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RESUMO

A salinidade ¢ um dos principais fatores limitantes a produtividade das culturas agricolas, pois
restringe o crescimento e desenvolvimento vegetal, afetando quase todas as caracteristicas
fisiologicas, morfoldgicas, bioquimicas e moleculares das plantas. Assim, a aclimata¢do ao
estresse salino € essencial para sobrevivéncia e reproducdo nessa condi¢ao adversa. O uso de
pré-tratamento foliar com peroxido de hidrogénio (H202) em baixa concentragdes pode atenuar
os efeitos deletérios do estresse salino e com isso contribuir para aclimatagdo de plantas a tais
condi¢des. Entretanto, os mecanismos envolvidos na eficiéncia fotossintética, bem como a
regulacdo de metabdlitos e proteinas em plantas de milho pré-tratadas com H,O> submetidas a
salinidade ndo estio totalmente esclarecidos. Este estudo foi desenvolvido para testar a hipotese
de que o uso do pré-tratamento com H>O; mitiga os efeitos prejudiciais da salinidade na
maquinaria fotossintética por afetar positivamente a modulagdo de metabolitos e proteinas
envolvidas com a tolerancia ao sal. Para isso, foram realizados dois experimentos com plantas
de milho do genotipo BR 5011, considerado sensivel a salinidade, pré-tratadas com solugao de
10 mM de H20: e, entdo, estressadas com 80 mM de NaCl, sob condi¢des de casa de vegetacao.
No primeiro experimento; que objetivou analisar a eficiéncia fotossintética, integridade
estrutural dos cloroplastos e regulagao dos metabdlitos das plantas de milho; foi observado que
a salinidade afetou drasticamente os parametros de trocas gasosas, da eficiéncia quantica
maxima (Fv/Fm) do fotossistema II e os teores de clorofila b e fotal. Além disso, o estresse com
NaCl aumentou os teores de espécies reativas de oxigénio (H20:2 e "O2"), ocasionou danos
estruturais nos cloroplastos e promoveu perturbagdes no conjunto de metabdlitos das plantas de
milho, quando comparadas as condi¢des de controle. No entanto, nossos resultados sugerem
que plantas pré-tratadas com H>O> melhoraram o desempenho fotossintético por evitar o
excesso de energia induzida pela salinidade, induzindo assim acréscimos nos valores de Fv/Fm,
quenching nao-fotoquimico (NPQ) e taxa de transporte de elétrons (ETR), bem como
apresentaram manuten¢do do empilhamento dos tilacoides, reducao nos teores de HoO> e "O2”
e modulacdo positiva de metabdlitos, principalmente agiicares e aminoacidos, que contribuiram
para a manutencdo do equilibrio osmotico e reducdo do estresse oxidativo. O segundo
experimento teve como objetivo principal relacionar as andlises de crescimento e o acumulo de
ions (Na* e K*) com as alteragdes no perfil protedmico de plantas de milho. Nessa ocasido, o

estresse salino imposto afetou significativamente os parametros de crescimento, bem como



aumentou a relagdo Na /K" nas folhas e promoveu alteragdes negativas no proteoma foliar. Em
contraste, o uso do pré-tratamento com H>O» influenciou positivamente na aparéncia fenotipica
nas plantas sob salinidade, confirmada pela melhora das andlises de crescimento e reducao dos
teores de ions Na'" nas folhas. Adicionalmente, houve regulagdo de importantes proteinas que
participam de vias metabolicas relacionadas a tolerancia ao estresse salino. No geral, essas
observagdes revelam que o pré-tratamento com H>O» ativa mecanismos envolvidos na
modulagdo positiva de importantes metabolitos e proteinas, que alivia os efeitos prejudiciais da
salinidade na maquinara fotossintética de plantas de milho e aumenta a tolerancia ao estresse

salino.

Palavras-chave: Estresse salino. Fotossintese. Metabolismo. Ultraestrutura de cloroplastos.

Fluorescéncia da clorofila. Zea Mays.



ABSTRACT

Salinity is one of the major limiting factors crop productivity, it restricts plant growth and
development, affecting almost all physiological, morphological, biochemical and molecular
characteristics of plants. Thus, acclimation to salt stress is essential for survival and
reproduction under this adverse condition. The use of hydrogen peroxide (H20:) foliar
pretreatment at low concentrations can attenuate the deleterious effects of salt stress and thus
contribute to plant acclimation to such conditions. However, the mechanisms involved in the
photosynthetic efficiency and the metabolites and proteins regulation of H>O: pretreated maize
plants under salinity are not fully understood. This study was designed in order to test the
hypothesis that the use of H>O» pretreatment mitigates the harmful effects of salinity on
photosynthetic machinery by positively affecting the modulation of metabolites and proteins
involved with salt tolerance. Therefore, two experiments were conducted with maize plants of
genotype BR 5011, considered sensitive to salinity, pretreated with 10 mM H>O»> and then
stressed with 80 mM NaCl under greenhouse conditions. In the first experiment; which aimed
to analyze the photosynthetic efficiency, the structural integrity of chloroplasts and metabolites
regulation of maize plants; was observed that salinity drastically affected the gas exchange
parameters, maximum quantum efficiency (Fv/Fm) of photosystem II and chlorophyll 4 and
total contents. In addition, NaCl-stress increased the reactive oxygen species (H2O> and *Oy")
contents, caused structural damage to chloroplasts and promoted disturbances in the metabolite
set of maize plants when compared to control conditions. However, our results suggest that
H>Os-pretreated plants improve photosynthetic performance by avoiding salinity-induced
excess energy, thus inducing increases in Fv/Fm, non-photochemical quenching (NPQ) and
electron transport rate (ETR) values. In parallel, there was maintenance of thylakoids stacking,
reduction in H2O2 and *Oz" contents and positive modulation of metabolites, mainly sugars and
amino acids, which contributed to the maintenance of osmotic balance and reduction of
oxidative stress. The second experiment aimed to relate growth analysis and ion accumulation
(Na" and K") with changes in the proteomic profiling of maize plants. The imposed salt stress
significantly affected the growth parameters, as well as increased the Na"/K™ ratio in leaves and
promoted negative alterations in leaf proteome. In contrast, the use of H>O» pretreatment
positively influenced the phenotypic appearance in plants under salinity, confirmed by

improved growth analyzes and reduced Na® ion foliar contents. Additionally, there was



regulation of important proteins that participate in metabolic pathways related to salt stress
tolerance. In conclusion, these observations reveal that H»O» pretreatment activates
mechanisms involved in the positive modulation of crucial metabolites and proteins, which
alleviates the harmful effects of salinity on photosynthetic machinery of the maize plants and

increases the tolerance to salt stress.

Keywords: Salt stress. Photosynthesis. Metabolism. Chloroplast ultrastructure. Chlorophyll

fluorescence. Zea Mays.



Figura 1

Figura 2

Figura 3

Figura 4

Figura 5

Figura 6

Figura 7

Figura 8

LISTA DE FIGURAS

— Gas exchange measurements in the leaves of maize cv. BR 5011 water-

pretreated or H»O»-pretreated under non-salt conditions or salt stress
conditions for twelve days. Rates of CO2 assimilation (A), transpiration (E),

stomatal conductance (gs), and Rubisco carboxylation efficiency

Osmotic potential and reactive oxygen species in the leaves of maize cv. BR
5011 water-pretreated or HoO»x-pretreated under non-salt conditions or salt

stress conditions for tWelve days........ccceeviiiiieiiiiiiiiiee e

Phosphoenolpyruvate carboxylase (PEPcase) activity in the leaves of maize
cv. BR 5011 water-pretreated or H>O,-pretreated under non-salt conditions or

salt stress conditions for tWelve days.........coecveriieeiieiierieeieeeeeee e

Chloroplast ultrastructure by transmission electron microscopy in the
mesophyll cells of maize cv. BR 5011 water-pretreated or H>O»-pretreated
under non-salt conditions and water-pretreated or HoO»-pretreated under salt

stress conditions for tWelve days.........ceeveeeiieiiieiiiieee e

Principal component analysis (PCA) of physiological and biochemical
parameters in maize cv. BR 5011 water-pretreated or H,Ox-pretreated under
non-salt conditions and water-pretreated or H>O»-pretreated under salt stress

conditions for tWelve days........cocevirviiiiiiiiiiiicee e

Heat map of normalized values of metabolites in leaves of maize cv. BR 5011
water-pretreated or HO;-pretreated under non-salt conditions and water-

pretreated or HoOx-pretreated under salt stress conditions for twelve days........

