, MA, USA) coupled to a binary pump and an autosampler. Ten microliters of the
sample were separated by UPLC-MS using a Trap column (Waters) and a analytical ProteCol

Cig 5-A 300 pm x 100 mm capillary column (SGE Analytical Science) operating at a flow
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rate of 3.0 uL/min. The mobile phase buffers used for the gradient program were water with

0.1% (v/v) formic acid (A) and acetonitrile with 0.1% (v/v) formic acid (B). The gradient
program consisted of 5% B for 5 min, linear ramping to 50% B over 35 min, linear ramping to
95% B over 10 min, holding at 95% B for 10 min, ramping back to 5% B over 5 min, and
holding at 5% B for 5 min. The eluted compounds were injected on-line in an lon Trap mass
spectrometer (Bruker Daltonics, lon Trap amaZon) using a microESI ionization needle. The
mass spectrometer was operated in a multiple reaction mode (MRM) due to its high
selectivity using precursdo-product ion transitions. All of the UPLC-ESI MS and MS/MS
parameters were optimized using individual standard solutions of SA at a concentration of 1
ngiuL. Full scan data acquisition was performed by scanning from an m/z of 60 to 300 at the
positive mode, and the data were acquired for 70 min for each LC-MS/MS run. The UPLC-
ESI-MS/MS assays were performed for three biological replicates. The data acquisition of
both LC-MS instruments was managed using the Hystar package (Bruker Daltonics Inc.,
Fremont, CA, USA). In the product ion scan experiments, MS/MS product ions were
produced by collision-activated dissociation (CAD) of selected precursor ions. Thus, the
combination of the parent mass and unique fragment ions were used to monitor SA selectively
in crude plant extracts. MRM acquisition was performed by monitoring the 139/121. The
mass spectrums were processed using a data analysis package (Bruker Daltonics Inc.,
Fremont, CA, USA), and the compound list was generated automatically using the optimized
setting. The MS2 spectrum fragments were verified to confirm the detection of SA in the
samples. Total ion chromatograms (TIC) were used for quantitative analysis. The relative
abundance of salicylic acid was normalized and expressed by integrating the totdltheca
chromatogram ion, which corresponds to salicylic acid, relative to the total area of all

compounds observed in the MRM assays.
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Figure 1. BiP Overexpression slightly delays leaf senescence in soybeans. (a, b, c)
Developmental performance of soybean plants after flowering. WT and 35S::BiP-4 soybean
lines were grown under greenhouse conditions and were photographed at 51 days after
germination (a), at 72 days after germination (b) and at 93 days after germination (c). (d, e, f)
Chlorophyll loss during the progression of leaf senescence. The content of chlorophyll A (d),
chlorophyll B (e) and total chlorophyll (f) was determined over time in the leaves of wild type
and 35S:;BiP-4 lines during leaf senescence. The arrow indicates the start of flowering. (g)
The carotenoids content during leaf senescence in wild-type and 35S:;BiP-4 leaves, (h) CO
assimilation during leaf senescence in wild-type and 35S::BiP-4 leaves. (i) Lipid peroxidation
induced by leaf senescence in wild-type and 35S::BiP-4 leaves. The leaf lipid peroxidation
was monitored by determining the level of TBA-reactive compounds and expressed as the
malondialdehyde (MDA) content. The bars indicate the confidence intervals, and the asterisks
indicate significant differences ¢f< 0.05 when comparing the transgenic and non-transgenic

lines on the same observation day.
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Figure 2. Gene expression analysis of senescence and cell death-associated genes in
35S::BiP-4 transgenic plants under normal developmental conditions. Total RNA was isolated
from WT and 35S::BiP-4 leaves at 37, 72 and 93 days after germination (DAG) and the
induction of GmMNACZIa), Cysteine proteas&mCystP (b),soyBiPD (c) Calnexin CNX) (d)

the IRE1 homologs Glyma01g36200 (e) and Glymal1g09240 (f) was monitored by
quantitative RT-PCR. Expression values were obtained using the 2”-(DCt) method and the
endogenous control helicase. The bars indicate the confidence interval (p <0.05, n= 3), and

the asterisks indicate significant differences between WT and transgenic plants.
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Figure 3. BiP Overexpression attenuates the ER and osmotic stress-induced cell death
response during development. Total RNA was isolated from WT and 35S::BiP-4 leaves at 37,
72 and 93 days after germination (DAG) and the induction of (a) N-rich protdiRR-A,

(b) N-rich protein B KRP-B, (c) GmNACS81, (d) Vacuolar processing enzyme
(Glyma01g05135), (e) Vacuolar processing enzyme (Glyma04g05250) and (f) Vacuolar
processing enzyme (Glymal4g10620) was monitored by gRT-PCR. Expression values were

obtained as in Figure 2.
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Figure 4. Caspase-1 activity in soybean leav@g. BiP overexpression attenuates caspase-
activity in 35S::BiP-4 leaves 72 days after germination. (b) Enhanced caspatbaty ac
displayed by 35S::BiP-4 inoculated leaves compared to WT leaves in the presence and

absence of caspase-1-specific inhibitor.
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Figure 5. Hypersensitive response (HR) in soybean leaves induced by a non-host-pathogen
interaction. (a) Leaf necrotic lesions induced by HR. Soybean WT and 35S::BiP-4 leave
were mock-inoculated and inoculated wiBseudomonas syringapv. tomato (Pst) and
observed at intervals of 6, 12, 18, 24 and 36 hours post-inoculation..@®)prbduction
induced by HR. WT and 35S::BiP-4 leaves were stained with diaminobenzidine (@AB)
hours after inoculation. (c) Electrolyte leakage during HR. The conductivity from electrolyte
leakage of mock- or Pst-inoculated WT and 35S::BiP-4 leaves was measured at the indicated
periods post-inoculation. (d) Exclusion of Evans blue dye. The frequency of dead cells was
quantified by the intensity of Evans blue staining of inoculated leaves as HR progresses.

ThebBars represent a confidence interval based on tge6i@5, n=5).
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Figure 6. Induction of pathogenesis-related (PR) genes and UPR marker genes during HR
elicited by Pseudomonas syringgev. tomato (Pst)Total RNA was isolated from Pst- or
mock-inoculated WT and 35S::BiP-4 leaves and the expression of PR and UPR genes was
monitored by qRT-PCR. Expression values were obtained as in Figure 2. PR geiRBsl.(a)

(b) PR5 and (c)Cysteine proteasé&sCystR. UPR marker genes: (dpyBiPD (e) protein
disulphide isomeraséDl), (f) Calnexin CNX), the IRE1 homologs (g) Glyma09g32970 and

(e) Glymal1g09240.
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Figure 7. Inoculation of soybean leaves witPseudomonas syringagv. tomato triggers
NRP-mediated cell death signaling during the establishment of non-host resistancg#alThe t
RNA was isolated from Pst- or mock-inoculated WT and 35S::BiP-4 leaves and induction of
(@ NRP-A (b) NRP-B (c) GmNACS81 (d) Vacuolar processing enzymeVRE,
Glyma01g05135), (eYPE (Glymal4g10620) and (fYPE (Glymal7g34900) was monitored

by gRT-PCR Expression values were obtained as in Figure 2.
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Figure S1.Ectopic expression of soyBiPD in transgenic plants. (a) Enhanced accumulation of
BiP in leaves from the soybean transgenic line 35S::BiP-4. An equal amount of total protein
(30 )g) extracted from the leaves of wild-type plants and soybean transgenic lines was
separated on an SDS-PAGE (top) and immunoblotted with anti-BiP serum (bottom). (b)
Enhanced BIiP levels in tobacco leaves from WT, sense (35S:BiPS) and antisense

(35S:BiPAS) lines. Proteins were processed as described in (a).
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Figure S2. Number of differentially expressed genes in transformed plants (35S::BiP-4)

under normal developmental conditions. (a) MA plots of arrays as a function of Log2

changes. M=log2fold change and A=average of intensity log. (b) The number of diffeyentiall

expressed genes (total, up-regulated and downregulated genes) in 35S::BiP-4 under normal

developmental conditions. (c) The groups are based on biological processes generated by

Gene ontology showing positively and negatively regulated genes.
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Figure S3.Global variation of gene expression induced by soyBiPD overexpression. (a) The

pie chart illustrates the distribution of the differentially expressed genes across functional

categories defined by the Gene Ontology Biological process. The numbers represent the
frequency of genes in each category. (b) The relative quantification of gene expression in
transgenic plants compared to WT in a log2 scale (+ SD, n = 3 biological replicates)

determined by real-time PCR. The identities of each gene are presented in Suppyementar
Table S3.
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Figure S4.Multiple alignment of Glyma01g36200, Glyma09g32970, Glymal1g09240, IRE1
(BAB63366) and IRE2 (BAB63367). Homologous proteins were identified using NCBI and
Phytozome and used to perform a multiple alignment with the DNAMAN software. Identical

amino acid residues in all sequences are mankédack, with a frequency > 75% in dark

gray and > 50% in gray.
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Figure S5. Analysis of protein disulphide isomeragel)]) and vacuolar processing enzyme
(VPE Glymal7g34900) transcript accumulation during the development of transgenic and
wild plants by gRT-PCR. The expression values were obtained using the 2*-(DCt) method
and helicase as the endogenous control. The bars indicate the confidence interval (p <0.05, n=

3), and the asterisks indicate significant differences between WT and transgenic plants.
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Figure S6. (a) Relative abundance of salicylic acid and (b) jasmonic acid in WT and
35S::BiP-4 lines at the V3/V4 developmental stage, as determined using the lon Trap mass

spectrometer.
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Figure S7.Induction of gene expression by the exogenous application of salicylic acid in
wild type soybeans leaves. The induction of selected genes (as indicated in the figure) by
treatment with SA was monitored by gqRT-PCR. The following genes were analyzed: (a) PR-
1, (b) PR-5, (cGMNAC1 (d) GmCystP (e) calnexinCNX, (f) soyBiPD (g) PDI, (h) NRPA

() NRPB (j) GmNAC6 (k) vacuolar processing enzyme (Glyma01g05135), (I) vacuolar
processing enzyme (Glyma04g05250), (m) vacuolar processing enzyme (Glymal4g10620),
(n) vacuolar processing enzyme (Glymal79g34900), (o) Irel homolog Glyma01g36200,. (p)
Irel homolog Glyma09g32970, and (q) Irel homolog Glymal1g09240.

54



(@)

BiP antisense

(b)

o,

BiP sense

(c) Electrolyte leakage (d) Exclusion of vital dye Evans Blue
_ 45 1 0.6
§ 407 05
@ 357 £
2 30 A S 0,4
= ©
> 25 @ 03
S 201 <
° -
< 15 0,2
O 10 1

5 0.1 - 3

0 0

o 6 12 18 24 36 0 6 12 18 24 30 36
Hours post-infiltration e

—#—WT Control Antisense Control —A—Sense PstHours posm'}_{ﬁ?iggnse Pst
—&—Sense Control —*—WT Pst —x—\WT Pst —e— Sense Control
—® Antisense Pst —*—Sense Pst Antisense Control —#— WT Contro

Figure S8 Hypersensitive response elicited by non-host-pathogen interactions in tobacco
leaves with enhanced (sense) and suppressed (antisense) levels of Bi

(&) The lesions on the tobacco leaves of WT, sense and antisense lines after 24 hours of
inoculation with a control MgGlbuffer or withPseudomonas syringaes. tomato (Pst). (b)
Diaminobenzidine (DAB) staining in WT, sense and antisense leaves 24 hours after
inoculation with Pst or a Mgglsolution. (c) The membrane integrity of leaf cells during the
hypersensitive response. The conductivity from electrolyte leakage of Pst- and mock-
inoculated WT, sense and antisense leaves was measured at the indicated periods after
inoculation. (d) The exclusion of vital Evans blue dye from tobacco WT, sense and antisense

leaves during the hypersensitive response. The bars represent the confidence pri2al (
and n=5).
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Figure SO Time-course of induction of pathogenesis-related (PR) genes by the non-host
interaction in tobacco leaves. WT, sense and antisense tobacco leaves were inoculated with
Pseudomonas syringgav. tomato (Pst), and the induction of the PR genes, including (a)
pathogenesis-related proteinAR 1), (b) pathogenesis-related proteinRR{4), (c) chitinase

and (d) glucanase, was examined by qRT-PCR. Xpeession values were obtained using

the 27-(DCt) method and actin as the endogenous control. The bars indicate the confidence
interval (p <0.05, n= 3), and the asterisks indicate significant differences between WT and

transgenic plants.
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Figure S10.BiP modulates the NRP-mediated cell death signaling pathway by inhibiting
UPR and stimulating SA signaling. The scheme illustrates the propagation of a cell death
signal derived from prolonged ER stress, osmotic stress and biotic stress through the NRP-
mediated PCD signaling pathway. A broken arrow indicates an effect on gene expression,
while a solid arrow indicates that the gene is an immediate downstream target. This
investigation revealed that overexpression of BiP inhibits the UPR, the expression of NRPs
and GmNACS81 and as consequence attenuates cell death mediated by the NRP signaling as in
leaf senescence. In response to a biotic stimulus, BiP positively regulates the SA signaling
and activates the NRP-mediated cell death signaling. Abbreviations: GmERD15, Glycine max
early responsive to dehydration stress 15; NRP, N-rich protein; VPE, vacuolar processing

enzyme; UPR, unfolded protein response, SA,
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CAPITULO I

Variacéo global da expresséao génica induzida pela superexpressao
de BIiP @inding Protein) em plantas de sojaGlycine max
submetidas a déficit hidrico.