Partial least squares - discriminant analysis (PLS-DA) of metabolic profiles
in leaves of maize cv. BR 5011 water-pretreated or H,O»-pretreated under
non-salt conditions and water-pretreated or H>O»-pretreated under salt stress

conditions for tWelVe dayS.......cceevieriieiieeiieiieeie e

— VIP scores plot of metabolites in leaves of maize cv. BR 5011 water-preteated

38

40

41

42

43

46

48



Figura9 —

Figura 10 —

Figura 11 —

Figura 12 —

Figura 13 —

Figura 14 —

or H,O»-pretreated under non-salt conditions and water-pretreated or H>O»-

pretreated under salt stress conditions for twelve days.........ccceecveeeciieenneeenee.

Growth analysis in maize plants no-pretreated or pretreated with H>O> under

no-saline or saline (80 mM NaCl) conditions for twelve days...........cccceueeenne

Phenotypic appearance of maize plants no-pretreated and pretreated with
H>0O> under no-saline conditions, and no-pretreated and pretreated with H>O»

under saline conditions for twelve days.........cccccvveeviieeiiiecieece e,

Relative water content in leaves of maize plants no-pretreated or pretreated

with H20; under no-saline or saline (80 mM NaCl) conditions for twelve

2-D gels and Venn diagram of leaf proteins of maize plants no-pretreated and
pretreated with H>O; under no-saline conditions, and no-pretreated and
pretreated with H>O»> under saline conditions for twelve days. The 2-D gels
comparisons were a C x H, b C x S, and ¢ S x HS. The proteins (1 mg) were
separated in 13 cm IPG strips with pH 4-7 gradient in isoelectric focusing,
and 12.5% polyacrylamide gels on the SDS-PAGE. The gels were visualized

after staining with Coomassie Blue G-250...........c.cceevieviiriieniiienienieeieeeeens

The 55 differentially regulated protein spots plotted in a synthetic gel image
and functional characterization of the 58 differentially proteins identified in
leaves of maize plants no-pretreated and pretreated with H.O> under no-saline
conditions, and no-pretreated and pretreated with H>O, under saline
conditions for twelve days for the comparisons C x H, Cx S, and S x HS. The
proteomic profile of leaves from maize was elaborated by PDQuest®

SOTEWATE. ..ot e e e e e ettt eeae e e e e e e e e aaeeeeeeeeaaanaaaeaeeaeenaaes

Diagram of impacts of H>O> priming on the physiology, biochemistry, and
proteomic profile of leaves from maize plants under salinity based on

comparisons Cx Sand S X HS......ccoooiiiiiiie e

49

61

62

63

64

66



Tabela 1 —

Tabela 2 —

Tabela 3 —

Tabela 4 —

Tabela 5 —

Tabela 6 —

LISTA DE TABELAS

Chlorophyll a fluorescence parameters and photosynthetic pigments in leaves
of maize cv. BR 5011 water-pretreated or H>O»x-pretreated under non-salt
conditions and water-pretreated or H>O»-pretreated under salt stress conditions

TOT EWEIVE AYS. .. tieeiiieiie ettt ettt et ee et e s e eseesaraens

Metabolites identified and retention time reached in leaves of maize plants cv.

BR 5011 BY GC-MS...o.oocoeeeeeeeeeeeeeeeeeeeeeeeseeeeeeessessseeeeessessseessessessseseeesseseeeeee

Relative intensity values of metabolites in leaves of maize plants cv. 5011 under
no-salinity and no-pretreated, H>O»-pretreated, 80 mM NaCl and no-pretreated,
and H>Oo-pretreated under salinity (H2O> + NaCl) conditions for twelve

Accumulation of Na" and K" ions, and Na™/K™ ratio in the maize leaves no-
pretreated and H>O»-pretreated under no-saline conditions, and no-pretreated

and H,Os-pretreated under saline conditions for twelve days......................

Additional information on differentially regulated proteins identified by 2-D

gels and mass spectrometry ESI-Q-TOF in maize leaves.........ccccceocerverereenne.

Identification and regulation level of proteomic profile in maize leaves no-
pretreated and pretreated with H»O, under no-saline conditions, and no-
pretreated and pretreated with H>O> under saline conditions for twelve days.
Numbers highlighted in blue bars indicate higher protein abundance, and
numbers highlighted in red bars denote lower protein abundance between

comparisons in response to HxO: priming or salinity (80 mM

39

44

44

63

67



2.1
2.2
2.3
24
2.5

4.1
4.2

6.1

6.2

6.2.1
6.2.2
6.2.3
6.2.4
6.2.5
6.2.6
6.2.7
6.2.8
6.2.9
6.3

6.3.1
6.3.2

SUMARIO

INTRODUCAO . ...couiminninsisscascissssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 18
FUNDAMENTACAQO TEORICA......cucueererrerreereesessessessssessessessessessessesssssessssssesses 19
Salinidade na maquinaria fotosSintética.......cccoveeerrricsrnicssnnicssanessnressaresssascsssanes 19
Aclimatagio de plantas & eStreSSeS....eiicnneerccssssnnrrecsssnsresssssssecssssssssssssssssssssssssess 21
Papel do H20:2 na aclimatacio ao estresse salino . 23
Proteomica e metabolomica de plantas sob estresse salino.........cceceeevueeeeecercnnens 25
A cultura do mMilho......eeenniiniiiiinieiniinineenineeeeeesaessasesaessessae 27
HIPOTESES.....coutuuriumecunnecnmesmssessssessssesssssssssssssssssssssssessssssssssssssssssssssssssssesssssssasess 28
OBUJIETIVOS..iiiiiiiintinninnninsninssisssissssssssssssssssssssssssssssssssssssssssssssssssssssssesssssns 28
ODbjJetivos ZeraiS......cuneecseessrensaenssnnssannssresssesssnsssansssnesssecssnes 28
ODbjetivos eSPeCIfiCOS....ucicrveriirsrisssurcsssnicsssnncssnnsssanisssssessssssssssssssssssssssssssssssssssssssnns 29
ESTRATEGIA EXPERIMENTAL...oucouiumiuneemncsmssessessssssssssssssssssssssssssssessssess 29

H20: PRIMING ADJUSTS KEY METABOLITES PROTECTING
CHLOROPLASTS ULTRASTRUCTURE OF MAIZE LEAVES UNDER

SALINITY o ettt ittt ittt tet st sesuttecsatensesssssonssns 30
INtrOdUCTION....uueiiiiiiiiricttcceneniteecseeesstnecssseecsssseesssesssssnsssssnessssesssssssssssssssssssnes 31
Material and Methods .......ccoeiiinviiiiiiiiiiiinisiinisninsnncssnicssnicssssecssssessssesssssssnns 33
Plant material and experimental CONAItIONS..........cccevviueiiieiiiniiiiniesinreineenns 33
Gas exchange and chlorophyll a fluorescence.............cueeveieviiieiiireiinnnnnnnns 33
Measurement of 0SMOIC POLENTIAL. .........ccuveineeiniiiieiiiaieineiieeresnssssssonnsns 34
Photosynthetic pigments CONIENIS........ceevverieeiiunneerarieeereriaciessscsascsscnans 34
ROS CONTERNLS . ..uvcnneiineiiiniiiiiiiniiiiniiintiiieiiiaeiisteistetsstssstossssssscnsssssens 34
Phosphoenolpyruvate carboxylase activity...........ccceeveiieiiieiiieiiieiiinnennnnns 35
Chloroplast UltFrASIFUCIUTE......cc.evveiiineiieiiiniiineiiiesesnsssssssnssssssssssssnnses 36
Metabolomic analySis.........oeevveiiieiiieiiiiiiieiiinieisetsmesssssssssssssssssonns 36
Experimental design and statistical analysis............ecveveviiieiiiiiiieiiinnennns 37
RESUILS ccueiiiiiiniiiiiiintiieciinnticniinttecsisnnteicsssssseessssssensssssssnesssssssesssssssanssssssssssssssssssesses 38
Gas exchange and Chlorophyll parameters.............cceevvveviieiiiniiineiinnnnnnns 38