Humberto Henrique de Carvalho, Otavio José Bernardes Brustolini, José Cleydson Ferreira da
Silva, Maiana Reis Pimenta, Clenilso Sehnen Mota, Juliana Rocha Lopes Soares Ramos
Elizabeth Batista Pacheco Fontes. Variacdo global da expressdo génica induzida pela
superexpressao de BiBiNding Proteir) em plantas de sofalycine nax submetidas a déficit
hidrico. Manuscrito em preparacao.
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Resumo

A superexpressao égmyBiPDpromove uma melhor manutencéo das relacfes hidricas
foliarese maior tolerancia a estresse osmaotico por meio da modulacao da via de morte celular
mediada por proteinas NRPs e induzida por seca. Os transcriptomas induzidos por
desidratacdo foliar de plantas superexpressando BiP (linhagem 35S::BiP-4) e selvagens em
um mesmo nivel de potencial hidrico foram determinados com a finalidade de senobter
informacfBes sobre o mecanismo pelo qual BiP confere protecdo contra desidratacdo em
células vegetaisA superexpressao de BiP parece aliviar o estado de estresse imposto pela
desidratagdo, diminuindo o niumero de genes diferencialmente expresggs-&r. De uma
maneira geral, o niumero de genes reprimidos predominaram consideradamente sobre as
variacfes positivas. Entre os genes diferencialmente expressos, destacaram-se a inducéo de
caspasesGMNAC2e GmNAC3em plantas selvagens e a repressdd/Ee em plantas
transgénicas. Quando analisado um periodo mais severo de seca, ocorreu uma diminuicdo de
genes diferencialmente expressos exclusivos em plantas selvagens e um aumento de genes
exclusivos em plantas transformadas, predominando maior propor¢cdo de genes induzidos,
com destaque para a regulacdo negativém®& AC6em plantas transformadas. A regulagéao
negativa deGmNACG6e VPE na linhagem 35S::BiP-4 esta consistente com o papel de BiP
como inibibidor da via de morte celular mediada por NRPsheat mapsde genes UPR
(unfolded protein response), ERAD (ER- associated degration protein system), responsivos a
estresse hidrico e a morte celular revelaram que o transcriptoma de plantas transgénicas com
yw=-1,0 se agruparam sempre préximo ao transcriptoma de plantas irrigadas e divergiram
consideravelmente dos transcriptomas induzido por seca de WTs e transgénicas com yy=-1,6.
Resultado semelhante foi obtido por gRT-PCR, corroborando dados dos microarranjos, cujo
perfil de variagdo génica demonstrou que as plantas transgénicas apresentaram uma menor
inducdo do estresse por desidratacdo com a repressdo de genes da via de morte celular
mediada por proteinas NRPs e genes da via UPR. A superexpressdo de BiP ndo somente
atrasa mas também atenua o estado de estresse imposto pelo mesmo nivel de desidratacéa
foliar, mantendo a homeostase celular sob condi¢cdes de déficit hidrico. Além disso, atenua a
expressdo dos executores de morte celular programada induzida por seca, modulando a
atividade de NRPs e VPE e exerce um papel de regulador negativo das vias UPR e ERAD

induzidos por seca.
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Introducao

Um dos principais fatores de estresse abio6tico, a seca, se estabelece e é percebida pelas
plantas quando a taxa de transpiracdo foliar e evaporacdo excedem a quantidade de agu
disponivel no solo. Assim as plantas usam diversos mecanismos para lidar com a falta de
agua, como escapar, evitar ou tolerar a seca (Blum, 2005; Sherrard & MaheralRra06t
al., 2002). Varias ferramentas biotecnoldgicas e melhoramento genético tém auxiliado no
entendimento da percepcdo e transducdo do sinal do estresse, obtendo novos cultivares
tolerantes a seca (Talamé et al., 2007). Entre as estratégias desenvolvidas destacam-se a:
tentativas de manutencdo da condutancia estomatica por um periodo maior de tempo, como
por exemplo, na cultivar de soja BR16 (Stolf-Moreira et al., 2010), manutencao da turgidez da
célula sob condicbes de desidratacdo, como por exemplo na cultivar Pl 416937 (Sloane et al.,
1990) e manutencdo de maior teor relativo de agua das folhas pela superexpressdo do gene
SoyBiPD(Valente et al., 2009).

Baseado na tecnologia de microarranjos, centenas de genes induzidos por estresse té
sido identificados como candidatos para manipulacdo genética (Shinozaki et al., 2007). Em
resposta a seca, as plantas amtiuma cascata de sinalizacdo, estimuladas por espécies
reativas de oxigénio, NO, &a que é propagada através de interacdes proteina-proteina
envolvendo MAPKinasedMitogen-Activated Protein KinasgsCDPKs Calcium-dependent
protein kinaseks e fosfolipases como fosfolipase C, fosfolipases D1e PR&sphatidyl-4, 5-
phosphate 5- kinajeque regulam a expressdo de fatores de transcricdo especificos
culminando na reprogramacdo da expressdo génica (Bartels e SunkarXiadgbset al.,

2002, Shinozakeé Yamaguchi-Shinozaki, 2000Mudancas no nivel de calcio citosolico e IP3
(Inositol 1,4,5-trifosfato) também levam a ativacdo de genes de resposta a seca via acido
abscisico (ABA; Xiong et al., 2002). Em resposta ao estresse hidrico ABA (acido abscisico)
acumula garantindo a manutencdo do balanco hidrico através do fechamento estomatico e
inducéo de genes que codificam proteinas responsivas a desidratacao (Zhu, 2002). Existe pelo
menos quatro sistemas de transducdo de sinais para a expressao de genes responsivos a
estresse hidrico que também estdo relacionados ao frio e salinidade (Shinozaki et al., 2007).
Dois destes sistemas sao dependentes de ABA (tipo | e Il) e dois sdo independentes de ABA
(tipo Il e 1IV) (Shinozaki et. Al., 2007; Seki et al., 20Ghinozaki et al., 1997). A maioria

dos fatores de transcricdo responsiva a seca pertence a familias génicas tAP 2GR

Type, bZIP (basic region leucine zipperHD-ZIP (Homeodomain-leucine zippeHB-Zip
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(homeobox Tk b-HLH (basic helix-loop-helix MYB (Myoblastomgy NAC (NAM, ATAF1le
2,CUC2), WRKYe Zinc-finger proteins

Em plantas, assim como em outros eucariotos, BiP é induzido em resposta a condicdes
de estresse abioticas adversas que perturbam a homeostase do RE (Liu e Howell, 2010; Alvim
et al., 2001; Sung et al., 2001). Quando proteinas mal dobradas e possivelmente nocivas se
acumulam na organela (Ron e Walter, 2007), elas séo reconhecidas pelo controle de qualidade
do RE (ERQC; Vitale e Boston, 2008) e disparam uma via de sinalizacdo de resposta a
proteinas mal dobradas (URRJnfolded protein; Bernales et al., 2006). Assim, na tentativa
de minimizar efeitos do estresse, ocorre inducdo na expressao de genes que codificam
chaperones moleculares do RE, componentes da maquinaria de degradagcao associada ao RE
(ERAD) e de rotas secretérias (Travers et al., 2000), a fim de manter o processamento
protéico e fidelidade na montagem e dobramento das proteinas (Pincus et al., 2010).
Entretanto, quando a capacidade de dobramento ndo € suficiente, as proteinas s&o
retranslocadas para o citosol para degradacdo via proteassomo, por meio da ativagcdo do
sistema de degradacao associado ao ER (Trombetta e ParodiKaa@gichi et al., 2005;
Martinez e Chrispeels, 2003; Hampton, 200BiP esta diretamente envolvida nessa
degradacédo auxiliando, identificando e enderecando esses substratos para degradacao
(Molinari et al., 2002).

A via UPR (unfolded protein response) pode ser induzida por uma variedade de
estresses abibticos e bidticos que causam o acumulo de proteinas mal dobradas no l[imen do
RE (Moreno et al., 2012; Ye et al., 2011u e Howell, 2010). Além disso, agentes quimicos
também interferem no dobramento protéico no RE e induzem a via UPR (Patil e Walter,
2001), como por exemplo, tunicamicina que interfere na glicosilacdo de glicoprateinas
agentes redutores, como dithiothreitol (DTT), capaz de interferir nas ligacdes dissulfidicas.
Em mamiferos, a sinalizacdo da via UPR envolve trés classes de transdutores ou sensores de
edresse no RE (Waltee Don, 2011), IRE1, PERK e ATF6. Esses sensores quando
dissociados de BiP levam a uma mudanca conformacional ativando as cascatas de sinalizagcéo
iniciadas por estes receptores (Oikawa et al., 2009; Shen et al., 2002). IRE1 é uma proteina
transmembrana, denominadaositol-requerin protein 1 (IRE1) com dupla funcéo
cinase/ribonucleas€Cox et al., 1993), o qual promowplicing para codificar fatores de
transcricdo que também disparam genes de resposta a estresse. O estresse no RE desencade

o desligamento entre BiP e IRE1, resultando numa autofosforilacdo que ativa o dominio
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ribonuclease (Oikawa et al. 2007; Bertolotti et al. 2000). A atividade de ribonuclease de IRE1
cliva regides especificas do mRNA de XBPA-Hox-binding protein 1 em mamiferos

(Calfon et al, 2002) e Haclp em leveduras (Kawahara et al, 1998) induzindo genes que
aumentam a capacidade de processamento do RE (Lee et al., 2003; Calfon et al., 2002; Lee et
al., 2002; Yoshida et al., 2001) e ao mesmo tempo diminui a traducao de proteinas (Pirot et
al., 2007). Outra via de sinalizagdo envolw®tein kinase-like ER kinas@PERK); sob
condicOes de estresse, BIP se dissocia de PERK, que sofre uma mudanca conformacional se
autofosforilando e fosforilando o fator de iniciacao da traducaadR2tkowskie Kaufman,

2009 que, por sua vez, inibe de modo seletivo o processo de traducao de proteinas, (Harding
et al., 1999), permitindo a traducdo de genes responsivos ao estresse comAcivitihg
Transcription Factor(Ron, 2002). ATF6 também esta associada a BiP no RE; porém, em
resposta ao sinal de estresse na organela, BiP se dissocia de ATF6, permitindo a translocacao
do receptor para o Golgi (Haze et al., 1999) onde é clivado proteoliticamente, dando origem a
ATF6a e ATF6B. Assim, as versdes truncadas de ATF6 sao proteoliticamente liberadas da
membrana e translocados para o nucleo, onde se ligam a elementos responsivos ao estresse n
RE (ERSE-1; Yoshida et al., 2001).

Em plantas, os sensores da via UPR sdo andlogos aqueles descritos em mamiferos e
leveduras (Urade, 2007) e a caracterizacdo molecular dessa via de sinalizacdo citoprotetora
iniciou-se com a descoberta ehnabidopsisde dois genes com sequéncias relacionadas a
IREL, IRElae IRE1b (Noh et al. 2002Koizumi et al., 2001). bZiP60 também tem sido
descrito como fator de transcricdo da via UPR de plantas, cuja inativacdo génica diminuiu a
resposta de diversos genes alvo da via UPR (lwata et al., 2008). Mais recentemente, foi
demonstrado que o transcrito bl&lP60 constitui o substrato para atividade de endonuclease
de Irela e Irelb de Arabidopsis(Nagashima et al., 2011). O splicing de bZIP60 mRNA
mediado poirelb remove o dominio transmembrana de bZIP60 resultando na translocacdo
de bZIP60 para o nucleo para ativar promotores alvos da via UPR. EmQuyaa Eativa
homologos déZIP6Q OsbZIP74e OsbZIP50séo ativados em resposta ao estresse do RE (Lu
et al., 2012; Hayashi et al., 2011; Okushima et al., 2002), em milho foi demonstrado que o
splicingde ZmbZIP60leva a ativagédo de fatores de transcricdo responsivos a estresse do RE
(Wang et al., 2012). O genoma Ambidopsisapresenta outros genes com dominio ziper de
leucina (bZiP)e com dominio transmembrana capazes de responder a Via UPR, como
AtbZIP17, AtbZIP28 and AtbZIP49. AtbZIP28 e AtbZIP17 sao similares a ATF6 de
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mamiferos (Tajima et al., 2008; Liu et al., 2007; Jakoby et al., 2002) e também sé&o
translocados para o Golgi e proteoliticamente liberados da membrana em resposta a estresse

no RE, em um mecanismo similar a ativacdo de seus homaologos de mamiferos.

Os genes responsivos a UPR em plantas apresentam em sua regido promotora
sequénciagis-regulatorias conservadas, P-UPR#aft UPR elemehte ERSE ER stress
response elemeéntTais cis-elementos sdo reconhecidos pelos dominios ziper de leucina de
bZIP60 e bZziP28, sendo, portanto, importantes na inducdo de genes responsivos a UPR
(Tajima et al., 2008). Embora uma grande parte dos componentes da UPR em plantas nao
tenha sido elucidada, sabe-se que as pratéRial, bZiP60, bZiP28 e BiP desempenham
funcdes de destaque nesta cascata de sinalizacao (Urade, 2009; Leborgne-Castel et al., 1999).

Tem sido demonstrado que a superexpressao de BiP nas linhagens transgénicas de soja
e tabaco mantém o turgor da folha em condicdes de seca e reprime a expressao de genes d:
via UPR, tais com®iP e CNX (Alvim et al., 2001; Valente et al., 2009). Uma nova via de
sinalizacdo em resposta a estresse osmaético e do RE, independente da via UPR, tem sido
proposta e traduz sinais de morte celular programada (PCD; Reis et al., 2012). O modelo para
esta via de sinalizacdo preconiza que 0s estresses osmotico e do RE induzem de modo
sinérgico a expressao do fator transcriciocBalERD15(Glycine maxEarly Responsive to
Dehydratior) que, por sua vez, se liga ao promotoNdRPB (Alves et al., 2011) e ativa a
expresséo dn-rich proteins(NRPA e NRP-B para induzir a expressdo @aNAC6como o
efetor de morte celular (Irsigler et al., 2007; Costa et al., 2008; Pinheiro et al., 2009). Mais
recentemente, foi demonstrado demNACG6interage com um novo fator de transcricdo com
dominio NAC, GmNACS30, para ativar a expressa®B& (vacuolar processing enzyme) que
exibe atividade de caspase 1 envolvida no processo de PCD mediado por colapso do vacuolo
(Mendes, 2013, Hara-Nishimura et al., 2005). BiP atua como regulador negativo dessa via
integrativa de morte celular mediada por NRPs, modulando tanto a expressdo quanto a
atividade de morte celular de NRP&BNACG6 (Reis et al., 2011). No entanto, 0 mecanismo
pelo qual BiP modula a via integrativa de morte celular induzida por estresses abidticos
permanece para ser elucidado. Nesta investigacdo, o transcriptoma induzido por seca em
folhas de soja superexpressando BiP foi determinado com a finalidade de sanobter
informacgdes sobre as bases moleculares pela qual BiP confere protecédo contra desidratacao

em células vegetais.
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Resultados

Potencial hidrico foliar de plantas superexpressando BiP e plantas controle expostas a

um regime gradual de inducéo de déficit hidrico.

Plantas de soja superexpressando o gayBiPD linhagem 4 sob o controle do
promotor 35S do virus do mosaico da couve-flor (35S::BiP-4), em estadio em transicao
V3/V4 de desenvolvimento, foram submetidas a um regime de déficit hidrico lento, no qual a
guantidade de agua fornecida foi reduzida para 40% da irrigacdo normal, durante um periodo
de 25 dias. O progresso do estresse hidrico imposto nas plantas transgénicas e WT foi
monitorado por meio de medi¢Bes periddicas do potencial hidgigodp terceiro trifolio
emergente, medido na antemanhd, com Bomba Scholander (Scholander et al., 1965), até
obtencéo de valesproximos a -1,6 MPa em folhas de plantas transformadas e -2,0 MPa em

folhas de plantas nao transformadas, selvagens (Figura 1A).

Apds 19 dias de reducdo do suprimento diario de agua, as diferencas entre plantas
transformadas e nao transformadas foram registradas (Figura 1B). Plantas transformadas
estavam aparentemente targidas (y,=-0,6 MPa) enquanto plantas WT (y,=-1,0 MPa)
apresentavam folhas murchas quando fotografadas as 10 horas da manha. As folhas foram
coletadas imediatamente apdés a medida do potencial hidrico, congeladas em nitrogénio
liquido e armazenadas em freezer -80°C. O contetdo de agua foliar indicou que plantas
transformadas foram mais eficientes na protecdo contra desidratacdo e assim conduzidas para

0 experimento de microarranjos.

Andlise dos transcriptomas induzidos por condi¢cdes de déficit hidrico de folhas de soja
WT e 35S::BiP-4.

Com a finalidade de entender o mecanismo pelo qual BiP confere toleranciaa seca,
variacdo global da expressdo génica influenciada pelo acumulo de BiP, sob condicbes de
déficit hidrico, foi comparada com o transcriptoma induzido por seca em folhas nao
transformadas, sob condi¢cbes similares de potencial hidrico das folhas. Assim sendo, RNAs
totais de folhas de soja transformadas e né&o transformadas submetidas a estresse hidrico
foram extraidos, o0 mMRNA purificado e utilizado para a sintese de cDNAs e cRNAs (RNA
complementar) marcados com Biotina. Chips de microarragjogbean Genome Array
Affymetrix®,foram hibridizados com cRNAs de plantas superexpressando BiRygoih0

e yw=-1,6 correspondendo a 21 e 25 dias de estresse hidrico [35&:(BjR-1,0) 21d e
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35S::BiP4 (yw=-1,6)21d], respectivamente, e plantas WT com y,=-1,0, y,=-1,7 e y\=-2,0,
correspondendo a 19, 23 e 25 dias de estresse, respectivamente, além de controles (35S::BiP-Z
e WT) irrigados. A analise dos resultados foi realizada no ambiente de programacao
R/Bioconductor (Version 1.6/Version 2.6.0; Li and Wong, 2001) e a normalizacao de todos os
tratamentos foi conduzida usando o método "Robust Multiarray Analysis" (Ridarry et

al., 2003). Para uma melhor interpretacéo dos dados, cada um dos tratamentos foi previamente
comparado com o controle irrigadoy{=-1,0) 21d/WT irrigado e 35S::BiP-fy,=-1,6)
21d/WTirrigado; WT(yw=-1,0) 19d/WT irrigado, WT(y=-1,7) 23d/WTirrigado ¢ WT(y,=-

2,0) 25d/WT irrigado], eliminando assim genes com expressao semelhante entre plantas sob
déficit hidrico e sob irrigacdo. A qualidade dos resultados de microarranjos foi avaliada por
meio de MAplots (Figura 2A).

Com o objetivo de obter grupos de genes diferencialmente expressos, foram usados os
seguintes critérios: p-value <0,05 e log2 (Fold change) >1,5 para genes induzidos (regulados
positivamente) e <-1,5 para genes reprimidos (regulados negativamente). O nimero de genes
diferencialmente expressos aumentou de acordo com a severidade do estresse imposto, sendc
que plantas transformadas claramente apresentaram um numero de genes diferencialmente
expressos bem menor quando comparado as com plantas WT (Figura 2B). Quando
comparados sob mesmo potencial hidrico (-1,0 Mpa), plantas WT apresentaram 4049 genes
diferencialmente expressos enquanto plantas transformadas apresentaram apenas 542 genes
Este cenario ndo persistiu com o progresso do estresse, ja que ao se comparar o transcriptome
induzido pelo potencial hidrico de -1,6 Mpa (folhas transgénicas) e -1,7 Mpa (folhas
controles) o nimero de genes diferencialmente expressos em folhas transgénicas (4225), foi
ligeiramente superior em relacdo a WT (3719). Coletivamente, estes resultados indicaram que
a superexpressao de BiP ndo somente atrasa (19d x 21d) mas também atenua o estado de
estresse imposto pelo mesmo nivel de desidratagéo foliar, ja que em condigfies1de a
amplitude de variacdo global de expresséo génica foi muito inferior em folhas transgénicas do
que em plantas controle. Estes resultados sdo consistentes com observacdes prévias de que
plantas transgénicas apresentam sintomas de estresse atenuados quando submetidos a um
diminuicdo do suprimento didrio de &gua ou indutores de estresse osmotico (Alvim et al.,
2001; Irsigler et al., 2007; Valente et al., 2009; Reis e tal., 2011).

O déficit hidrico induz uma complexa rede de respostas em plantas, iniciando com a

percepcdo do estresse e desencadeando eventos moleculares, que causam resposta
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fisiologicas, metabdlicas e de desenvolvimento para aumentar as defesas contra as condi¢ges
de estresse. Para facilitar a compreenséo dos resultados, os genes diferencialmente expresso
foram agrupados em categorias baseadas em processos biologicos via Gene Ontology

(http://amigo.geneontology.org/) de maneira sistematica, sendo que algumas categorias

foram condensadas para permitir a visualizacdo em graficos. (Figura 3). A divisdo em grupos
permitiu uma visdo geral das funcfes biologicas dos genes diferencialmente expressos em

todos os tratamentos.

No grupo “metabolismo deminoacidos” prevaleceu uma propor¢do maior de genes
regulados negativamente. Os resultados sdo similares entre WT(yu=-1,0)19d, WT(yw -
1,7)23d e WT(yy -2,0)25d (Figuras 3A, 3C, 3E e Figura S1). Estes resultados indicam que o
estresse imposto no nivel de desidrataggo 1,0 ja é suficiente para alterar eficientemente o
metabolismo de aminoacidos em folhas de plantas selvagens. Em contraste, o numero de
genes diferencialmente expressos em folhas de plantas transformadas (35SioBiR=-
1,0 foi muito inferior (apenas 3; Figura 3B). Pode-se verificar que processos biologicos e
metabolicos englobam um conjunto de genes que desempenham varios papéis no
metabolismo da planta e, por issoGene Ontologycom sua redundancia ndo define uma
subcategoria especifica. De um modo geral, foi observado, nesta categoria, um numero de
genes diferencialmente expressos muito superior em plantas WT’s do que em linhagens
35S::Bip-4 (Figura 3B e 3C), indicando que plantas transformadagmant niveis normais
0 seu metabolismo basal, sob condicdes de estresse moderadd,d). O perfil de
expressdo de genes relacionados a metabolismo de carboidratos e genes relacionados ac
metabolismo de lipideos seguiu 0 mesmo comportamento descrito anteriormente (Figura 3),
com maior abundéncia de genes regulados negativamente em plantas WT, o que reforca o
argumento de que BiP protege as células vegetais contra estresse imposto por desidratacéo
foliar. Os genes regulados positivamente relacionam-se em sua maioria com quebra de
oligossacarideos e acidos graxos, enquanto genes relacionados a sintese de polissacarideos

carboidratos de parede foram regulados negativamente.

O numero de genes envolvidos em processos catabdlicos € muito superior em WT(-
2,0)25d do que em todos os outros tratamentos (Figura 3E). Nesse potencial hidrico, o
namero de genes regulados positivamente (55) se tornou maior do que regulados
negativamente (27) (Figura S1). O contrario ocorreu em plantas WT(1,0)21d e WT(1,73)23d

nas quais predominaram genes regulados negativamente nessa categoria (Figura S1). Em
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plantas transformadas, apenas 6 genes foram diferencialmente expressos em 35S::BiP(-
1,0)21d (Figura 3B), enquanto esse numero sobe para 40 em 35S::BiP(-1,6)23d (Figura 3D) e
82 genes em WT (2,0)25d (Figura 3E).

Um numero menor de genes diferencialmente expressos foi relacionado a ciclo celular
e divisdo, chegando ao maximo de 31 em WT(-2,0)25d (Figura 3E) e 19 em 35S::BiP(-
1,6)25d (Figura 3D), enquanto apenas um gene foi reprimido em 35S::BiP(-1,0)21d (Figura
3B). Dentre os principais genes diferencialmente expressos, estdo varios tipos de ciclinas
envolvidas na regulacdo da fase G1 da mitose. Genes relacionados a desenvolvimento
também foram diferencialmente expressos e, a medida que se aumenta a severidade do
estresse, 0 numero de genes regulados positivamente aumenta em relacdo aos regulados
negativamente (Figura S1). Foi observado ainda que em plantas 35S::BiP(-1,0)21d esse
namero de genes é menor em relacdo a WT(-1.0), seguindo o mesmo perfil das demais
categorias (Figura 3) e evidenciando novamente a menor variagao na expressao da genes e
plantas transgénicas imposta pelo regime de déficit hidrico. Dentre esses genes, destacam-se
agueles relacionados a germinacdo do pdlen, regulacdo de crescimento e diferenciacao

celular.

O grupo de genes relacionados a morte celular, protedlise ou senescéncia também
apresentou o0 mesmo comportamento das demais categorias, mostrando um maior nimero de
genes regulados positivamente com a persisténcia do estresse (Figura 3 e S1). Dentre 0s gene:t
regulados positivamente, destaca-se em plantas WT, as proteinas ricas em aspgdragimas (
protein,NPR, Glyma20g16100), envolvidas na transduc¢éo de sinais de morte celular induzido
por seca. Consistente com a funcdo de BiP como regulador negativo da via de sinalizagcéo de
morte celular mediada pelasNRPs (Reis et al.,, 2011), foi observada a induijaacke
protein em plantas WT aos 23 e 25 dias de estresse e em plantas transformadas somente aos

25 dias, com valores de expresséo ligeiramente menores.

Foi verificado um aumento de genes regulados positivamente e diminuicdo de genes
reprimidos relacionados a DNA/RNA (Figura 3 e FiguraS1). Dentre esses genes regulados
positivamente, estdo genes relacionados a mecanismos de reparo, duplicagéo e tr@nscricao
categoria funcional de defesa ou resposta a estimulo bidtico apresentou uma quantidade
crescente de genes diferencialmente expressos com o prolongamento do estresse (Figura 3

and Figura S1), predominando genes regulados negativamente em plantas WT e 35S::BiP(-
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1,6)25d (Figura S1). Em contraste, plantas transformadas 35S::BiP(-1,0)21d apresentaram

uma predominéncia de genes de resposta a estresse bibtico regulados positivamente (Figura
S1). Genes relacionados a energia que atuam na sintese de ATP e transporte de cations
apreserdram pouca variagao ao longo dos tratamentos sendo observada uma variacdo minima

em 35S::BiP(1,0)21d (Figura 3B).

Observa-se ainda um aumento do nimero de genes diferencialmente expressos que
respondem ou participam da sintese de certos horménios em plantas prevalecendo uma maior
guantidade de genes regulados negativamente (Figuras 3A, 3C, 3E e Figura S1), sendo que a
imposicao do estresse promoveu um aumento de genes regulados positivamente em plantas
transformadas (Figura S1). O numero de genes regulados negativamente relacionados a
fotossintese aumenta com a severidade do estresse hidrico tanto em plantas WT quanto em
plantas transformadas, porém esse numero € muito inferior em plantas transformadas
submetidas a déficit hidrico, principalmente em 35S:&iR~=-1,0)21d (Figura 3B e Figura
S1). Estes resultados sao consistentes com o mecanismo pelo qual BiP confere tolerancia a
déficit hidrico (Alvim et al., 2001; Valente et al., 2009). Em plantas transgénicas expostas a
seca, o declinio da taxa fotossintética com o progresso do estresse é muito inferior do que em
plantas selvagens submetidas ao mesmo regime de desidratagdo. Genes relacionados &
processos que modificam proteinas, como por exemplo, fosforilagdo, miristoilacéo,
ubiquitinacdo e defosforilagdo foram predominantemente reprimidos pelas condigcbes de
déficit hidrico. O grupo fatores de transcri¢do foi representado por grande nimero de genes
diferencialmente expressos, principalmente em plantas WT’s (Figura 3), sendo que, em
plantas transgénicas 35S::BiP-4(-1,0), predominaram genes regulados positivamente (Figura
S1). Foi verificado a presencga de representantes de vérias familias de fatores de transcricao,
envolvidos nos mais diferentes processos celulares e de resposta a estreses, como por
exemplo, NACs MYBs, bZIPs, bHLH e WRKY.

Entre os genes diferencialmente expressos em todos os tratamentos, houve uma clara
predominancia da categoria de genes responsivos a estimulos abidticos. Nesta categoria, 0
namero de genes diferencialmente expressos aumentou significativamente a medida que o
estresse se prolongou (Figura 3), mantendo uma proporgcédo aproximadamente igual de genes
regulados positivamente e negativamente em cada tratamento, exceto para plantas
transgéncias 35S::BiP(yw=-1,6)25d, onde o numero de genes induzidos foi maior do que o0s

reprimidos (Figura S1). Nesta categoria, foram incluidos genes que respondem a frio,
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aquecimento, luz, estresse oxidativo, além de genes de defesa como HSP’s, proteinas LEA,
peroxidases, inibidores de proteases e dehidrinas. As demais categorias, sinalizacao, estrutural
e traducédo, apresentaram um perfil de expressao similar, com um numero superior de genes
regulados negativamente em plantas WT e um numero inferior de genes diferencialmente
expressos em plantas 35S::BiP-4 (Figura S1). E por fim, a maioria de genes relacionados a
transporte em plantas WT foram reprimidos, mas se tornaram regulados positivamente em
estadios mais avancados de estresse. Nas plantas transformadas, independente do nivel de
estresse, a maioria desses genes foi regulada positivamente como, por exemplo,

transportadores de acgucar, nitrato e aminoécidos.

Identificacio de genes exclusivos e comuns entre plantas WT’s e 35S::BiP-4 submetidas

a déficit hidrico.

Genes diferencialmente expressos obtidos nos tratamentos em relacdo ao controle (WT
irrigado) foram submetidos a analises por meio do diagrama de Venn, com objetivo de
identificar exclusividades e sobreposicdo de genes entre duas comparacdes. Uma vez que
superexpressdo de BIiP parece aliviar o estado de estresse imposto por desidratacdo, as
comparacdes dos transcriptomas induzidos por déficit hidrico entre WT e 35S::BiP-4 foram
conduzidas observando os niveis similares de potencial hidrico foliar. Assim sendo, foram
conparadas plantas WT(y,=-1,0) x 35S::BiP4(yy=-1,0) ¢ WT(yy=-1,7) X 35S::BiP4(yy=-

1,6) (Figure 4). A comparacdo Wik{=-1,0)x35S::BiP-4,=-1,0) resultou em 126 e 349

genes regulados positivamente e negativamente, respectivamente, comuns a ambos 0sS
tratamentos, 1213 genes induzidos e 2361 reprimidos, presentes somente em plantas
WT(yw=-1,0), enquanto um numero muito menor de genes diferencialmente expressos foi
verificado exclusivamentem plantas transformadas no nivel de y,=-1,0, apenas 134 foram
induzidos e 63 reprimidos (Figura 4A). Esses genes foram agrupados em categorias e

apresentadas na Figura 4B e TabelaS&1-

Exclusivos em plantas WT (y,=-1,0), foram verificados, no grupo de metabolismo de
aminoacidos, 22 genes regulados positivamente envolvidos tanto em processos biossintéticos
guanto catabolicos e 57 genes regulados negativamente, predominando uma repressao de 41
genes relacionados a biossintese dessas moléculas (Figura 4C; Tabelas S2 e S4). Nessa:
plantas o numero de genes diferencialmente expressos relacionados ao metabolismo de

carboidratos também foi bastante alterado pela imposi¢céo do estresse hidrico. 34 genes foram
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induzidos, sendo que a maioria (23) esta relacionados a processos catabodlicos como, por
exemplo, hidrolise de oligossacarideos e 88 genes foram reprimidos envolvidos tanto a
biossintese quanto quebra dessas moléculas (Figura 4C). Essa inducdo também foi observada
no grupo de genes relacionados a morte celular e protedlise. Durante o estresse, sob potencial
hidrico de -1,0, plantas WT apresentaram uma maior propor¢cao de genes reprimidos (70) do
que induzidos (27). Esses resultados indicam que mesmo sob déficit hidrico plantas tipo
selvagem tentam reduzir a expressdo de genes relacionados a processos catabolicos e morte

celular a fim de garantir a sobrevivéncia ao estresse.