Osmotic potential and reactive 0Xygen SPECIeS......coeevverviareireisesrnssosssssmenss 39



6.3.3
6.3.4
6.3.5
6.4

6.4.1

6.4.2

7.1

7.2

7.2.1
7.2.2
7.2.3
7.2.4
7.2.5
7.2.6
7.3

7.3.1
7.3.2
7.3.3
7.4

7.4.1
7.4.2

7.4.3
7.5

PEPcase activity and chloroplast ultrastructure.................. gessessensscstnnsesnns 41
PCA of physiological and biochemical data................ccoevvuveieeiiiiiiieennnnns 42
Metabolomic profilifng.........ceeveeeeiiiniiiniiiieiiiiiisetssonissssossssssssssssssssssenns 43
DISCUSSION..cuciiuiiitiistnniseiisanisncsstecssenssseessnssssesssesssseessnssssesssessssssssassssssssessssssssasssassss 49

H0; priming protects chloroplast ultrastructure and enhances photosynthetic
machinery efficiency of maize leaves under Salt Stress.........coeevveveveiiieieiennns 49

Metabolomic profiling of H20:-primed maize leaves reveals metabolites related

to relief harmful effects Of SAlt-SIresS....cceeveeuiiiiriiiniiiiiiieiiiineeinreiesonnnes 51
CONCIUSION. . cciinnerictiiciiicnteecsttecineecsntecsatessssnessssesssssecssssesssssesssssssssssessssssssssesssnaes 53
PROTEOMIC ANALYSIS OF H20:-INDUCED DEFENSE RESPONSES IN

MAIZE AGAINST SALT STRESS..uuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieieeeenes 54
INtrOdUCTION....ucceeeenteitiintiiiintictenneecteseessesssessessssesssessssssssessssesssessssssssesssasans 55
Material and Methods ........coeeeiiiiiniiiiiiiicnsnicnsiennsninsssnecsssescsssssesssesssssesssssnessnes 56
Plant growth and experimental cCONditionsS............cccceveviieiiieiiiniiinniinnnnnn. 56
L L 57
Relative Water CONIENT.........cceeviieiiiieiiieiiiuiiiiaiiiieiiiatiieeiissieisrnsscsnssones 57
Determination of Nat and K ..........cccvevvevuiiiiiieininiieniiiiesisesecnssssssmmenns 57
Proteomic RalySis........ooeeeuveieeiiiniiineiiieiiiieiieeioinsssssisssssssssssssssnssssssnns 58
Statistical ANALYSIS...c.eeueeineiieeineiieiieiiieiiiiiieiieriieiieiieeiieiiaeiatesscsasensonens 60
RESULES.ccuueiiiniiiiiiiiiiniiniiiinsticssencnsnntcsssnicsssnessssssesssssesssnsssssssssssessssssssssnssssssssssssses 61
Growth QRALYSIS.....ovueineiieiiniiieiieiiiiiieiieiieiietieiieeiatieciesisccssssscsnccnnes 61
Leaf Na* and K* contents and RWC...........cccciveiieiniieiienaiiesiesnssassnssssenn 62
Proteomic analysiS......co.eveeiieiieriniiieiieiieiieiieriiecieriacisesisciaccscsasesscnnn 62
DISCUSSION...uciitiiitiitiiiiinneisicsticsteistecssesssesssessssesssessssesssnssssssssessssssssessssssssasssasssss 77
Responsive proteins to H2O02 PYiMINgG.......cocevveeieeineriniineinnmnniecieiisciacennes 78

Salt stress restraints diverse proteins related to carbon and energy metabolism

AN FedOX ROMEOSTASIS...o.uvueueneneiiiiineiiiiiiiiieieeeteteteeeeasasesncnsasasnsasnseses 79
H;0; priming regulates crucial proteins and reduces the damage of salt stress...... 81
CONCIUSION. cceeeneiiintiiiieeeninnecsineecsneecssnnecssanessssnesssssssssseessssesssssesssssssssssessssasssssasessans 83
CONSIDERACOES FINAIS.....ccctttiiiiiiiiiiiiiiiiiiiiii. 83

REFERENCIAS. .. evnttteetetteterneeesesnssnssnsssenssnssnssnssnsnssnssnssnssnssnnes 85



18

1 INTRODUCAO

A salinidade ¢ um dos principais estresses abioticos que restringem a produtividade das
culturas em todo o mundo, afetando quase todas as caracteristicas fisiologicas, morfologicas,
bioquimicas e moleculares das plantas (SEKHON et al., 2016; ISAYENKOV et al., 2019). Esse
problema tem sido agravado pela utilizagdo de certas praticas agricolas, particularmente em
regiodes aridas e semiaridas, onde os solos marginais sao incorporados na agricultura em paralelo
ao uso de adgua de irrigagao de baixa qualidade e a um manejo inadequado do solo (MEDEIROS
etal., 2016).

A salinidade afeta o crescimento e o desenvolvimento vegetal por alterar a homeostase
osmodtica e/ou idnica das plantas. A redugdo do potencial hidrico do solo promove diminui¢ao
da disponibilidade de 4gua para a planta e, consequentemente, a pressao de turgor das células ¢
reduzida, afetando diretamente os processos de divisao e expansao celulares. Por outro lado, o
acumulo de ions téxicos prejudica as relagdes minerais das plantas, e isso eventualmente gera
desequilibrios e disturbios nutricionais (LIANG et al., 2018). Juntos, esses efeitos adversos
observados em muitas plantas sdo frequentemente associados a redugdes na taxa fotossintética,
que impacta negativamente a difusdo do didxido de carbono (CO2) através do complexo
estomatico, além de causar danos a estrutura dos cloroplastos e as enzimas envolvidas na
assimila¢do de CO2 (HUANG et al., 2014; SINGH et al., 2017). O estresse salino também
provoca um desequilibrio no estado redox das células, gerando estresse oxidativo através da
producdo excessiva de espécies reativas de oxigénio (EROs), tais como o peroxido de
hidrogénio (H202) e os radicais superoxido (*Oz") e hidroxil (HO-) (DAS; ROYCHOUDHURY,
2014; ANJUM et al., 2015).

A aclimatagdo ao estresse salino ou a quaisquer condi¢des adversas ¢ essencial para a
sobrevivéncia, o crescimento e a reproducdo das plantas. Nos Gltimos anos, a pré-exposi¢ao ou
pré-tratamento (priming) de plantas a estresses moderados ou moléculas sinalizadoras vem
sendo associado as respostas de defesa, podendo aumentar a aclimatagdo de plantas a estresses
abioticos (FORMAN et al., 2010; WANG et al., 2014). Essa técnica ¢ conhecida como
tolerancia cruzada e permite o acumulo de proteinas de sinalizag@o ou fatores de transcri¢do de
forma inativa, que sao modulados apds exposicao a um estresse severo, resultando em um
mecanismo de defesa mais eficiente (BRUCE et al., 2007, KOLLIST et al., 2019). O pré-

tratamento com H>O> a fim de induzir respostas de defesa a estresses abidticos tem sido
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proposto devido a importancia dessa molécula em muitos processos fisiologicos, tais como
fotossintese e modulacdo de vias de resposta ao estresse (NIU; LIAO, 2016). Vérios estudos
tém demostrado que a aplicacao de H>O> contribui para manter os teores de EROs baixos, além
de aumentar a atividade de enzimas antioxidantes, através da mudanga na transcri¢ao de genes,
induzindo assim a aclimatagdo de plantas ao estresse salino (GONDIM et al., 2013;
ASHFAQUE et al.; 2014; SATHIYARAIJ et al., 2014).

Nos ultimos anos, analises protedmicas € metabolomicas, além de estudos da eficiéncia
fotossintética, tém contribuido com o fornecimento de novas percepgdes acerca da tolerancia a
salinidade, revelando proteinas e metabolitos cruciais na aclimatag¢do das plantas ao estresse
salino (SINGH et al., 2017; WANG et al., 2019; ZHANG et al., 2019).

Tendo em vista que estudar os mecanismos que contribuem para a tolerancia a
salinidade ¢ de grande importancia, especialmente através da caracterizagdo conjunta de
aspectos fisioldgicos, bioquimicos, estruturais e moleculares envolvidos no processo de
aclimata¢ao a salinidade, e dado o efeito benéfico da aplicagao de H>O» nas plantas, o presente
trabalho visou avaliar o papel do pré-tratamento com H>O> na maquinaria fotossintética, bem
como na modulagdo de proteinas e metabolitos associados com as vias de protegdao contra o
estresse salino, esclarecendo respostas envolvidas na aclimatagdao de plantas de milho a esse

estresse.