Plantas transformadas 35S::BiP-4 submetidas ao mesmo potencial hidrico (-1,0)
apresentaram alteracdo insignificante de genes diferencialmente expressos relacionados ao
metabolismo de aminoacidos (Figura 4C). Além disso, nas linhagens transgénicas, foi
observada uma ligeira alteracdo em genes do metabolismo de carboidrados com um
predominio de genes relacionados a processos biossintéticos (5 dentre 8) envolvidos no
formacao de sacarose e amido e uma variacdo minima de genes relacionados a moge celula
protedlise, apenas 1 induzido e 3 reprimidos (Figura 4C). Entre os genes regulados
positivamente e exclusivos em WT observ&a&P-like protein 3Glymal3g01100)CASP-
like protein 8 (Glyma07g38110), BSP-like protein 10-likgGlymallg33030),Cysteine
proteinase(Glymal0g35100), entre outros; informacdes detalhadas sobre esses genes como
valores de expressao e vasde p podem ser observados na Tabela S2. Destaca-se ainda
como exclusivamente reprimido em plantas transformadas, o \genmlar processing
enzyme AGlymal4gl10620), importante mediador de morte celular programada em plantas
(Hara-Nishimura et al., 2005). Estes resultados estdo de acordo com a fungéo de BiP como
um regulador negativo de vias de morte celular em plantas (Reis et al., 2011) inclusive sob

condicOes de estresse hidrico (Valente et al., 2009).

No nivel de estresse com,=-1,0, plantas WT apresentaram uma grande alteracdo no
namero de genes envolvidos na resposta a estresse biotico, 17 genes regulados positivamente
e 63 negativamente, enquanto que, em plantas transformadas, apenas 6 foram induzidos e 17
reprimidos (Figura 4C). Verifica-se ainda que uma grande quantidade de genes relacionados a
hormonios foi diferencialmente expressa em plantas WT’s sendo 38 induzidos e 93
reprimidos (Figura 4C). Entre os induzidos em WT, a maioria esta relaciabamsintese e
respostan acido abscisico (12), resposta e carreamento de auxinas (10) e etileno (11), listados

na tabela S2. Entre os reprimidos a maioria esta relacionada a receptores e resposta a acida
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abscisico (9), genes responsivos e induzidos por auxinas (32), sinalizacdo mediada por
brassinosteroides (9), sintese e fatores responsivos a etileno (20), biossintese de giberelinas
(4) e acido jasmonico (19) (Tabela S2, S4). Na linhagem 35S::BiP-4, apenas 8 genes foram
induzidos e 8 reprimidos relacionados a esses horménios (Figura 4C), Entre os induzidos em
plantas transgénicas, a maioria corresponde a receptores de acido abscisico (4), além de gene:
gue respondem a auxinas (2) (Tabela 1). Entre os genes reprimidos em plantas transgénicas,
foram observado genes relacionados a biossintese de acido jaménico (3), auxinas (2),

regulados por giberelinas (2) e acido jasménico/ acido salicilico (1).

Um grande nimero de fatores de transcricdo ou reguladores de fatores de transcri¢cao
se apresentou diferencialmente expressos principalmente em plantas selvagens. Foram
induzidos 86 e 4 genes em plantas WT e transgénicas, respectivamente, além de 151 e 3 genes
reprimidos em WT e transgénicas, respectivamente (Figura 4C). Entre esses genes, podem ser
observadas diversas familias de fatores de transcrigdo do tipo bZIP, WRKY, MYB, bHLH e
NAC envolvidos nas mais diversas respostas a estresse abibtico. Foi verificado nesse grupo a
inducdo em WT d&mNAC2 (Glyma06g11970), conhecido por sua resposta a seca (Irsigler
et al.,, 2007) eGMNAC3 (Glyma06g38410), fortemente induzido por estresse osmaotico
(Pinheiro et al., 2009). Assim como fatores de transcricdo genes responsivos a estimulo
abidtico apresentaram a mesma tendéncia de distribuicdo no qual um grande nimero de genes
foram induzidos e reprimidos exclusivamente em plantas WT (185 e 248 respectivamente),
enquanto plantas transformadas apresentaram 21 induzidos e 12 reprimidos (Figura 4C).
Dentre esses genes, podem ser observados genes que respondem diretamente a limitacdo d
adgua, calor, estresse oxidativo, ions, ritmo circadiano e ultra violeta, como chaperones
moleculares e outras proteinas de choque térmico. Em conjunto, esses resultados mostram que
num potencial hidrico de -1,0 plantas selvagens e transgénicas apresentam um mecanismo
regulatorio completamente diferente no qual plantas WTs apresentam a maioria dos seus
genes reprimidos diante o estresse enquanto plantas transgénicas exibem uma variacao da
expressao génica muito menor, garantindo uma manutencdo da homeostase a niveis proximos

dos normais por um periodo de tempo maior.

Com o aumento da severidade do déficit hidrico, ocorreu um aumento consideravel do
namero de genes diferencialmente expressos comuns a plantas transformadas e néo
transformadas acompanhado de uma diminuicdo da quantidade de genes exclusivos em WT e

um aumento do numero de genes exclusivos em plantas transgénicas (Figura 4). Foram
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comparados plantas WT(yy=-1,7)-WTirr x 35S::BiP4(y,=-1,6)-WTirr e detectados 125

1697 genes regulados positiva e negativamente, respectivamente, em ambos 0s tratamentos
(Figura 4B). Os genes exclusivos em cada tratamento incluiram 283 genes positivos e 483
negativos presentes somente em plantas WE-(,7), 882 induzidos e 389 reprimidos na
planta transformaday(=-1,6). Esses genes foram agrupados em categorias (Tabelas S5-S8) e

0 numero de genes em cada uma delas apresentados na Figura 4C. Estes resultados indican
gque em potenciais hidricos mais baixos o nivel de estresse em plantas transgénicas se
aproxima de plantas WT. Dentro de cada grupo formado foi verificado que a maioria dos
genes foi regulada negativamente em plantas (W,F-1,7) e positivamente em plantas
transgénicas (Figura 4C).

Verifica-se nesse montante que apenas 10 genes relacionados a hormonios foram
regulados positivamente em plantas WT(y,=-1,7), envolvidos com &cido abscisico (1),
auxinas (1), etileno (5) e giberelinas (1), enquanto que 25 genes foram regulados
negativamente, envolvidos com acido abscisico (4), acido jasménico (6), auxinas (10), etileno
(2) e giberelinas (2). Assim esses resultados mostram o aumento na expressdo de genes
relacionados a etileno e uma diminuicdo na expressao de genes relacionados a auxinas em
plantas WT. De modo contréario, foram regulados positivamente em plantas transgénicas 35
genes (Figura 4C) envolvidos com biossintese e resposta a acido abscisico (5), biossintese de
acido jasménico (8), estimulo promovido por auxinas (11), sinalizacao e regulacao de etileno
(7) e giberelinas (4), dentre os regulados negativamente foram observados apenas 16 genes,
envolvidos na biossintese de acido jasmonico (4), resposta a auxina (6), etileno (3) e

giberelinas (3).

No grupo fatores de transcricdo, foi observado uma quantidade pequena de genes
induzidos positivamente (16) e negativamente (23) em WT(-1,7) e de uma quantidade maior
em plantas transformadas (-1,6), no qual 54 foram regulados positivamente e 26 regulados
negativamente (Figura 4C, Tabelas S5-8). Entre esses fatores de transcri¢cdo, foi observado em
plantas transgénicas a regulacao negativarddAC6 (Glymal2g02540), mediador da morte
celular induzida por estresses (Irsigler et al., 2007; Costa et al., 2008; Pinheiro et al., 2009).
Outra categoria que merece destague sdo genes que respondem a estresse abiotico, nos qua
foi observado um quantidade semelhante de genes induzidos (53) e reprimidos (56) em
plantas WT(-1,7) (Figura 4C). Em plantas transformadas, foram verificados 120 genes

regulados positivamente e 48 genes regulados negativamente (Figura 4C). Este perfil de genes
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diferencialmente expressos em 35S::BiP-4, demonstra que, sob baixo potencial hidrico,
plantas transformadas aumentam a expressao de genes que ajudam na sobrevivéncia sob sec:
estresse oxidativo, salinidade, aquecimento e hipdxia a fim de minimizar fatores que
interferem no metabolismo da planta. Consequentemente, a inducao do nivel de estresse em
35S::BiP-4 sob potencial hidrico -1.6 se aproxima daquele induzido em WT, -1.0., reforcando

0 argumento de que superexpressdo de BiP mantém a homeostase celular sob condi¢des de
déficit hidrico.

Expressao diferencial de genes envolvidos na resposta a estresse em plantas.

Com o objetivo de verificar a variagéo global da resposta de genes influenciados pela

seca foi utilizado ogene ontologyassociado com Glymaw{w.phytozome.com) para

selecionar genes em diferentes categorias funcionais ehgatanapsom valores absolutos

de expresséao obtidos nos ensaios de hibridiza¢cées de microarranjos. Foram examinados genes
da via de resposta a proteinas mal dobradas (UPR), genes de degradacdo associada ao RI
(ERAD), genes relacionados a morte celular e genes responsivos a estresse hidrico que
puderam ser identificados nos microarranjos. As figuras mostram a expressao absoluta nos
microarranjos e permitem ter uma melhor visdo do comportamento de um determinado grupo
de genes em cada tratamento e com isso possibilitando ainda a comparagédo entre os chips

hibridizados.

Ao analisarmos genes da via UPR, plantas WTs (irrigadas e estressadas) se agruparam
num mesmo ramo deeatmapenquanto plantas transformadas (irrigadas e estressadas) foram
separadas em grupos diferentes. O acumulo de transcritos correspondentes ao transgene-BiP ¢
evidente nas plantas transformadas (Figura 5). Uma inspe¢do mais detalhada demonstra a
tendéncia a regulacdo negativa dos residentes do RE (CNX e CRT) em plantas transformadas
com potencial hidrico (yw=-1,6). Em plantas WT com baixo potencial hidrico, foi observado
uma tendéncia a regulacao positiva dos homologos de bZiP28 e S1P, indicando uma possivel
ativacdo da Via UPR. Estes resultados foram confirmados por qRT-PCR (Figure 9A-E).
Examinando genes relacionados a degradacéo associada ao RE (ERAD), destaca-se 0 grupc
formado por plantas irrigadas WTs e 35S::BiP-4, sob potencial hidrico -1.0 e -1.6 (Figura 6),
predominando uma tendéncia a diminuicdo da expressao desses genes como, por exemplo,
HSP’s, ATP’ases, SecY, dentre outros. Algumas HSP’s foram regulatas positivamente,

provavelmente devido ao fato de HSP’s responderem a condigdes adversas além de
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participarem da ERAD. Um comportamento proximo a plantas irrigadas foi observado nas
plantas 35S::BiRP{(y,=-1,0)21d, que apresentaram uma distribuicdo semelhante aos
controles. A medida que o estresse se agravou, oS genes reprimidos apresentaram uma
tendéncia a se tornarem regulados positivamente, em especial em plantas WT(-2,0)25d.
Verificou-se ainda que aqueles genes HSP’s ¢ Rad23 regulados positivamente em plantas

controles mostraram uma tendéncia a regulacdo negativa quando o estresse foi mais severo.

Reforcando esses resultados genes relacionados a estresse hidrico mostraram um
mesmo comportamento que genes da via ERAD, no qual plantas irrigadas se agruparam
mostrando uma maior quantidade de genes com tendéncia a regulacdo negativa (DREB2A,
ERD15, ERD4, fosfatases e proteinas LEA) e um grupo menor de genes com tendéncia a
regulacdo positiva (proteinas LEA, proteinas induzidas por desidratacdo, aldeido
dehidrogensase) (Figura 7). A medida que o estresse se prolonga, 0 comportamento desses
genes se inverte, ou seja, ocorre uma ativacdo da maioria das proteinas LEA e dos outros
fatores responsivos ao estresse abidtico. Nota-se ainda a proximidade do transcriptoma em
plantas 35S::BiP-4{50)21d com plantas ndo estressadas, refor¢ando a ideia de um “menor”
estresse em plantas transformadas submetidas a déficit hidrico. Genes relacionados a eventos
de morte celular ou protedlise seguiram essa mesma tendéncia de formacdo de grupos
apresentados anteriormente, no qual plantas irrigadas e plantas transformadas 35S::BiP-
4(yw=-1,0)21 se agrupam num mesmo ramo e genes induzidos e reprimidos invertem o seu
comportamento quando o estresse é imposto. Percebe-se ainda a ligeira tendéncia no aumentc
da expressdo desses genes em plantas WT (y,=-2,0) (Figura 8). Coletivamente, este
resultados indicam que expressao ectdpica de BiP previne o estabelecimento de estresse
enddgeno nas células vegetais induzido por baixos potenciais hidrico das folhas, uma vez que
o transcriptoma de folhas superexpressando BiP a y,=-1,0 se assemelha ao transcriptoma de

folhas controle sob irrigacdo normal.

A inducado de genes tipicos que respondem a seca e que presumivelmente protegem as
células vegetais contra desidratacdo somente ocorre em plantas transgénicas em potenciais
hidricos muito baixos (yw=-1,6) em um nivel de indu¢cdo muito inferior as plantas controle
sob condi¢des similares de desidratacdo. Entretanto, ndo é surpresa o fato de que a expressa
de genes da via UPR, de genes envolvidos em ERAD e de genes relacionados com morte
celular programada seguirem 0 mesmo comportamento dos genes responsivos a seca, uma Vve:

que tem sido demonstrado que altos niveis de BiP inibem a ativacdo da via UPR e atenuam o
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processo de morte celular induzido por seca (Costa et al., 288&;gne-Castel et al., 1999
Valente et al., 2009; Reis et al., 2011).

Foi observado ainda por meio dheatmapsque genes relacionados a hormoénios
vegetais (auxina, ABA, brassinosterodides, citocininas, etileno, giberelinas, acido jasmonico e
acido salicilico) apresentaram o mesmo padrdo de agrupamento descrito anteriormente, no
qual plantas controle se agrupam num ramo enquanto plantas estressadas vao se distanciandc
desse ramo a medida que o potencial hidrico diminui. Além disso, plantas transformadas
(yw=-1,0) permaneceram sempre mais proximas do grupo controle ¢ plantas WT (y,=-2,0)

sempre apareceram mais distantes desse grupo (Figuras S2-S5).

Expressao diferencial de genes envolvidos na resposta a estresse em plantas eemort

celular por PCR em tempo real.

A tendéncia de expresséao diferencial observadaheasnapsie genes responsivos a
estresses foi confirmada por qRT-PCR. A andlise da expressdo génica por gRT-PCR
confirmou o acumulo de altos niveis do transcrito do transgeg@iPD em plantas
transgénicas (Figura 5, Figura 9A). Além disso, 0os genes marcadores da UPR, como CNX e
trés homologos de Irel, foram induzidos com o declineo do potencial hidrico foliar em plantas
WT (Figures 9B, 9C, 9D e 9E). Entretanto, expressao ectopica de BiP resultou na repressao
da indugéo por seca de genes marcadores da UPR, uma vez que 0s niveis de transcritos dos
genes marcadores da UPR foram sempre inferiores em plantas transgénicas comparadas com
WT no mesmcstatusde potencial hidrico foliar (Figura 5, Figures 9B, 9C, 9D e ). Estes
resultados demonstram que estresse por desidratacdo gradual lenta induz a via UPR em WT e
que, nestas condi¢cdes, superexpressao de BiP impacta negativamente a indugéo da via UPR.
Uma amostragem de genes responsivos a seca como glutathiona-S-transferase (GST; Irsigler
et al., 2007), seed maturation protein (SMP; Irsigler et al., 2007), NAC2 (Irsigler et al., 2007
e NAC3 (Costa et al., 2008) foram examinados por gRT-PCR. Consistente com os dados de
microarranjos (Tabela S2) e observacdes prévias (Irsigler et al, 2007), a exposicao de plantas
WT a deficit hidrico induziu a expressao dos genes representativos da categoria de genes
responsivos a seca (Figures 9F, 9G,9H, 9l1). Entretanto, na linhagem 35S::BiP-4, a inducéo
desses genes por seca foi extremamente modesta, confirmando os dados de variagéo global de
expressdo génica que revelam que BiP previne o estabelecimento de estresse enddgeno sof

condicOes de desidratacao.
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Uma vez que BIiP exerce um papel regulador da via de sinalizagdo de morte celular
induzida por estresse osmotico e estresse hidrico (Reis et al., 2011), foi de nosso interesse
confirmar por gRT-PCR os resultados de microarranjo em diferentes condicbes de potencial
hidrico foliar. Dessa forma foi avaliada a expressdao de componentes dessa via de sinalizacao
celular, como NRP-A e NRP-B (Costa et al., 2008), NAC6 (Pinheiro et al., 2009) e VPE
(Mendes, 2013), em resposta ao déficit hidrico gradual. Em WT, o declineo do potencial
hidrico foliar para -1,0 ou -1,7, em WT, induziu a expressdo dos genes NRP-A, NRP-B,
GmNACSG6 e o gene Glymal4g10620, homodlogo da VPE (Figure 9J, 9K, 9L, 9N), sendo que
0s outros dois genes homodlogos da VPE nado foram induzidos por seca. Entretanto, na
linhagem 35S::BiP-4, os genes envolvidos na via integrativa de morte celular mediada por
proteinas NRPs foram reprimidos com o declinio do potencial hidrico para -1.0 e
modestamente induzido em -1.6, confirmando que BiP atua como regulador negativo da
referida via de sinalizacdo, conforme demonstrado anteriormente (Costa et al., 2008; Reis et
al., 2011). A repressdo do transcrito Glymal4gl0620 em plantas 35S::BiP-4 (-1,0) foi
também detectada nos resultados de microarranjos que também confirmaram que a expressac
dos outros dois genes homologos da VPE (Glyma04g05250 e Glymal79g34900) nao diferiram

na planta selvagem em diferentes potenciais hidricos (Tabela S3).

Discussao
Maiores niveis de BiP mantém a homeostase celular sob condi¢cbes de déficit hidrico

Tem sido demonstrado que a superexpressdo dosgg®ePD confere tolerancia a

seca em tabaco (Alvim, et al., 2001) e, mais recentemente, em soja (Valente et al., 2009).
Além de melhor eficiéncia fotossintética, a manutencéo de turgescéncia foliar € prolongada
em plantas superexpressando BiP quando comparada com folhas de plantas selvagens
expostas a um mesmo regime de déficit hidrico. Com a finalidade de determinar se o
mecanismo pelo qual BiP protege as plantas contra desidratacdo esta associado ao atraso Nnc
declinio de potencial hidrico foliar ou em prevencéo ao estabelecimento de estresse endogeno,
o transcriptoma induzido por um regime de déficit hidrico gradual foi avaliado em plantas
superexpressando BiP e em plantas selvagens em niveis similares de potencial hidrico foliar.
Conforme observado previamente, a exposicdo de plantas de soja a um estresse hidrico

gradual causou uma diminuicdo mais lenta do potencial hidrico foliar em plantas
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transformadas do que em WT, mantendo as folhas turgidas por um periodo maior (Figura 1A
e 1B). A andlise da variacdo global da expressdo génica em plantas selvagens claramente
demonstrou que um declinio do potencial hidrico foliar para -1.0 ja € suficiente para promover
uma extensiva reprogramacao génica emosesa seca. Estes resultados indicam que o yy=-

1,0 induz um estado de estresse em células foliares que eficientemente acionam um sistema
sensor para ativar respostas tipicas a estresses por desidratacdo. Este estado de estresse
refletido diretamente pelo grande numero de genes diferencialmente expressos, que se
manteve crescente a medida que o potencial hidrico diminuiu com consequente aumento do
nivel de estresse endbégeno (Figure .2Bjna grande variacdo no numero de genes
diferencialmente expressos também foi identificado por Le et al., (2012) na compaacao d
folhnas de soja em estadios V6 e VE, submetidas a déficit hidrico. Em contraste, plantas
transformadas submetidas a estresse hidmemspondente a y,, =-1,0 apresentam um

namero consideravelmente menor de genes diferencialmente expressos. Estes resultados
indicam que a superexpressado de BiP parece prevenir a maioria das variagbes génicas,
garantido uma manutencédo da homeostase por um periodo maior de tempo quando comparado

a plantas WTs.

Resultados semelhantes na manutencdo da homeostase do RE promovida por BiP
foram previamente demonstrados, em estudos de superexpressdo do chaperone molecular ern
tabaco (Alvim et al., 2001; Leborgne-Castel et al., 1999) e células de mamiferos (Morris et
al., 1997), os quais demonstraram que niveis elevados de BiP atenuam o estresse no RE
imposto por acumulo de proteinas mal dobradas no limen da organela. De modo similar, tem
sido comprovado que a superexpressdo de BiP em plantas de soja e de tabaco confere
tolerancia a condi¢bes de déficit hidrico, mas ndo aciona 0os mecanismos tipicos de
“avoidance” e/ou de tolerancia a seca. De fato, foi observado que a melhoria das relacdes
hidricas foliares mediada por BiP ndo esta associada a inducdo de fechamento do estdmato,
reducdo de fotossintese e transpiracdo (Alvim et al., 2001; Valente et al., 2009), nem
tampouco ao aumento de osmolitos na folha ou inducéo de crescimento de raizes (Valente et
al., 2009). Similarmente, o nivel de inducdo de genes tipicos responsivos a seca € muito
inferior em plantas superexpressando BiP comparado a plantas selvagens (Valente et al.,
2009). Provavelmente, a atenuacéo de respostas tipicas elicitadas por seca reflete uma menor
intensidade de estresse endogeno em plantas superexpressando BiP, indicando que BIP

mantém a homeostase celular nestas condi¢cdes. Assim os resultados dessa investigacao,
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baseados na analise de variagdo global de expressédo génica, fornecem evidéncias adicionais
para a capacidade de BiP em prevenir o estabelecimento de estresse osmotico induzido por

Seca.

Além de se observar uma menor variacdo de expressao génica induzida por seca em
plantas transgénicas a vy, =-1,0, a comparacao global de sequéncias expressas de genes
responsivos a estresse abidtico entre plantas transgénicas e WT em diferentes potenciais
hidricos revelou que o transcriptoma das plantas transgénicas submetidas a déficit hidrico se
aproxima mais daquele apresentado por WT irrigado, uma vez que eles se agrupam em um
mesmo ramo ddeat map(Figura 7). Em contraste, o transcriptoma obtido de plantas WT
submetidas a diferentes niveis de estresse por déficit hidrico divergem consideravelmente do
transcriptoma de WT irrigado, uma vez que eles se agrupam em ramos distantes e separados.
Nestes casos, obsersauma relagido direta entre o nivel de estresse foliar (y, =-1,0, -1,7 € -

2,0) e a distancia entre okistersem que se agrupam os transcriptomas induzidos por seca e

o transcriptoma de WT irrigado. Estes resultados de expresséo absoluta sdo consistentes com
os dados de expressao diferencial de genes responsivos a estresse abidtico, 0s quais
confirmam um maior nimero de genes bem como um maior nivel de acumulo desses
transcritos a medida que o estresse endégeno aumenta em plantas WT. Em contraste, em
plantas transgénicasy,=-1,0, a variacao de expressao de genes nesse grupo € muito inferior
ao de plantas WT no mesmo nivel de estresse enddgeno, reforcando o argumento de que BiP

alivia o estresse imposto por desidratacéo através da manutencdo da homeostase celular.

Os heatmapgde diferentes categorias de genes envolvidos na sinalizagcéo e sintese de
hormoénios vegetais confirmaram a tendéncia de um comportamento parecido em plantas
transformadas e selvagens irrigadas, visto que sempre se agruparam num mesmo ramo,
enguanto plantas submetidas a estresse se distanciam desses controles a medida que o estres
se prolonga (Figuras 4-8). Ficou claro que plantas transformadas (356:yBi#4,0),
apresentam uma variagdo muito menor na expressao génica do que plantas WT’s e 35S::BiP-4
(yw=-1,6). Coletivamente esses resultados demonstram a capacidade de plantas transgénicas
em tolerar o estresse hidrico por um periodo de tempo maior e sugerem que BiP protege as
células vegetais contra seca mantendo a homeostase celular sob condigbes de desidratagéo e

consequententente, diminuindo os sintomas do estresse.
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A medida que o estresse aumentou, verificamos que o nimero de genes comuns aos
dois tratamentos também aumentou (Figura 4A). Foi observado um ndimero menor de genes
induzidos exclusivamente em plantas WT, provavelmente devido a severidade do estresse,
destacando-se genes relacionados a estimulo bidtico e alguns relacionados a hormonios,
principalmente elementos de resposta a etileno. Etileno € considerado um importante
fitohormdnio que dispara uma variedade de reacdes fisioldgicas envolvidas em processos de
desenvolvimento e estresse ambiental (Bleecker and K&006) e sua sintese é também
induzida em resposta a seca, ferimento, e defesa contra patdogenos (Wang et al, 2010). Porém
h& uma predominancia de outros genes reprimidos relacionados a resposta e biossintese de
auxinas (Figura 4). Em contrapartida, ocorreu um aumento de genes regulados positivamente
em plantas transformadas (y,=-1,6), sendo estes relacionados a defesa, etileno, acido
jasmonico, giberelinas e auxinas, fatores de transcricdo WRKY e MYB, indicando que plantas
transgénicas ativam os mecanismos de resposta a seca mais tardiamente do que plantas WT:
submetidas a valores proximos de potenciais hidricos. Assim um namero significante de
genes responde ao estresse por seca de maneira diferente em plantas superexpressando BIF
Por ser uma chaperona molecular residente no reticulo endoplasmatico, BiP parece garantir
um bom funcionamento dessa organela por mais tempo perante uma situacdo de estresse,

mantendo a homeostase da via secretoria.
BiP atenua expressao de executores de morte celular programada induzida por seca.

O diagrama de Venn (Figura 4) revelou que existe um predominio de genes
diferencialmente expressos em plantas WT (y,=-1,0), quando comparada com as variagdes
génicas praticamente inexistente em plantas 35S:(BjR-1.0). Foi observado que em
plantas WT a imposi¢cédo do estresse induziu uma variedade de genes envolvidos em morte
celular programada (PCD), como caspas&&SP-like protein 3, 8 e 1@ue tem sido bem
caracterizadas em eventos de PCD em células de tabaco sob choque térmied. (20G£)

e Cysteine proteinasenvolvida na morte celular programada em plantas (Xu et al.,.1999)
Estes resultados sdo consistentes com estudos recentes, que demonstraram que estress
osmoético promovido por PEG em plantulas de soja induz PCD (Reis et al., 2011). Em
contraste, a superexpressao de BiP promoveu a repressdo dwageonkr processing
enzyme ZVPE - Glymal4g10620; Figura 9N e Tabela S3), que codifica uma protease com
atividade de caspase-1, executora do processo de PCD unico de plantas mediado pelo colapsc

de vacuolos (Shimada et al., 2003, Hatsugai et al., 2004). Recentemente, foi demonstrado que
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VPE é alvo dos fatores de transcricdo GmNAC6 e GmNAC30 que funcionam na via de
sinalizacdo de morte celular mediada pelas proteinas N¥RRsh( proteing e induzida por
estresses no RE e osmotico (Mendes, 2013; Reis et al., 2011). Inducdo da expressédo de NRPs
por estresses osmotico e do RE leva a inducéo dos genes GmNAC6 e GmNAC30 que agem
em conjunto para ativar o promotor e a expressado de VPE, resultando na ativacado de PCD.
Tem sido demonstrado que BiP funciona como regulador negativo dessa via de sinalizagao de
morte celular induzida por estresse osmotico e também por seca (Valente et al., 2009; Reis et
al., 2011). Expresséao ectopica de BiP atenua inducdo por seca e por estresse osmotico dos
genes NRPs e GmNACG6. Os resultados dessa investigacdo fornecem evidéncias adicionais
para a capacidade de BiP em modular morte celular programada induzida por estresses. Além
de € observar uma repressdo da expressao de VPE em plantas superexpressando BiP a y,=-

1.0, também foi detectado indugdo de NRP em plantas selvagens a y,=-1,0 (Figura 9J e K) e
repressdao d&MNAC6 em 35S::BiP+ a y,=-1.6 (Figura 9L; Tabela 7). Tém sido proposto

que a capacidade de BiP em modular a atividade e expressao de componentes dessa via de
sinalizacdo mediada por NRPs e induzida por estresse osmoético atenua a morte celular
induzida por desidratacdo e promove uma melhor adaptacdo de plantas superexpressando BiP

a seca.
Desidratacéo gradual em folhas de soja induz a via UPR e ERAD.