2 FUNDAMENTACAO TEORICA

2.1 Salinidade na maquinaria fotossintética

Dentre os processos fisiologicos mais afetados pelo estresse salino, destaca-se a
fotossintese, responsavel por fixar o CO: e sintetizar compostos organicos, utilizando agua e
energia solar. E o processo fisioldgico mais importante relacionado com a produtividade das
culturas e ¢ extremamente sensivel ao estresse salino (NAJAFPOUR; PASHAEI, 2012). Os
efeitos da salinidade sobre a fotossintese, em paralelo a redugao do crescimento foliar (MUNNS
et al. 2006; NEBAUER, 2013), podem ser associados diretamente a alteracdes no aparato
fotossintético, como a redu¢do do contetido de pigmentos fotossintéticos e do transporte de
elétrons nos cloroplastos, causando, consequentemente, decréscimos na eficiéncia do

fotossistema II (PSII) (CHAVES et al., 2011; YAN et al., 2012; HUANG et al., 2014).
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Durante o estresse salino, as mudangas nas relagdes hidricas associadas com o acimulo
de ions no interior dos tecidos fotossintéticos t€ém implicagdes considerdveis na atividade
fotossintética de muitas culturas. Na maioria das plantas, o excesso de sais no ambiente
radicular provoca um rapido fechamento dos estdomatos, prejudicando a assimilagao de COo.
Esse efeito provoca um desequilibrio entre a absorc¢ao de luz e a utilizacdo de energia, gerando
fortes perturbacdes em praticamente todos as etapas da fotossintese (CHAVES; FLEXAS,
2009). As respostas estomaticas induzidas pelo efeito osmdtico no ambiente radicular sdo
decorrentes do desequilibrio hidrico que ocorre durante o estresse salino. Essas respostas sao
provavelmente reguladas por sinais da raiz, através principalmente do hormoénio acido abscisico
(ABA), que ¢ acumulado nessas condi¢des adversas (JANICKA-RUSSAK; KLOBUS, 2007,
ZORB et al., 2013). Além de afetar a condutincia estomdtica, o efeito osmético da salinidade
leva a reducdo da area foliar, prejudicando a produgdo de fotoassimilados e afetando o
rendimento das plantas (AHMAD et al., 2013).

Além dos efeitos de natureza estomatica, a salinidade também implica limitagdes
bioquimicas a maquinaria fotossintética, provocadas pelo efeito i6nico do estresse salino, dentre
as quais estdo a redug@o do contetido total de clorofilas, devido a uma biossintese prejudicada
ou a degradacdo acelerada dos pigmentos. Adicionalmente os carotenoides, que desempenham
um papel importante na fotoprotecdo do aparato fotossintético e funcionam como precursores
na sinalizagdo durante o desenvolvimento das plantas sob estresse, também podem ser afetados
(GOMATHI; RAKKIYAPAN, 2011; ASHRAF; HARRIS, 2013).

O potencial metabolico da fotossintese ¢ também influenciado pela atividade das
enzimas envolvidas na fixacdo do CO; e na regeneracdo da ribulose-1,5-bifosfato (RuBP)
(REDONDO-GOMEZ et al., 2007; HE et al., 2014), especialmente a ribulose-1,5-bisfosfato
carboxilase/oxigenase (Rubisco) e a fosfoenolpiruvato carboxilase (PEPCase). Sob salinidade,
a reducao na sintese e na atividade de tais enzimas t€m sido considerada uma das limitagdes
bioquimicas da fotossintese mais importantes, o que interfere consideravelmente na sintese de
carboidratos (ABDEL-LATIF, 2008; LU et al. 2009; YAMANE et al., 2012; ASHRAF;
HARRIS, 2013; HE ef al., 2014). Além disso, mudancas na ultraestrutura dos cloroplastos,
principalmente pela desorganizagdo das membranas dos tilacoides, também estdo
correlacionadas com a menor eficiéncia e a degradacdo de enzimas envolvidas na fixacao de

carbono, como a Rubisco (KRUPINSKA, 2006).
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Outra consequéncia do excesso de sais nas plantas € a limitacao no transporte de elétrons
nos cloroplastos, causando decréscimos na eficiéncia fotoquimica do PSII (SALEEM et al.,
2011; MIRANDA et al., 2013). Dessa forma, a producgdo e o acumulo excessivo de EROs torna-
se um dos principais efetores dessa ineficiéncia. A produg¢ao de EROs ¢ um evento bioquimico
normal do metabolismo celular, que ocorre em varios locais na célula vegetal, principalmente
nos cloroplastos, nas mitocondrias € nos peroxissomos, a partir da redu¢do monovalente do
oxigénio molecular (O2). As EROs mais comumente encontradas sdo o H>O e os radicais *O»”
e HO* (AZEVEDO-NETO et al., 2005; YAMANE et al., 2012). No entanto, quando as plantas
sdo submetidas a estresses ambientais, a produ¢do de EROs geralmente aumenta, levando a um
desequilibrio redox e a estresse oxidativo, que afetam as fun¢des normais da célula. Nessa
condicdo, pode haver danos a proteinas, DNA e lipidios, culminando eventualmente em uma
disfungdo metabodlica permanente e até na morte da planta (GILL; TUTEJA, 2010; DAS;
ROYCHOUDHURY, 2014; ANJUM et al., 2015).

As redugdes na eficiéncia fotoquimica podem ser decorrentes de danos a integridade
dos tilacoides nos cloroplastos, gerando excesso de energia nos tecidos fotossintéticos, o qual,
se ndo for seguramente dissipado, causa danos extremos ao metabolismo celular vegetal
(YAMANE et al., 2003; ARAGAO et al., 2012; SANTOS et al., 2013). Excessos de energia
podem ser dissipados como fluorescéncia ou na forma de calor, ou ainda ser transferidos para
0 O; em vez de para 0 NADP*, gerando acimulo de EROs, que podem levar a fotoinibi¢do
(KRIEGER-LISZKAY et al., 2008; YU et al., 2014). Dessa forma, os mecanismos de
dissipagdo de energia constituem um importante indicativo da eficiéncia do aparato
fotossintético em diversas culturas. Dentre eles, pode-se citar o ciclo das xantofilas, ou
dissipacdo térmica, que desempenha um papel significante na captacao de luz e na minimizagao
do excesso de energia das plantas (MISRA et al. 2006; SILVA et al., 2010; WILHELM,;
SELMAR, 2011; KUCZYNSKA et al. 2012). Nesse processo, o excesso de energia durante o
transporte de elétrons aumenta a acidificacao do limen dos tilacoides e proporciona uma rapida
conversao da violaxantina em zeaxantina, através do intermediario anteraxantina, pela agao da
violaxantina de-epoxidase. Adicionalmente, ocorre a protonagdo de proteinas associadas com
os complexos coletores de luz do PSII (LHCII). Essas mudangas produzem alteragdes
conformacionais em LCHII e, assim, aumentam a dissipacao térmica, para minimizar a pressao

de excitacdo no PSII (BAKER, 2008; ROACH et al.; 2012; YU et al., 2014).
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Diversos pesquisadores tém empregado a mensuragdo da fluorescéncia da clorofila a
como forma de investigar a eficiéncia da fotossintese de plantas sob condi¢des de estresse. Essa
técnica tem sido difundida principalmente por ser um método nao destrutivo € que permite
analisar qualitativa e quantitativamente a absorcao ¢ o aproveitamento da energia luminosa
através do PSII, bem como suas possiveis relagdes com a capacidade fotossintética. Dessa
maneira, mensuracdes simultaneas de fluorescéncia da clorofila a e de trocas gasosas permitem
um melhor entendimento dos efeitos da salinidade sobre o aparato fotossintético e t€ém sido
bastante uteis na sele¢do de plantas mais tolerantes a condi¢des ambientais adversas (BAKER

etal.,2008; RAZAVI et al., 2008; LIMA NETO et al., 2014).

2.2 Aclimatacio de plantas a estresses

De modo geral, a salinidade promove alteragcdes nas condi¢des 6timas de crescimento,
perturbando o funcionamento fisioldgico e bioquimico e o componente estrutural das plantas,
0 que limita seu crescimento e seu desenvolvimento e pode até levar a morte delas. Para
sobreviver em condi¢des de estresse, as plantas dependem da sua capacidade de se aclimatar a
tais condi¢des adversas. A aclimatagdo ¢ um processo que envolve mudangas temporarias no
metabolismo da planta (fisiologicas, bioquimicas e morfologicas), permitindo que um individuo
adquira maior tolerdncia ao estresse, em comparagdo aqueles que ndo se encontram
aclimatados. Esse processo ndo esta associado a alteragdes no genoma vegetal, mas sim a uma
plasticidade fenotipica, ndo sendo, portanto, transmitida para as geragdes futuras (PRISCO;
GOMES-FILHO, 2010; SOUZA; LUTTGE, 2015).

Quando as plantas sdo submetidas a condigdes ambientais adversas, a percepcao do
estresse € a subsequente aclimatacao dessas plantas a tais condi¢des, como a salinidade, seguem
vias complexas de transducdo de sinal e envolvem um grande niimero de componentes
moleculares (GOLLDACK et al., 2014). O estresse ¢ percebido extracelularmente pelos
receptores da membrana plasmatica e, em seguida, ¢ ativada uma cascata de sinalizacdo, que
inclui a geragdo de moléculas secundarias sinalizadoras no meio intracelular. Essa cascata
resulta na expressdo de multiplos genes de resposta ao estresse, que levam a mudancas
profundas na composicao do conjunto de proteinas, proporcionando, assim, a aclimatacao das
plantas, pela sobrevivéncia e pela superagio em condi¢des desfavoraveis (KOSOVA et al.,

2011; HUANG et al., 2012).
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Nos ultimos anos, parte dos estudos sobre estresse salino estd voltada para a
intensificacdo da aclimatacao das plantas a estresses abidticos. Embora seja possivel construir
plantas transgénicas tolerantes a salinidade, isso nao vem sendo utilizado em larga escala
(MUNNS, 2005; COMINELLI et al., 2013). A complexidade dos mecanismos de tolerancia,
que por vezes ¢ uma caracteristica multigénica, e a diversidade das respostas das plantas aos
estresses tém contribuido para esse insucesso (ASHRAF et al., 2008). Nas condi¢des de campo,
as plantas estdo submetidas frequentemente a estresses multiplos, os quais variam em
intensidade e duragao, afetando diferencialmente o crescimento, que dependera ainda do estagio
de desenvolvimento em que elas se encontram (COMINELLI et al., 2013).

Quando a aclimatacdo a um determinado estresse ¢ intensificada pela exposi¢do a um
estresse anterior (de mesmo tipo ou diferente), tém-se a tolerancia cruzada. O emprego de
moléculas sinalizadoras para induzir a aclimatagao a estresses abioticos pela tolerancia cruzada
tem se tornado uma importante estratégia para aumentar a capacidade de as plantas crescerem
em condi¢des ambientais adversas (NAHAR et al., 2014; TENG et al., 2014; WANG et al.,
2014). E nesse contexto que a tolerancia cruzada torna-se importante, principalmente para a
agricultura, pois, através desse processo, as plantas podem ser selecionadas por apresentarem
maior tolerancia a um tipo de estresse (AZEVEDO-NETO et al., 2008). A pré-exposicao das
plantas a um fator estressante ou sinalizador antecedente, parece ser integrada com diferentes
redes de sinalizagdo em plantas, tais como, rede de proteinas quinases e sinaliza¢do do Ca*?,
que sdo componentes fundamentais para o inicio da transducdo do sinal, pois permitem que o
estimulo extracelular seja traduzido a uma mudanga intracelular (WEI ef al., 2014; ZHOU et
al., 2014). Além disso, a modulagdo da expressdo génica e o metabolismo das proteinas e
metabolitos estdo associados com importantes vias nas respostas ao estresse abiotico. Juntos,
esses fatores podem desencadear a "memoria de estresse" das culturas, permitindo que as
plantas estejam melhor preparadas para responder a estresses posteriores (BRUCE et al., 2007,

BALMER et al., 2015; MARTINEZ-MEDINA et al., 2016).

2.3 Papel do H202 na aclimatagio ao estresse salino

Uma das técnicas utilizadas para intensificar a aclimatagdo a estresses abidticos € a
aplicacdo de compostos organicos, inorganicos ou reguladores do crescimento no meio de
cultivo das plantas, sendo as raizes, nesse caso, o 0rgao que entra em contato direto com a

substancia, ou por aspersdo desses compostos nas folhas (ASHRAF et al., 2008). Essas



24

substancias, dependendo da sua concentragao, ora atuam como indutores de estresse, ora como
moléculas sinalizadoras; o0 H2O2 e 0 6xido nitrico (NO) sdo exemplos dessas moléculas (KHAN
et al.,2012; FILIPPOU et al., 2013). Tém-se utilizado ainda o pré-tratamento com poliaminas
(DUAN et al., 2008), acido abscisico (ABA) (LI et al., 2010), glicose (HU et al., 2012) e
oligoquitosana (MA et al., 2012), dentre outras substancias, como meio para atenuar os efeitos
deletérios do estresse salino. Em todos esses casos, as plantas podem ser mantidas na presenca
dessas substancias exdgenas durante todo o desenvolvimento delas, ou apenas em um periodo
que antecede a exposicdo ao estresse (pré-tratamento), e se os efeitos nocivos do estresse
puderem ser atenuados nos estadios iniciais do desenvolvimento, as chances de a planta
estabelecer-se com sucesso sdo consideravelmente aumentadas (ASHRAF; FOOLAD, 2005).

As evidéncias de que essa abordagem condiciona as plantas a responderem mais rapida
e eficientemente a estresses sdo cada vez mais notdrias. Dentre os varios estudos que ja foram
realizados, destaca-se o uso do pré-tratamento com H>O,, a fim de aumentar a tolerancia a
salinidade (AZEVEDO NETO et al., 2005; GONDIM et al., 2013). O H20; ¢ um componente
vital para o desenvolvimento, o metabolismo e a homeostase de diferentes organismos, e nas
ultimas décadas, tem recebido um interesse consideravel entre as EROs (BIENERT etz al., 2006;
HOSSAIN et al., 2015). O H202 ¢ uma das EROs mais estaveis, e nas plantas estd envolvido
em processos tais como alongamento celular, diferenciagdo e morfogénese, bem como na defesa
e nas respostas de aclimatacdo a varios estresses ambientais (TSUKAGOSHI et al., 2010;
BHATTACHARIJEE, 2012). Resultando da reducdo de dois elétrons a partir do Oz, o H2O2 ndo
¢ um radical livre, ndo apresenta carga (HALLIWEL, 2006) e possui a meia-vida celular mais
longa dentre as EROs (1 ms). Além disso, por possuir um pequeno tamanho, o H>O» pode atuar
como molécula sinalizadora, pois atravessa membranas celulares e percorre diferentes
compartimentos celulares (BIENERT et al., 2006; MARUTA ef al., 2012; NOCTOR et al.,
2014).

Embora o H>O» seja considerado subproduto do metabolismo celular e, quando se
encontra em concentragdes mais elevadas, esteja associado com toxicidade e danos oxidativos,
ele ¢ empregado pelas plantas, em baixas concentra¢des, como iniciador da sinalizagdo em
diferentes processos celulares, tornando-o uma molécula versatil. Portanto, é necessario que as
células possuam processos de regulacdo das concentragdes de H>O», mantendo assim em
equilibrio a producao e a eliminacao dessa espécie reativa de oxigénio (GECHEV; HILLE,

2005; BHATTACHARIEE, 2012).
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Alguns estudos com plantas tém demonstrado que o pré-tratamento com concentragdes
apropriadas de H202 pode conferir tolerancia a estresses ambientais, através da modulacdo de
varios processos fisiologicos, tais como a fotossintese, ¢ de multiplas vias de resposta ao
estresse, como as vias de remog¢ao das EROs (WANG et al., 2010; GONDIM et al., 2013; LIU
et al., 2014). Fedina et al. (2009) observaram que plantulas de Hordeum vulgare pré-tratadas
com H>O: apresentaram altas taxas de fixacdo de CO> e baixos teores de malondialdeido
(MDA) e de H>0., quando submetidas por 4 ¢ 7 dias a NaCl a 150 mM, em comparagdo com
as plantas submetidas somente ao estresse salino. De modo similar, Li et al. (2011) relataram
que a aplicacao de H>O» reduziu a peroxidacdo de lipidios e aumentou os teores de glutationa
(GSH) e a atividade das enzimas peroxidase do ascorbato (APX), catalase (CAT), dismutase
do superoxido (SOD) e peroxidase (POD) em plantas de trigo sob estresse salino.