O heatmapde genes da UPR revelou que a imposicdo de estresse lento através de
desidratacdo gradual causa inducdo de transdutores chaves da UPR, como bZIP28 e bZIP60,
bem como genes marcadores da UPR como SP1, e um subconjunto de CNX e CRT
(comparando os extremos WT irrigado x WT y,=-2.0) (Figura 5). A inducdo da via UPR
pelo declinio gradual do potencial hidrico foilar foi confirmada com a andlise da expresséo de
genes marcadores da UPR por qRT-PCR (Figura 9). A inducéo desses ramos da UPR (bZIP28
e bZIP60) leva a inducédo de genes envolvidos na degradacdo de proteinas associada ao RE
(ERAD), como parte do controle de qualidade da organela (Walter & Ron, 2011; Srivastava et
al., 2012; Deng et al., 2013). l@atmapde genes da ERAD em diferentes niveis de estresse
hidrico suporta o argumento de que a UPR ¢é ativada em folhas em resposta a perda de agua
gradual, uma vez que se observa uma clara tendéncia de regulacdo positiva de genes da

ERAD a medida que os niveis de potencial hidrico sédo diminuidos.

Entretanto, foi observado previamente que a exposicéo de plantas de soja a um regime
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de déficit hidrico severo, ou seja, suspensao de irrigacao total por um periodo de sete dias ou
tratamento com altas concentragdes de PEG, reprime a via UPR (Isrigler et al., 2007; Valente
et al., 2009). Nestas condi¢cdes, foi demonstrado que estresse osmoético severo regula
negativamente a expressdo de marcadores da UPR, como BiP, CNX e PDI. Resultado
contrastantes também foram observados em estudos anteriores que analisaram a expresséo d
BiP, como unico marcador da UPR, em resposta a estresse osmaotico ou por seca. Enquanto
gue em espinafre tem sido demonstrado que seca reduz os niveis de transcritos de BiP, em
soja e tabaco, um subconjunto de genes BiP s&o regulados positivamente por estresse
osmatico, déficit hidrico ou tratamento com ABA (Anderson et al., 1994; Cascardo et al.,
2000; Alvim et al., 2001). A aparente contradicdo desses resultados tem sido explicada como
sendo uma funcéo do estado lmeckgroundda planta no qual os niveis basais de BiP e a
atividade secretoria celular sinalizariam pela necessidade de regulacdo negativa ou positiva de
BiP sob condi¢Bes de seca. Como regulador da UPR em potencial, a célula deve monitorar os
niveis de BiP como um indicativo da capacidade de processamento de proteinas do RE. As
informacBes mais recentes em escala gendmica sobre mudancas globais na expressao génic:
em resposta a estresses tem fornecido uma visdo mais aprofundada da reprogramacéo génice
como resultado direto da interacdo de plantas com seu meio ambiente. De fato, os resultados
da presente investigacdo, conjuntamente com aqueles em escala gendmica sobre resposta de
soja a estresse osmatico severo (Isrigler et al., 2007), claramente demonstram que a ativacao
ou repressdo da via UPR em resposta a condicdes de seca € totalmente dependente de
severidade do estresse osmoético a que a planta é exposta. Enquanto que estresse osmotice
lento, através de declinio gradual do potencial hidrico foliar, promove a inducdo de
componentes da via UPR, estresse osmotico rapido e severo reprime a via UPR.

Desidratacédo gradual de folhas de soja no estadio de desenvolvimento V3/V4 aciona um

repertorio de genes envolvidos em resisténcia a seca

O estresse hidrico lento disparou uma ampla gama de genes responsivos a seca (Figura
3, 4). No potencial hidrico de -1,0 plantas WT apresentaram tanto genes diferencialmente
expressos relacionados a biossintese quanto ao catabolismo de aminoéacidos, predominando
uma repressao de genes relacionados a biossintese. Alguns aminoacidos podem aliviar danos
celulares durante a desidratacdo, sendo prolina o mais comum (Vinocur and Altman, 2005;
Schubert et al., 1995), entretanto estudos de plantas submetidas a estresse hidricarbrando té

demonstrado ocorrer acumulo de outros aminoacidos como valina, arginina e leucina, de
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forma que existe uma intima relagéo entre o0 acumulo de aminoacidos e ABA (Asbahi et al.,
2012).

As condicbes de déficit hidrico também promoveram alteracdes nos niveis dos
transcritos relacionados ao metabolismo de carboidratos, lipideos, energia, DNA/RNA, que se
intensificaram com o nivel de estresse imposto nas folhas (Figura 3 e 4). Em resposta ao
estresse abiodtico, as plantas induzem remobilizacdo de nutrientes como suprimento de energia
e metabolitos, através do catabolismo de varias moléculas como aminodacidos, polissacarideos
e lipideos de forma a garantir que as funcdes basicas continuem operando em condicfes de
estresses (Baena-Gonzalez et al., 2007; Thimm et al., 2004; Buchanan-Wollaston et al., 2005)
e a manutencdao do turgor pelo acimulo de osmdlitos e agucares (Harb et al., 2010).

O aumento da tolerancia a seca pode ser obtido também pelo atraso da morte celular e
senescéncia foliar (Rivero et al., 2007). Consistente com esta hipotese, foi observado em
plantas WT (-1,0) uma grande quantidade de genes diferencialmente expressos envolvidos
com processos catabdlicos e morte celular (Tabela 2 e 5), enquanto que a superexpressao de
BiP parece minimizar alteracbes nesse grupo de genes quando submetidos a estresse.
Resultados semelhantes ja foram relatados, quando plantas superexpressando BIP
promoveram um consideravel atraso na senescéncia contribuindo para a diminuicdo dos
sintomas do estresse em soja e tabaco (Valente et al. (2009). Com o aumento do catabolismo
de certas moléculas as plantas diminuem a expresséo de genes relacionados ao ciclo celular,
divisdo, crescimento e principalmente fotossintese quando submetidas ao estresse hidrico
(Chaves et al., 2009, Schuppler et al., 1998) e isso também foi verificado em maior grau em
plantas WT’s (Figura 3 e 4C). Ja é conhecido que estresse abidtico pode causar inibicao de
crescimento, desenvolvimento, reducdo da fotossintese, respiracdo e distlrbios no
metabolismo de &cidos nucléicos (Kaiser, 1987; Zhang and Blumwald, 2001; Sairam et al.,
2002). Uma das primeiras respostas a aclimatacdo a seca € uma diminuicdo do crescimento
foliar. Em Arabidopsis, esta reducdo do crescimento foliar tem sido compensada pelo
aumento do tempo de expansao das células e uma suave inducédo de genes expansinas afim d
manter o turgor e reduzir a &rea de transpiracdo (Aguirrezabal et al., 2006, Skirycz et al.,
2010) Na linhagem 35S::BiP-4, o declinio do potencial hidrico para -1.0 promoveu uma
maior inducdo de expansinas, o que deve contribuir para manutencdo do turgor foliar por

um periodo maior sob condi¢cfes de déficit hidrico, fendtipo tipico das plantas trangénicas.
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Genes relacionados a defesa também apresentaram uma expresséo diferencial quando
plantas foram submetidas a estresse (Figura 3B). Neste trabalho, foi verificada a inducdo da
expressdo de PR-5 e PR-10 em plantas transformadas (-1,6). A maioria de genes relacionados
a patdgenos sao expressos em niveis basais sob condi¢cdes normais podendo ser rapidament
induzidos por patégenos (van Loon et al., 2006) porém alguns estudos tém demonstrado que
em ArabidopsisPR-1, PR-2 e PR-5 sdo também induzidos por estimulos abidticos, incluindo

seca, possivelmente regulando movimentos estomaticos (Seo et al., 2008, Seo et al., 2010).

No grupo horménios vegetais, os genes diferencialmente expressos em resposta a
déficit hidrico foram relacionados tanto a biossintese quanto percepcao dos diferentes
horménios (Figura 3A, B). A seca influencia na expressdo de varios genes envolvidos na
sintese, distribuicdo e sinalizacdo de hormbénios. ABA tem sido o mais estudado na resposta a
estresse abibtico, sendo que sua sintese representa a resposta mais rapida a seca e dispara
expresséo de genes responsivos (Yamaguchi-Shinozaki et al., 2006), causando fechamento do
estdmato e reduzindo a perda de agua via transpiracdo (Wilkinson et al., 2010). Os resultados
dessa investigacdo mostram receptores de ABA induzidos em plantas transgénicas e
reprimidos em WT (-1,0) além da inducdo em plantas WT do i&ieD, enzima chave na
biossintese de ABA (luchi et al. 2001). Os outros hormdnios citocininas, acido salicilico,
etileno e acido jasménico, também podem participar na resposta de plantas a estresse abidtico.
Citocininas e ABA tém se mostrados envolvidos na regulacédo da senescéncia disparada pelo
déficit hidrico (Munné-Bosch et al., 2003). Geralmente, a exposicdo a déficit hidrico diminui
niveis de citocininas e aumenta niveis de etileno (Cowan et al., 1999), sendo que essa
tendéncia foi confirmada nesse trabalho principalmente em plantas WT. Nossos resultados
mostram ainda tanto induc&o quanto a repressado de genes responsivos a auxinas em respost
ao estresse hidrico, com uma ligeira tendéncia a predominancia de repressao. A regulacéo
negativa de genes relacionados a auxinas também foi reportada em fokrabidepsise

sorgo submetidas a seca (Matsui et al., 2008; Wang et al., 2010).

Eventos rapidos na percepcao do estresse por seca incluem geramente a ativacao de
fatores de transcricdo bZiP, MYB, WRKY. A ativacdo desses fatores aconteceu em menor
grau em Plantas WT(-1,0), enquanto que plantas transformadas apresentaram inducgao
somente no potencial hidrico mais baixo (Figura 4C), indicando que a superexpresséo de BiP
parece atrasar a percepcao do estresse imposto. Os fatores de transcricdo sao considerados ¢

mais importantes reguladores da expressao génica (Nakashima et al., 2009), sendo que muitas
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familias tém sido descritas e desempenham papel na resposta ao estresse em plantas (Yang €
al. 2010; Uno et al., 2000; Mare et al., 2004; Xue, et al., 2008) Afabidopsis,mais de

100 fatores de transcrigdo tiveram expressao aumentada sob desidratacdo sendo alguns pouco:
regulados negativamente (Rhizsky et al. 2004). Fatores de transcricdoGradRAC?2 e

GMNACS3 foram induzidos em plantas WT’s e ndo foram induzidos em plantas transformadas

pelo menos atéy,=-1,0) enquantdGmMNAC6 um importante indutor de morte celular em
plantas foi reprimido em plantas transgénicas. Esses genes tém sido fortemente induzidos por

estresse osmotico, ABA e JA em soja (Pinheiro et. al.,)2009

O mecanismo pelo qual a superexpressao de BiP confere tolerancia a seca em soja
parece envolver a manutencdo da homeostase celular por um periodo maior de tempo,
garantindo niveis proximos aos normais de uma ampla gama de genes que aparecem alterados
em plantas selvagens. Provavelmente, a manutencdo da homeostase celular em plantas
transgénicas € consequéncia da capacidade de manutencao da turgidez da folha sob condi¢ée:
de déficit hidrico. Além disso, BiP atua diretamente inibindo a via se sinalizacdo de morte

celular mediada pelas proteinas NRPs e induzida por estresse osmoético e por seca.
METODOS
Crescimento das plantas

Sementes de soja néo transformadas (W&Iydine maxcv. Conquista) e transgénicas
transformadas com o gei$®\BiPD sob controle do promotor 35S dBauliflower mosaic
virus (35S::BiP-4; Valente et al., 20D%oram germinadas em substrato, transferidas para
vasos de 3 litros contendo uma mistura de solo, esterco e areia (3:1:1) e crescidas em casa de
vegetacao sob condi¢cbes naturais de luz, umidade relativa (65-85%) e temperatura (15-35°C).

Cada vaso foi pesado e adicionado uma mesma quantidade de mistura de solo.

Inducdo de estresse hidrico em soja transgénica (35S::BiP-4) e WT em casa de

vegetacgao.

As plantas foram cultivadas normalmente até que o terceiro trifolio estivesse
completamente expandido. A partir desse momento, foi adicicigudoaté a capacidade de
campo em todos 0s vasos, ou seja, quando o solo retém o maximo de agua que suporta. Apos
0 excesso de agua ser drenado pela gravidade, cada vaso foi pesado e anotado. Eles foran

distribuidos em blocos com os seguintes tratamentd&:BB-4 irrigado, 35S::BiP-4 sob

85



déficit hidrico, WT irrigado e WT sob déficit hidrico. Os vasos foram pesados todos os dias e
calculado o peso de &gua perdida. Em vasos normalmente irrigados, foram adicionados
aproximadamente 180 ml de agua, quantidade suficiente para ndo enxarcar 0 solo. Aos vasos
submetidos a estresse hidrico foram adicionados 40% de agua do volume perdido a cada dia
(Valente et al., 2009). O potencial hidricg) (foi medido na antemanhd, com Bomba
Scholander (Scholander et al., 1965), ao longo dos dias até que obtencaoedg@r@onos

-1,5 em plantas transgénicas.
Extracdo de RNA, sintese de cDNA e purificacdo de mRNA.

O RNA total foi extraido do terceiro trifdlio completamente expandido, usando TRIzol
(Life Tecnologies Ince traados com DNA’s livre de RNA’se (Life Tecnologies Inc A partir
do RNA total, 0o mRNA foi purificado usando isolando o KatstTrack® 2.0 mRNA isolation
(Life Tecnologies Iny. de acordo com instrugcbes do fabricante, quantificado em
espectrofotometro Evolution 60 Thermo Scientifice observado em gel de agarose
desnaturante 1.5% na presenca de brometo de etideo.

Experimentos de Microarranjos e andlises de dados.

Os mRNA’s provenientes de 3 réplicas biologicas diferentes de plantas transformadas
(35S::BiP-4) e néao transformadas (WT) foram utilizados para hibridizagdo dos microarranjos
de DNA. Foram hibridizados dois chips de cada tratamento, cada um contendo os mRNAs de
3 réplicas diferentes. As hibridizacbes foram realizadas utilizando chips Affymetrix®
GeneChipH Soybean Genome Arrays (http://affymetrix.com/index.affx) seguindo instrucdes
do fabricate de acordo com 0s seguintes passos: (a) sintese da primeira e segunda fita de
cDNA, utilizando o kitOne-Cycle (b) purificacdo e limpeza da dupla fita de cDNA com
cDNA Wash Buffere Cleanup Spin Columg) sintese de cRNA (complementar) marcado
com Biotina utilizando o kilVT Labeling (in vitro Transcription Labelinyy (d) apés a
transcricdo, o cRNA foi amplificado com IVT Master Mix e purificado como no itene (b)
quantificado a 260 e 280 nm em espectrofotdmetro (Evolution 60 Thermo Scientifi®). (e)
cRNA marcado foi fragmentado em tamanhos entre 35 e 200 bases por hidrdlise quimica. O
cRNA (15 ug) fragmentado foi hibridizado nchip Soybean Genome Array Affymetrigp@r
16 horas sob agitacdo lenta e constanl@vados com tampdes fornecidos pelo fabricante

usando a estacéo de fluidos 450 GCOS/Microarray Suite (Ger@@@erating Software)
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seguidas de trés coloragdes da Probe Array com GeneChip® IVT Labeling Kit. Os chips
foram escaneados com Gene Array® Scanner 3000 (Affymetrix) com pixel de 3um e

comprimento de onda a 570nm gerando arquivos cell intensity (CEL).