As evidéncias de que o metabolismo do H»O: pode ser importante para induzir
aclimatacdo a salinidade sdo cada vez mais concretas. Gondim et al. (2013), em estudos com
aplica¢dao de H>0O> em plantas de milho (Zea mays L.) sob salinidade, observaram que as taxas
de fotossintese liquida, transpiracdo, condutincia estomatica e concentragao interna de CO>
foram reduzidas em plantas sob salinidade, porém, quando essas plantas foram pré-tratadas com
H>02, o impacto negativo da salinidade foi atenuado. Além disso, nesse mesmo estudo, as
plantas pulverizadas com H>O: tiveram os teores relativos de agua e de clorofila mais elevados,
e baixo acumulo de H>O» foliar, o que se correlacionou positivamente com a melhora nas trocas
gasosas, em comparagdo com plantas ndo pré-tratadas submetidas a condi¢des salinas,
permitindo maior eficiéncia fotossintética e melhoria no crescimento das plantas de milho sob
salinidade.

Recentemente, Ashfaque et al. (2014) conduziram um experimento para estudar o papel
do H20» na mitigagdo dos efeitos do estresse salino em plantas de trigo (Triticum aestivum L.).
Nesse estudo, os autores observaram que o pré-tratamento das plantas com H>O: influenciou
positivamente o crescimento sob condi¢des salinas, reduzindo o actimulo de Na™ e Cl ¢
aumentando os teores de prolina e a assimilagdo de nitrogénio. J4 em plantulas de Panax
ginseng, Sathiyaraj et al. (2014) demostraram que o pré-tratamento com H>O aumentou as
atividades das enzimas APX, CAT e peroxidase da glutationa (GPX) e decresceu o acumulo de
MDA, H>0; e O, elevando consideravelmente a tolerancia das plantas ao estresse salino.

Todas essas evidéncias demostram que o pré-tratamento com H>O> ¢ uma estratégia

promissora para atenuar os efeitos deletérios do estresse salino, pois além de ativar efetivamente
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mecanismos antioxidantes, proporciona também respostas fotossintéticas relevantes e um
melhor crescimento e desenvolvimento sob salinidade. Contudo, embora o H>O: seja
reconhecidamente um agente indutor de tolerancia cruzada, pouco se sabe sobre como o pré-
tratamento com H>O; afeta a eficiéncia da maquinaria fotossintética e aumenta a assimilagdo

de CO2 nas plantas.

2.4 Proteomica e metabolomica de plantas sob estresse salino

Durante os ultimos anos, a protedmica ¢ a metabolomica vegetais tornaram-se
importantes ferramentas no estudo das complexas interagdes moleculares envolvidas nas
respostas a estresses abidticos, incluindo o estresse salino (LLANES et al., 2018; FRUKH et
al., 2019). Durante a aclimatacdo das plantas a estresses, a expressdo de genes ¢ alterada e o
transcriptoma, o proteoma e o metaboloma das plantas sao modificados. Na maioria dos casos,
alteracdes na transcricdo génica nem sempre sdo acompanhadas por mudangas no proteoma
(KOSOVA et al., 2011), portanto estudar as alteragdes no proteoma durante a aclimatagdo é de
grande relevancia, uma vez que as proteinas sao os efetores diretos das respostas das plantas a
estresses.

A andlise sistematica global de proteinas expressas, denominada coletivamente de
proteoma, tornou-se um dos enfoques mais promissores para se compreender a fun¢do e a
regulacdo dos genes responsaveis pelos mecanismos de tolerdncia das plantas a estresses
ambientais. Assim, a protedmica permite avaliar simultaneamente o perfil de muitas proteinas
e, em paralelo, a identificacdo de alteracdes pds-traducionais induzidas por estresses, inclusive
a salinidade (SOBHANIAN et al., 2011; KOSOVA et al., 2018). Com isso, as proteinas
diretamente envolvidas nas respostas ao estresse podem contribuir significativamente para
desvendar as possiveis relagdes entre a abundancia de proteinas e a aclimatagdo das plantas a
estresses.

Em estudos com estresse salino, a maioria das pesquisas comparam o proteoma isolado
de plantas ndo estressadas (controle) com as de plantas submetidas a condi¢des de estresse.
Outra abordagem inclui a comparagdo do proteoma de dois diferentes genotipos ou espécies de
plantas com tolerancia diferencial a um dado estresse (HAKEEM et al.,2012; MA et al.,2014).
Pesquisas destinadas a comparacao de diversos proteomas sao na maior parte dominadas pela
separacao das proteinas por eletroforese bidimensional, seguida pela identificagdo delas por

espectrometria de massas (CARUSO et al., 2008; AGRAWAL et al., 2013).
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Viérios pesquisadores t€ém empregado uma abordagem protedmica no estudo de
diferentes cultivares e espécies de plantas sob condigdes de salinidade. Como resultado, tem
sido observado que as proteinas alteradas e identificadas pertenciam a importantes processos
fisiologicos, tais como o metabolismo do carbono, incluindo proteinas que participam na
fixacdo do carbono pelo ciclo de Calvin-Benson e as associadas com reacdes fotossintéticas
primarias, especialmente as que compdem a cadeia transportadora de elétrons e o metabolismo
dos carboidratos. Além disso, a sintese de proteinas com fungdes de protecao e as relacionadas
com os mecanismos antioxidantes, conhecidas como eliminadoras de EROs, também sofreram
altera¢des com a salinidade (ABREU et al., 2014; MOSTEK et al.,2015; ZHANG et al., 2019).

Apesar da ampla utilizagdo da protedmica como uma ferramenta capaz de fornecer
novas percepcoes ¢ esclarecer os efeitos da salinidade na gama de proteinas relacionadas a
processos fisioldgicos essenciais, tais como a fotossintese, os estudos atuais revelam que a
contribuicdo dela para elucidar o papel fisiologico dessas proteinas na tolerancia das plantas ao
estresse salino tem sido limitada, visto que os estudos protedmicos revelam apenas a quantidade
e a funcdo dos peptideos/proteinas, mas ndo discriminam a atividade da proteina, e esse ¢ um
fator importante para a interpretacdo em termos de fisiologia vegetal. No entanto, as limitagdes
da protedmica podem ser atenuadas com auxilio de ferramentas de bioinformatica e de técnicas
particulares de protedmica, tais como protedmica redox e fosfoprotedmica, além da integracao
com outras ferramentas, como transcriptomica e atividades enzimaticas (STROHE et al., 2006;
LV et al., 2014; SILVEIRA et al., 2016).

A metabolomica pode ser definida como o estudo do “metaboloma”, o conjunto de
metabolitos presentes em uma célula ou tecido vegetal sob determinadas condigdes. Associada
a técnicas cromatograficas, como cromatografia liquida-espectrometria de massas (LC-MS) ou
cromatografia gasosa-espectrometria de massas (GC-MS), essa ferramenta faz uma abordagem
poderosa para alcangar conhecimento integrado sobre as redes metabdlicas que regulam as
respostas a estresses (LLANES et al., 2018). Nas plantas, os estudos metabolomicos visam a
identificar e quantificar metabdlitos primarios e secundarios envolvidos em varios processos
bioldgicos. Os metabolitos primdrios sdo altamente conservados em sua estrutura e abundancia
e sdo fundamentais para o crescimento e desenvolvimento das plantas, enquanto os metabolitos
secundarios ajudam as plantas a se comunicarem com o meio ambiente e diferem amplamente

entre as espécies vegetais (SCOSSA et al., 2016; SINGH et al., 2017).
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Em resposta a salinidade, ocorrem alteragdes no metabolismo das plantas, que ¢
modulado a fim de manter a homeostase celular e garantir a sobrevivéncia, mesmo nessas
condig¢des adversas (HAMANISHI ez al., 2015). Estudos tém sido empregados para identificar
metabolitos envolvidos no restabelecimento da homeostase, bem como para detectar grupos de
compostos envolvidos na tolerancia ao estresse salino (RICHTER et al. 2015; WANG et al.
2019). Compostos tais como aminodcidos, carboidratos e 4acidos organicos sdo os que
geralmente t€m seus teores alterados pela salinidade. Analisando o perfil metabolico de Lolium
perenne em resposta ao estresse salino, determinado por GC-MS, foi observado que muitos
metabolitos envolvidos no metabolismo dos carboidratos aumentaram acentuadamente em
plantas sob estresse (HU et al., 2016). Nesse estudo, a sacarose representou 42,2% do total de
carboidratos, o que se correlacionou com fungdes cruciais que essa molécula possui, tais como
sinalizadora na regulagdo fonte-dreno, além de atuar na estrutura e metabolismo das plantas.