A analise dos resultados foi realizada nos arquivos de dados do tipo CEL e conduzida
usando pacotes do ambiente R/Bioconductor (Version 1.6/Version 2.6.0; Li & Wong, 2001).
A normalizacédo foi feita usando o método "Robust Multiarray Analysis" (RMA) (Irizarry et
al., 2003), presente no R/Bioconductor, para arrays da Affymetyrix (Kerr et al., @000).
"Microarray Quality Assessment” foi realizado usando funcdes do pacote Affy em conjunto
com fungBes de gréficos padrbes presente no R. Para identificar genes diferencialmente
expressos, foi realizado uma analise de variancia adaptada para dadtisrateray
implementado pelo pacote R/MAANOVA Microarray Analysis of Variange
http://churchill.jax.org/software/rmaanova.shtml), e por meio dos testes F e t foi detectada a
significancia da expressao diferencial dos genes. O p-valor obtido foi corrigido por FDR
(false discover rateBenjamin & Hochberg, 1995) e as respectivas listas de genes geradas
foram classificadas segundo o p-valor corrigido #éot“changé. Foram considerados genes
diferencialmente expressos de acordo com os critérios de p-valor corrigidossdaique
0,05 e o logiold-change maior ou menor que 1,5. A notacdo desses genes foram obtidas a
partir do arquivo de anotacao da Affymetrix
(http://www.affymetrix.com/support/technical/annotationfilesmain)affara o chip usado e

entdo complementada pela anotacédo do banco de dados SdytmSeniw.soybase.oryjfe

Phytozome (http://www.phytozome.net) e um agrupamento foi feito com ba&iogic

Processusandayene ontologyhttp://amigo.geneontology.org/cqgi-bin/amigo/go)cgi

PCR em tempo real

O RNA total foi extraido utilizando o reagente TRIzol (Invitrogen) e a sintese de
cDNA foi realizada utilizando 3 pg de RNA total 5 uM de oligo-dT, 0,5 mM de dNTPs e 1U
de Trancriptase Reversa M-ML\Life Tecnologies Ing,. de acordo com as instru¢cdes do
fabricante. As reacfes de Real time PCR (QRT-PCR) foram realizadas no aparelho ABI7500
(Applied Biosystemse foi utilizado o corante SYBR® Green PCR Master Miplied

Biosystemscomprimersespecificos (Tabela 1).
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Tabela 1. Listagem dos oligonucleotideos para gqRT-PCR em soja

Primers Sequence (5’ -3’) Gene
BiP trans Fw ATCTGGAGGAGCCCTAGGCGGTGG BiPD - nos
BiP trans Rv CATCGCAAGACCGGCAACAGGAT

Helic Fw TAACCCTAGCCCCTTCGCCT HELICASE
Helic Rv GCCTTGTCGTCTTCCTCCTCG Al736067
Nac6 Fw CCAACAAAAGCACTTGTGGCA NAC6

Nac6 Rv GGACTATTCAACTGAGCCCAAAAG Glymallg10230
Calnexin TGATGGGGAGGAGAAGAAAAAGGC CNX
Calnexin ATCTGGAGGAGCCCCAGGCGGTGG AW508066
BiPD Fw ATCTGGAGGAGCCCCAGGCGGTGG BiPD

BiPD Rv CTTGAAGAAGCTTCGTCGTAAAACTAAG AF031241
GST Fw CGGTTCTCATCCACAATGGCAAAC GST

GST Rv CAGCCCAGAATCTAGCCTGAGC Glymal5g40190
NAC3 Fw GAATGCAGCAATGGGTCATCA Nac3
NAC3 Rv ATCCTGCTGGTGCATTGTTCTG AY974351
NRP Fw GGCACAAAGACTGGTGCTGAGA NRP-A
NRP Rv CTCTGTATCGTGGAGGCAGACC AJB75407
NRich Fw TACAGGCATCCAATTTGGCGAACC NRPB
NRich Rv TGACTTGAAAGAGTTGATCTCACCCC Al973541
SMP Fw GCCGAACTGAGGAAAAGACGAACC SMP

SMP Rv CTTGGGCTGTTTGTTGGGTCTTC AW397921
NAC1 Fw GGACTACCCAATAGCCCAAATCA NAC1
NAC1 Rv GACCCAAGTAATCCATTTCCAAAAG AY974349
IRE Fw GGTATGTTGTAGACCGRGGCTTAGA IRE

IRE Rv TTGGCGTAGACTTCATTTAGTTTC Glymal1g09240
IRE Fw CAGTGTTTCTGGGAGGGTTTTT IRE

IRE Rv CATTGATGGGAGCACGATAGG Glyma01g36200
IRE Fw GAACGCCTCAACATCCACAGT IRE

IRE Rv GTTGCAGCCTTAGGTGGAAGA Glyma09g32970
VPE Fw GAAGCAATGTCTCACAGAATGCA VPE

VPE Rv GGACCCTTTTCAATGCCAAA Glyma04g05250
VPE Fw AACCCAAGGCCTGGAGTCAT VPE

VPE Rv TCGCCGGTGTAATCCTTTG Glymal4g10620
VPE Fw CACCGGCGAAGATGTTACTGT VPE

VPE Rv TCCCACTGCCACCAGTAAGTG Glymal7g34900
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Figuras

A Deficithidrico em plantas de soja (Glycine max)
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Figura 1 Estresse hidrico em plantas de soja WT e transgéncias submetidas a déficit
hidrico. A) Plantas de soja foram expostas a um regime de deficit hidrico gradual pela
diminuic&o para 40% do suprimento diario normal O potencial hidrico foi aferido por meio de
Bomba de Scholander até valores aproximados de -2,0 em plantas WT e -1,5 em plantas
transgénicas. Barras correspondem ao intervalo de confianca com p=0,0BeAs-plantas
expostas ao estresse gradual foram fotografadas aos 19 dias de experimento, sendo que &
linhagem 35S:;BiP-4 exibiaw=-0,6 Mpa, enquanto que plantas WT exibigw-1,0 MPa.
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35S::BiP-4 (W¥=-1,0) 21d 35S::BiP-4 (W¥=-1,6) 25d

WT  (W=-1,0)19d WT  (w=-1,73)23d WT (¥=-2,0)25d

B Numero de genes diferencialmente expressos

6575

WT (W=-1,0)19d WT (¥=-1,73)23d WT (¥=-2,0)25d 35S:BiP-4(¥=-1,0) 35S::BiP-4(¥=-1,6)
21d 25d

OUp EDown Btotal

Figura 2 Variacao global da expressao génica em soja WT e transgéncias submetidas a
estresse hidrico comparadas com o controle irrigadocdA) MA plots com intensidade
dependente da taxa de variacdo (Log2), onde M=log2(fold change) e A=média do log da
intensidadeB) Numero de genes diferencialmente expressos totais, regulados positivamente
negativamente. O transcriptoma de plantas superexpressando BiRy,seht e y,=-1,6
correspondendo a 21 e 25 dias de estresse hidrico [358:(Bi-1,0) 21d e 35S::BiR-

(yw=-1,6) 21d], respectivamente e plantas WT com wy,=-1,0, y,=-1,7 e wyw=-2,0,
correspondendo a 19, 23 e 25 dias de estresse, respectivamente foram comparadas com WT
irrigada.
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A WT (¥=-1,0) 19d Total B 35S::BiP-4 (¥=-1,0) 21d Total

D 358::BiP4 (¥=-1,6) 25d Total

E WT (¥=-2,0) 25d Total -A.rnmo_Ac|d B|osyn_thetlc Process
m Biological/Metabolic process

m Carboh. Met. process
544 m Catabolic Process
mCellCycle or Division
m Celldeath/Proteolysis/Senesc
m Defense/Resp to Biotic stimulus
mDevelopement
= DNA/RNA Nucleus
mEnergy
mHomone Response /Hormone
H Lipid Metabolic Process
= Others
= Photosynthesis
Protein Modification Process
m Reg of transcription / transcrip fact
" Resp. to Abiotic Stimulus
Signaling
Structural
Translation
Transport
GO uncharacterized

Figura 3 Distribuicdo de genes diferencialmente expressos em categorias baseadas em
processos biologicos (http://amigo.geneontology.org/p) PlantasWT aos 19 dias de
estresse no potencial hidrico de -1B); Plantas 35S::BiP-4 aos 21 dias de estresse no
potencial hidrico de -1,@) PlantasWT aos 23 dias de estresse no potencial hidrico de -1,7;

D) Plantas 35S::BiP-4 aos 25 dias de estresse no potencial hidrico deE)1IFdaataswT

aos 25 dias de estresse no potencial hidrico de -2,0. Os nimeros representam a frequéncia de
genes diferencialmente expressos dentro de cada tratamento comparado com o controle WT
irrigado. Genes foram considerados diferencialmente expressos seguindo o critério
log2(FC)=+/-1,5 e p-value > 0,05.
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A WT (W=-1,0) X35S::BiP-4 (¥=-1,0) B WT (W=-1,73) X 35S:BiP-4 (¥=-1,6)
I WT19xC921 WT23xC925 _
S I3 S S 35 S
52 &5 g Eyisv: £ |BS e g fyfsel ¢
=7 @y @ 238438 8 |27 47 @ 238427 @
> o3 D > oz ~ ) g_
IAmino Acid Bios Process 22 1 1 57 0 1 2 15 18 15 4 35
Biological/Metab process 301 41 24 532 15 88 66 185 298 101 89 393
ICarboh. Met. process 34 8 2 88 2 22 7 24 29 22 9 82
ICatabolic Process 15 0 1 28 0 2 1 17 11 7 2 11
Cell Cycle orDivision 6 0 0 10 0 1 0 5 6 2 1 8
Cell death/Proteolysis/Senesc 27 1 1 70 3 12 3 16 12 21 8 61
Defense/Resp to Bioticstimulus 17 6 3 63 1 15 5 22 24 14 15 48
Developement 37 4 9 4 2 15 6 20 48 13 7 34
DNA/RNA Nucleus 43 3 4 44 1 5 8 29 28 12 5 19
Energy 7 0 0 13 1 0 3 6 3 4 1 12
Homone Response/Hormone 38 8 4 93 8 21 10 35 50 24 16 55
Lipid Metabolic Process 25 7 4 47 0 11 7 19 24 13 8 34
Others 74 8 4 151 5 18 20 62 72 26 18 109
Photosynthesis 4 4 0 115 0 8 3 2 4 10 6 122
Protein Modification Process 57 0 3 116 3 8 13 47 52 24 26 62
Reg oftransc /transcrip factor 86 4 8 151 3 20 16 64 82 23 29 89
Resp. to Abiotic Stimulus 185 21 40 248 12 43 51 120 252 57 45 176
[Signaling 13 0 0 63 0 5 9 10 12 9 9 38
Structural 40 6 3 58 1 16 20 19 38 11 15 48
[Translation 13 0 1 38 0 0 4 14 6 8 9 32
[Transport 69 7 6 146 2 23 12 80 92 31 28 103
IGO uncharacterized 100 5 8 189 4 15 17 71 96 36 39 126

Figura 4 Diagrama de Venn.A) Genes exclusivos e comuns na comparacao W¥1(0)-

WTirr e 35S::BiP-4 ¥=-1,0)- WTirr e B) WT (¥=-1,73)-WTirr e 35S::BiP-4¥=-1,6)-

WTirr. Setas indicam genes regulados positivamente (1) e negativamente (]). C) Nimero de

genes regulados positivamente e negativamente em cada categoria baseada em Processo
Biologicos por meio dé&ene Ontology
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Figura 5 Heatmap englobando genes da via UPRExpressdo absoluta de

genes

relacionados a via de resposta a proteinas mal dobradas (UPR) em soja WT e 35S::BiP-4 em

condi¢cdes normais de irrigac@submetidas a diferentes graus de déficit hidrico.
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Figura 6 Heatmap englobando genes da via ERADExpressdo absoluta de
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Figura 7 Heatmap englobando genes da resposta a estresse hidriEspressao absoluta de
genes relacionados ao déficit hidrico em soja WT e 35S:;BiP-4 em condi¢cdes normais
irrigacaoe submetidas a diferentes graus de déficit hidrico.
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Figura 8 Heatmap englobando genes envolvidos em morte celuldxpressao absoluta de
genes relacionados a morte celular em soja WT e 35S::BiP-4 em condi¢cdes normais de
irrigacaoe submetidas a diferentes graus de déficit hidrico.
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Figura 9 Analise de expressdo génica dos genes relacionados ao RE, UPR, estresse
hidrico e morte celular em plantas transgénicas e WT durante condi¢cdes de déficit
hidrico. A-E) Acumulo de transcritos de genes associados com UPR. F-1) Genes relacionados
a estresse abiotico. J-O) Genes relacionados a morte celular. O RNA total foi isolado de
plantas WT e 35S::BiP-4 submetidas a estresse hidrico. Valores de expressao foram obtidos
usando o método do 2"-(DCt) e utilizando como controle endégdraicase.As barras
indicam o intervalo de confianca com base no teste t (p<0,05, n=3).
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Figura S1 Numero de genes induzidos e reprimidos exclusivos em plantas WT e
transformadas (35S::BiP-4). Plantas foram submetidas a diferentes niveis de estresse
hidrico e o transcriptoma induzido comparado por diagrama de Venn. Cada categoria foi
definida pelo Gene ontology.
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Giymansoa0870.1  Auxininducod protin PONT 5.1k

Gyma03g01700.1  SAURIko aurin-responsve prokin iy
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Glyma09g039%0.1  phytochrome B

Glyma03g414202  Violaxanthin de-epoxidase, chioroplastic-like
Glymat9g30230.1  ABSCISIC ACID-INSENSITIVE 5-ike protein 2-like
Glymad1g41430.1  zeaxanthin epoxidase, chloroplastic-like
Glymat9g44010.1  violaxanthin de-epoxidase, chloroplastic-like
Glyma01g12070.1  abscisic acid receptor PYRT-like

Glymat1g21160.1  xanthoxin dehydrogenase-like

Glyma0eg13150.1  regulatory components of ABA receptor 3
Glyma09g41960.1  cytochrome PA4S0, family 707, subfamily A, polypeptide 2
Glyma02g42990.1  abscisic acid receptor PYLS-like

Glyma01g31320.1  abscisic acid receptor PYL4-like

Glyma07g19120.1  abscisic acid receptor PYL4-like

Glymal7g20020.1  zeaxanthin epoxidase, chloroplastic-like
Glymal0g30520.1  ABI3-interacting protein 3

Glyma06g02580.1  RAC-like 3

Glymaldg04950.1  aldehyde oxidase 4

Glyma09g00460.2  molybdenum cofactor sulfurase (LOSS) (ABA3)
Glyma01g356602  cytochrome P4S0, family 707, subfamily A, polypeptide 1
Glymatag30260.1  abscisic acid receptor PYLE-like

Glymat0g41580.1  lipid phosphate phosphatase 2

Glymatag044802  RNA-binding (RRM/RBD/RNP malifs) family protein
Glymat1g05960.1  zeaxanthin epoxidase (ZEP) (ABA1)

Glymal7g11790.1  phytochrome B

Glymai5g40070.1  9-cis-epoxycarotencid dioxygenase NCED1, chloroplastic-like
Glyma0Bg 152102 WRKY40

Glyma07g33600.3  ABSCISIC ACID-INSENSITIVE 5-ike protein 5-like
Glyma20g25650.1  lipid phosphate phosphatase 2

Glyma13g08120.1  Abscisic acid receplor PYLS-like

Glyma16g08340.1  cylochrome PAS0, family 707, subfamily A, polypeptide 1
Glyma20g30720.1  abscisic stress ripening-like protein

Glyma13g30210.1  abscisic acid receptor PYLE-like

Glyma18g53400.1  abscisic acid (aba)-deficient 4

Glyma02g44000.1  aldehyde oxidase 2
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Figura S2 Heatmap englobando genes envolvidos aos horménios. A)ixinas,B) Acido
abscisico. Expresséo absoluta de genes relacionados aos horménios em soja WT e435S::BiP-
em condi¢Bes normais de irrigagdsubmetidas a diferentes graus de déficit hidrico.