Estudos metabolomicos também ressaltam a modulagdo de fitohormdnios e compostos
antioxidantes em plantas submetidas ao estresse salino. Esses metabolitos ajudam na reducao
da concentragdo de Na* e melhoram o ajuste osmotico, além de estabilizar membranas de
cloroplastos e reduzir a formag¢do de EROs (WANG et al., 2015; BENDALY et al., 2016).
Portanto, os estudos do metaboloma e proteoma de plantas submetidas a salinidade, seguido de
identificacdo, quantificacdo e fun¢do das proteinas e metabdlitos mais relevantes, contribuem
significantemente para o entendimento dos mecanismos que governam as respostas a

salinidade.

2.5 A cultura do milho

O milho ¢ uma monocotiledonea, anual, herbacea, pertencente a familia Poaceae,
subfamilia Panicoidae, género Zea e espécie Zea mays. (DUARTE, 2000). Sua importancia
econdmica estd centrada na diversidade de utilizagdo, sendo responsavel pelo fornecimento de
diversos produtos para a alimentacdo humana e animal e como matéria-prima para a
agroindustria (PAES, 2006; DEMARCHI, 2011). Além disso, o milho ¢ utilizado para produgao
de bioetanol. O Brasil desempenha um papel importante na producgdo de milho, pois responde
por cerca de 6,5% da produ¢do mundial de graos, com ocupacgao total de 16 milhdes de hectares
(FAO, 2019). Apesar da capacidade de adaptacdo ecoldgica, o milho tem sua produtividade
limitada em muitas areas do mundo, devido a certas condi¢gdes adversas, como a salinizagao do

solo e da agua de irrigagdo (LERAYER, 2006; HICHEM et al., 2009). Essa espécie ¢
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considerada moderadamente sensivel a salinidade, com limiar de crescimento afetado a partir
de 1,6 dS m™, embora esse efeito varie entre os diferentes cultivares existentes (MASS;
HOFFMAN, 1977).

Dada a importancia economica do milho e sua relativa sensibilidade aos sais, estudar os
efeitos do pré-tratamento com H>O> na indugdo dessa espécie a aclimatacio ao estresse salino
torna-se relevante. Além disso, a eficiéncia fotossintética de plantas de milho nessas condigdes
adversas ¢ pouco explorada, assim como nao se sabe com exatiddo quais proteinas e metabolitos
estao envolvidos nesse processo. Portanto, o presente estudo podera esclarecer as respostas
relacionadas ao desempenho fotossintético, assim como também auxiliar na selecdo de
marcadores moleculares envolvidos na aclimatagdo das plantas de milho a salinidade, os quais

serdo uteis para os programas de melhoramento genético dessa espécie.

3 HIPOTESE

O pré-tratamento com H>O> ativa mecanismos para evitar o acimulo excessivo de EROs
na maquinaria fotossintética, permitindo a integridade do aparato e a maior eficiéncia
fotossintética, bem como promove alteragdes no metaboloma e no proteoma associadas com as
vias metabodlicas de protecdo contra o estresse, induzindo a aclimatacdo de plantas de milho a

salinidade.

4 OBJETIVOS

4.1 Objetivos gerais

Pretende-se averiguar a modulagdo do aparato fotossintético de plantas de milho pré-
tratadas com H>O; frente a salinidade, bem como investigar os efeitos do pré-tratamento com
H>0O> e do estresse salino sobre o padrao proteico de folhas e de cloroplastos, analisando os
aspectos fisioldgicos, bioquimicos, estruturais € moleculares envolvidos na aclimatag¢do dessa

espécie a tais condicdes.

4.2 Objetivos especificos
- Avaliar os efeitos da salinidade e do pré-tratamento com H>O> nos parametros de

crescimento (drea foliar e massa seca) de plantas de milho;
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- Mensurar as trocas gasosas (taxa de fotossintese liquida, transpiracdo, condutincia
estomatica ¢ eficiéncia da carboxilagdo da Rubisco), a eficiéncia do PSII (fluorescéncia da
clorofila a) e os teores de pigmentos foliares (clorofilas e carotenoides) de plantas de milho pré-
tratadas com H>O» e submetidas a salinidade;

- Determinar o teor relativo de dgua e o potencial osmotico de folhas de plantas de milho
pré-tratadas com H>O> e submetidas a salinidade;

- Quantificar os teores de EROs (*O2™ ¢ H20») nas folhas de plantas de milho pré-tratadas
com H»>O; e submetidas a salinidade;

- Investigar a ultraestrutura de cloroplastos de folhas de plantas de milho pré-tratadas
com H»>O; e submetidas a salinidade;

- Determinar a atividade da enzima fosfoenolpiruvato carboxilase (PEPCase) nos
tecidos foliares de plantas de milho pré-tratadas com H>O; e submetidas a salinidade;

- Elaborar mapas protedmicos reprodutiveis ¢ de qualidade de folhas de plantas de
milho, avaliando a influéncia dos tratamentos sobre os padrdes eletroforéticos bidimensionais;

- Analisar os mapas protedmicos e identificar as proteinas diferencialmente sintetizadas
de folhas de plantas de milho pré-tratadas com H>O> e sob condi¢des de salinidade;

- Identificar as proteinas responsivas ao estresse salino em folhas de plantas de milho
pré-tratadas com H>O»;

- Identificar e mensurar, por meio de GC-MS, metabolitos considerados responsivos ao

pré-tratamento com H20O: e a salinidade em folhas de plantas de milho.

5 ESTRATEGIA EXPERIMENTAL

Para testar a hipotese levantada e alcangar os objetivos propostos, o presente estudo foi
desenvolvido em duas etapas, que consistiram de experimentos dependentes. A principio,
plantas de milho cultivadas em solucao nutritiva foram pré-tratadas com H>O: e, apds 48 horas,
submetidas ao estresse salino com NaCl a 80 mM. Para averiguar as alteragdes no metabolismo
fotossintético de milho decorrentes do pré-tratamento com H>O> e relaciona-las a aclimatagdo
ao estresse salino, foram avaliadas as trocas gasosas e a fluorescéncia da clorofila a, o potencial
osmotico foliar e os teores de pigmentos fotossintéticos. Em paralelo, foram determinados os
teores foliares de ‘O>” e H2O2, bem como investigada a ultraestrutura de cloroplastos, para

averiguar se o pré-tratamento com H>O: reduz a produgdo excessiva de EROs nos tecidos
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foliares ¢ mantém a integridade estrutural do aparato fotossintético de plantas sob estresse
salino. Foram determinadas também as modifica¢des no conjunto de metabolitos de folhas, por
meio de cromatografia gasosa acoplada a espectrometria de massas, bem como a atividade da
enzima PEPCase, com o objetivo de investigar se as maiores taxas de assimilagao de CO2 em
plantas de milho pré-tratadas com H>O; sdo decorrentes da maior eficiéncia dessa enzima do
metabolismo do carbono. Essa etapa possibilitou correlacionar as varidveis fisioldgicas,
fotoquimicas, bioquimicas e estruturais com a aclimatacdo das plantas de milho ao estresse
salino. Durante a segunda etapa, foram avaliados os parametros de crescimento (producao de
biomassa e drea foliar), teor relativo de agua e teores de ions Na“ e K, bem como realizada
uma analise protedmica diferencial em folhas de milho, utilizando as técnicas de eletroforese
2D-SDS PAGE e de espectrometria de massas, em fun¢ao do pré-tratamento com H»O; e da
salinidade. Nessa ocasido, a abordagem das andlises fisiologicas e as proteinas que
apresentaram modulacdo positiva no perfil proteico, em fun¢do do pré-tratamento com H>O»,
foram considerados responsivos e determinantes para a aclimatacdo de plantas de milho ao