A

Fow Zscore

Glyma06g03700.1 Brassinosteroid signalling positive regulator (BZR1)
Glyma17g36730.1 Brassinosteroid signalling positive regulator (BZR1)
Glyma01g38450.1 Brassinosteroid signalling positive regulator (BZR1)
Glyma05g 13660.1 Brassinosteroid-regulated protein BRU1-like
Glyma04g10820.4  general regulatoryfactor 2

Glyma06g 10650.4 general regulatory factor 2

Glyma13g07800.1 delta(7)-sterol-C5(6)-desaturase-like
Glyma17g36140.1 BRI1 kinaseinhibitor1

Glyma13g06700.1 brassinosteroid-6-oxidase 2

Glyma17g08980.1 basic helix-loop-helix (bHLH)

Glyma19g04250.1 brassinosteroid-6-oxidase 2

Glyma14g08320.1 Brassinosteroid signalling positive regulator (BZR1)
Glyma13g34180.3 BES1/BZR1 homolog protein 4-like
Glyma08g27600.1 brassinosteroid-6-oxidase 2

Glyma09g07070.1 brassinosteroid-regulated protein BRU1-like
Glyma08g23970.3 Ergosterolbiosynthesis ERG4/ERG24 family
Glyma06904220.1 BRI1kinaseinhibitor 1-like

Glyma12g36690.1 NAD(P)-binding Rossmann-fold superfamily protein
Glyma13g27390.1 NAD(P)-binding Rossmann-fold superfamily protein
Glyma09g40590.1 NAD(P)-binding Rossmann-fold superfamily protein
Glyma17g12700.1 Cytochrome P450 superfamily protein
Glyma13g34170.1 BES1/BZR1 homolog protein 4-like
Glyma02g42390.1 Cytochrome P450 superfamily protein
Glyma04g03610.1 Brassinosteroid signalling positive regulator (BZR1)
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Glyma13g16430.1 cytokinin oxidase 3
Glyma13g34680.1 isopentenyltransferase 9
Glyma17g10170.2  two-componentresponse regulator ARR5-like
Glyma04g11550.1  Acetyl-CoA carboxylase 1-like
Glyma07g39350.1 KNOX/ELKhomeobox transcription factor
Glyma10g08710.1  Tetratricopeptide repeat (TPR)-like superfamily protein
Glyma11g19330.1 tRNAisopentenyltransferase 2
Glyma06g11120.1  acetyl-CoA carboxylase 1-like
Glyma03g37760.1  Signal transduction histidine kinase
Glyma09g14650.1  two-component response regulator ARR12-like
Glyma12g37050.3  Signal transduction histidine kinase
Glyma17g03380.1  two-componentresponse regulator ARR2-like
Glyma06g06730.1  two-componentresponse regulator ARR12-like
Glyma15g18380.1 putative GATA transcription factor 22-like
T Glyma15g15520.1  two-componentresponse regulator ARR2-like
‘ Glyma14g11280.1 cytokinin oxidase 7
(Glyma02g05220.1  histidine kinase 1
Glyma11g31380.1 ATP-dependent RNA helicase DBP2-like
T Glyma17g06220.1  cytokininoxidase 3
| — (Glyma04g41740.1  cytokininresponse factor 4
Glyma15g11040.1  isopentenyitransferase 5
[~ Glyma20g35820.1  cytokinin response factor 4
Glyma10g34280.1  leghemoglobin C1-like
Glyma11g02140.1  cytokinin response factor 2

Glyma19g40220.1 C2H2and C2HC zinc fingers superfamily protein
{

I: Glyma15g18560.1  cytokinin oxidase 3
{
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Figura S3Heatmap englobando genes envolvidos aos horménios. BjassinosteroideB)
Citocininas. Expressao absoluta de genes relacionados aos horménios em soja WT e
35S::BiP-4 em condi¢bes normais de irrigagisubmetidas a diferentes graus de déficit
hidrico.

A

Row Bscirs

Glyma03g42450.2 EREBP/AP2 transcription factor

Glyma13g03660.1 Ethylene insensitive 3 family protein

Glyma14g14410.1 EIN3-binding F-box protein 1-like

Glyma04g07110.1  EIN3-binding F-box protein 1-like

Glyma02g44220.1 Ethylene insensitive 3 family protein

Glyma14g04550.1 Ethylene insensitive 3 family protein
1

p protein / nuclear protein (ERT2)
Glyma03g31370.1 ETOT-like protein 1-like
Glyma15g08460.1 S-adenosyl-L-meth dependent superfamily protein

1 repeat (TPR protein

1
Glyma07g07160.1 ACC synthase 1
Glyma02g15360.1 2-oxoglutarate (20G) and Fe(ll)-dependent oxygenase superfamily protein
Glyma20g37330.1  serine/threonine-protein kinase CTR1-like /// serinelthreonine-protein kinase CTR1-like
Glyma08g02130.1 ~1-aminocyclopropane-1-carboxylic acid (acc) synthase 6

Glyma13g03700.1 Ethylene insensitive 3 family protein

Glyma20g12250.1 Ethylene insensitive 3 family protein

Glyma17g12270.1  EIN3-binding F-box protein 1-like

Glyma13g23510.1 EIN3-binding F-box protein 1-like

Glyma04g20330.1 EIN3-binding F-box protein 1-like

Glyma14g11130.1 S-adenosyl-L-meth -depend
Glyma13g21480.1  serine/threonine-protein kinase CTR 1-like

superfamily protein

10.2 P superfamily protein
Glyma08g03310.1 ACC oxidase 1
Glyma10g03520.1 ETO1-like protein 1-like
Glyma19g39890.1 putative S-adenosy-L-methi depend MSMEG_1480-lie
1 I d superfamily protein
.1 putative p MSMEG_0093-lie
Glyma01g42290.1 ACC synthase 10
Glyma14g40550.1 S-adenosyl-L depend superfamily protein
1 S-adenosyl-L-methionine-depend superfamily protein
1 putative S-adenosyl-L depend MSMEG_0093-lie
Glyma12g14360.1 I d superfamily protein
°
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Color Ky
Jymatsgag7s0.1 gibberellin “ike
Glyma02g41280.1 Gibberellin-regulated family protein
Glymataga4s702 GArequiring 3
R Glymai1g07710.1 SHl-related sequence 5
{ Glymai5g00450.1 GArequiring 3
— Glyma0ag03400.1 cytochrome PAS0, family 88, subfamily A,
Glymai 1g38720.1 DELLA protein GAI 2
Glymai0g20910.1 gibberellin receptor GID1C-like
Glyma02g23860.1 snakin-2ike
Glymatsg 15110.1 DELLA protein RGL2 ke
Glyma0gg 10140.1 DELLA protein RGAZ-like
i Glyma05g27190.1 DELLA protein GAI 1
Glymai5g01500.1 giberellin 3-oridase 1
(. Glyma06g04740.1 Gibberellin-regulated family protein
Glyma02g01330.1 giberellin 2-oxidase 6
T Glyma04g3s030.1 Gibberellin-regulated family protein
Glymaeg04500.1 DELLA protein GAIt-like
Glyma0dg33610.1 giberellin-reguiated protein 4-Iike
— Glyma06g20830.1 Gibberellin-reguiated family protein
Glyma03g30460.1 gibberslin receptor GID1B-like
L Glymat19g01590.2 Gibberellin-regulated family protein
— Glyma0ag02260.1 gibberellin 20 oxidase 2
Glyma0gg 17470.1 Terpenoid cyclases/
Glyma08g40260.1 Gibberellin-regulated family protein
Glyma06907630.1 gibberellin 3-oridase 1
Glyma13g08890.1 protein GAST1-like
Glymat3g04530.1 Gibberellin-regulated family protein
f Glyma0g33380.1 ‘GRAS family transcription factor family protein
Glyma20g26730.1 Gibberellin-regulated family protein
— 1 gibberellin
Glyma7g30800.1 gibberellin 3-oridase 1
| Glymat7g 100502 snakin-2-like
| Gymaosqa7z02  Gibereli-reguited famiy protsn
Glymat3g21480.1 Protein kinase superfamily protein
— L GlymaD6g23940.1 DELLA protein DWARFE-like:
Glymat5g 10070.1 giberellin 2-beta-dioxygenase-like
Glyma20g34260.1 DELLA protein GAIt-like
Glymateg 17490.1 snakin-2ike
[ Glymatsg 14330.1 ent-kaurenoic. acid hydroxylase 2
Glymat735630.1 Gibberellin-regulated family protein
[ Glyma18g49400.1 GAST1 protein homolog 4

Glymat9g02650.1 GASTH protein homolog 4
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Figura S4 Heatmap englobando genes envolvidos aos horménios. Ajtileno B)
Giberelinas. Expresséao absoluta de genes em soja WT e 35S:;BiP-4 em condi¢cdes normais de
irrigacaoe submetidas a diferentes graus de déficit hidrico.
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Colar Koy

(Gymat1g012401  d-coumarate:CoA ligase 3
Gymat4ga0640.1  OPC-8:0 CoA ligase
Gyma01g44600.1  12-oxophytosienoste reductase 2
(Gyma13g07490.1  allene oxice cyciase 3
Gyma4ga6950.1  AMP depondent synthetase and ligase family prtoin
Gyma02g06070.1  jasmonic acid carboxyl methylansierase
Gymaig04770.1  jasmonate-zmomain protein 3
Gyma13g01080.1  d-coumarate:CoA ligase 2
4 Glyma15g19840.1 jasmonate-zim-domain protein 1
Gymat2ga1770.1
Gymaosg22270.1
Gyma0704630.1
(Gyma07g21100.1  allone oxide synhass
— Gymat1g04130.3  TIFY domainiDivergent CCT mari family protein
Gyma01g412902  TIFY domainiDivergent CCT mri family protein
(Gyma13g30770.2  AMP dependent synthetass and liase family prtain
I Gyma13g25570.1  12-oxopnytodienoste reductase 2
I Gymaoagé4190.1  acyl.Con synthetase 5.
Gymatagnsseo 1 sllene oxide synihase
Gyma6g16030.2  AMP-dependent synthetase and ligase family prtein
Gyma19g05080.1  allane oxide cyciase 3
Gymatsg3s410.1  12-oxophytodienoate reductase 2
Gyma1agi2s101  lipoxygenase 1
Gymat3171801  jasmonate:am.domain protein 1
Giyma16501220.1  jasmonate-am domain potein &
T Gymaddgn3740.1  sllene oxide synthase
L Giyma0930460.1  jasmonate-am-domain potein 3
Gyma08g41740.1  glutaredoxin-elated
Gyma1aga6950.1  Thioredoxin supartamily prtein
3 (Gymattgrao70.1  allene oxide synthase
- Gyma 129139201 Thiorecoxin supertamily protein
(Gymai1g200202  AMP ependent synthetase and ligase family prtain
Gyma07g039102  lipoxygenase 1
Gyma13g31260.1  lipoxygenaso 3
(Gyma13ga0770.1  Thioredoxin supertamily prtein
Gyma1972160.1  allene oxide cyciase 4
I (Gyma15g00090.1  4-coumarate:CoA ligase 2
Gyma15908520.1  Thioredoxin supertamily prtein
(Gyma1Bgs16001  allene oxide cyciase 4
Gyma13g449501  d-coumarato:CoA ligase 2
Gyma13g24720.1  Pollen Ole & 1 allergen and extensin amily prtein
o Gyma1ag16040.1  oxopnytosienoate-eductase 3
{ Gyma17g071902  4-coumarate:CoA ligase 2
Gyma15g090501  lipoxygenase 1
Gymaotgeszr0.1  4coumarte:Con ligase 3
Gyma19922460.1  AMP Gependent synthetase and ligase family prtein
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Glymal4g11870.1  chorismate mutase 2
Glymat1g06330.1  methyl esterase 1
Glyma20g319801  chorismate synthase

ptide-N-g!

0.1 peptide-N-gly 1

Glymat4g38580.1  cinnamate-4-hydroxylase

Glyma10g07050.1 lated thaumatin protein

Glyma02g069%0.1  methyl esterase 1

Glyma20g24810.1  cinnamate-4-hydroxylase

Glyma13g05830.2  chorismate mutase 1

Glyma07g372403  MLP-like protein 423

Glyma15g133201  NPR-like protein 3
70.1 lated 4

Glyma19g42830.1  shikimate dehydrogenase, putative

Glyma14g38610.1  cytokinin response factor 4

Glyma13g344201  pathogenesis-related family protein

Glyma09g02430.1  NPR-like protein 3

Glyma17g03340.1  MLP-like protein 423

Glyma11g349304  Duplicated homeodomain-like superfamily protein

Glyma05g38110.1  osmotin 34

Glyma15g06770.1  pathogenesis-related protein-1-like

Glyma20g36810.1  pathogenesis-related 4

Glyma01g33660.1  enolpyruvate transferase, alphaibeta

Glyma02g40320.1  cytokinin response factor 4

Glyma01g207602  dehydroquinate dehydratase, putative

Glyma16g26050.1  methyl esterase 1

Glyma19gd33204  peptide-N-glycanase 1

Glyma02g07070.1  methyl esterase 1

1 lated thaumatin protein
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Figura S5 Heatmap englobando genes envolvidos aos horménios. Ajtileno B)
Giberelinas. Expressdo absoluta de genes relacionados aos horménios em soja WT e
35S::BiP-4 em condi¢des normais de irrigagisubmetidas a diferentes graus de déficit
hidrico.
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