estresse salino.
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Abstract

Hydrogen peroxide priming has emerged as a powerful strategy to trigger multiple responses
involved in plant acclimation that reinforce tolerance to abiotic stresses, including salt stress.
Thus, this study aimed to investigate the impact of foliar H>O» priming on the physiological,
biochemical, and ultrastructural traits related to photosynthesis of salt-stressed plants. Besides,
we provided comparative leaf metabolomic profiles of Zea mays plants under such conditions.
For this, H>O or H,O; pretreated plants were grown under saline conditions for 12-days. Salinity
drastically affected photosynthetic parameters and structural chloroplasts integrity, also
increased reactive oxygen species contents promoting disturbance in the plant metabolism when
compared to non-saline conditions. Our results suggest that H>O»-pretreated plants improved
photosynthetic performance avoiding salinity-induced energy excess and ultrastructural
damage by preserving stacking thylakoids. It displayed modulation of some metabolites, as
arabitol, glucose, asparagine, and tyrosine, which may contribute to the maintenance of osmotic
balance and reduced oxidative stress. Hence, our study brings new insights into an
understanding of plant acclimation to salinity by H2O: priming based on photosynthesis

maintenance and metabolite modulation.

Keywords: Acclimation - Metabolomic - Photosynthesis - Salt stress - Zea mays

6.1 Introduction

Maize (Zea mays L.) plants have been one of the most energy sources for human and
animal nutrition in the world (SEKHON et al., 2016; FAO, 2019). Nevertheless, maize growth
and quality of grains can be severely affected by salinity, drought, high temperatures, among
other adverse environmental conditions (SABAGH et al., 2020) that are responsible for a yield
reduction of over 50% in major global crops (CAO et al., 2017). Salinity has a notable negative
impact on crops worldwide, in which physiological, biochemical, morphological, and
molecular processes are impaired by osmotic stress and ionic toxicity generated by salinity,
leading to a series of secondary stresses, including oxidative burst (CHOUDHURY, 2017;
ISAYENKOV; MAATHUIS, 2019). Salinity directly affects the integrity of chloroplast
ultrastructure and causes lamellar disorders, affecting photosynthesis processes (BORGES,

2004). It can additionally reduce the content of photosynthetic pigments and electron transport
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in the thylakoid membrane (HUANG et al., 2014; ABDELRAHEEM et al., 2019). Salt stress
also can alter the activity of carbon-fixing enzymes and the regulation of plant metabolism
(SINGH et al., 2017). That way, efficient acclimation to salt stress includes several structural
or molecular changes. Also, the priming technique can be a helpful tool to reach acclimation
inducing molecular mechanisms associated with salt tolerance in plant crops (FILIPPOU et al.,
2013; SAVVIDES et al., 2016, GONZALEZ-BOSCH, 2018).

Overall, the priming can be achieved by pretreatment with synthetic or natural
compounds as H>O» applied on seed, root, or leaves (ASHRAF et al., 2018; THAKUR et al.,
2019). The H>O» is one of the reactive oxygen species (ROS) produced during cell metabolism;
at low levels, it functions as a signaling agent, but in excess generates oxidative stress in plant
cells, which usually occurs under severe environmental stresses (SINGH et al., 2019). The
linkage of H>O> and abiotic stress in the intracellular signaling for physiological responses
remain not entirely clear, bearing in mind that the acclimation responses depend on specific
ROS signatures to tailor plant to the exact stress encounters it (CHOUDHURY et al., 2017).
Meanwhile, a promising improvement in photosynthesis by H>O> priming can be related to
carbon fixation enzymes activity, PSII efficiency, and protection of cellular organelles, such as
chloroplasts (GAO, 2010; KHAN et al., 2016). Also, previous studies have demonstrated that
application exogenous of a 10 mM H>O; solution as a priming agent in maize leaves confers
tolerance to salt stress (GONDIM et al., 2012; 2013). This H2O> priming modulated various
cellular processes associated with high antioxidant enzyme activities and increased soluble
protein and soluble carbohydrates contents too.

Over the last years, the untargeted plant metabolomics has risen as a powerful research
tool to study mechanisms of stress tolerance mainly because of the different modulate
compounds (DEBNATH et al., 2018; WANG et. al., 2019). Although an overall metabolic
reprogramming occurs in plants exposed to abiotic stresses, it is quite different among species.
Some species synthesize and accumulate low quantities of specific metabolites, whereas some
others do not do so at all (SINGH et al., 2017; LLANES et al., 2018). Thus, it becomes relevant
to understand the metabolic reprogramming of primed plants under stress, accessing the
primary metabolism and its relationship with other physiological responses. Given the
economic importance of maize and its relative sensitivity to salinity, a better understanding
regarding salt-tolerance by H>O; priming becomes especially pertinent. Our purpose was to

investigate if salt tolerance induced by H2O2 exogenous reported in maize by other studies be
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the result of regulation and upkeep of photosynthetic machinery coupled with positive

modulation of key metabolites as carbohydrates.

6.2 Material and methods

6.2.1 Plant material and experimental conditions

The maize (Zea mays L.) cultivar was BR 5011, considered sensitive to salinity
(AZEVEDO-NETO et al., 2004). The seeds surfaces were sanitized in a 1% NaClO solution
for 10 min before sown. After seven days of sowing, uniform seedlings were transferred to 10-
L trays containing half-strength Hoagland's nutrient solution (HOAGLAND; ARNON, 1950)
for five days, as an acclimation time. Then, 15 mL plant™ of 10 mM H,Oz solution or an equal
volume of distilled water was sprayed directly on the leaves, both containing 0.025% Tween
20 detergent, to break water surface tension facilitate HO> diffusion into mesophyll cells. The
application with a 10 mM H>O: solution was defined based on previous studies with promising
results [GONDIM et al., 2012]. This pretreatment was performed around 6:00 am and repeated
the next day. Two days after the priming end, the plants were transferred to a 6-L plastic pot
containing half-strength Hoagland's nutrient solution without and with saline treatment. The
saline treatment (80 mM NaCl) was first applied in two installments to avoid osmotic shock, so
the NaCl concentration was increased daily by 40 mM until the desired level. After that, the 80
mM NaCl treatment was applied in its entirety to each solution change. All nutrient solutions
were renewed every four days, and the pH was maintained between 5.5 and 6.0. The
experiments were conducted in a greenhouse located in the tropical semiarid region of
Northeastern Brazil under average values of temperature, relative humidity, and photosynthetic
photon flux density (PPFD) of 32.3 °C, 44.8%, and 1,050 umol photon m™ s!, respectively.
The plants were kept under twelve days of salt stress. At the end of the experiment, they were
harvested and grouped into four treatments according to growth conditions: water-pretreated
(1) and H2O»-pretreated (2) plants both under non-salt conditions, and water-pretreated (3) and
H>O»-pretreated (4) plants both under salt stress.

6.2.2 Gas exchange and chlorophyll a fluorescence
The gas exchange and chlorophyll a fluorescence were performed in the middle third of

the fully expanded leaves under constant CO> concentration and PPFD of 400 pmol mol! CO»



35

and 1,200 pmol photons m™ s™!, respectively. Two measurements were performed by repetition,
and the chamber size used was 2 cm?. Rates of CO» assimilation (4), transpiration (E), stomatal
conductance (gs), and carboxylation efficiency (4/Ci) were measured employing a portable
photosynthetic system (IRGA, mod. LI-6400XT, LI-COR, Lincoln, USA) coupled with
artificial light. The chlorophyll a fluorescence parameters [maximum (Fm) and variable (Fv)
fluorescence in dark-adapted leaves, maximum (Fm') and dynamic (Fs) equilibrium state in the
presence of light, and basal fluorescence (Fo') after excitation state of photosystem I] were
measured using a fluorometer (6400-40, LI-COR, USA) coupled to IRGA. From the
chlorophyll a fluorescence, the following photochemical parameters were estimated: maximum
quantum yield of PSII [Fv/Fm = (Fm - Fo)/Fm], effective quantum yield of PSII [OPSII = (Fm'
- Fs)/Fm'], photochemical [qP = (Fm' - Fs)/(Fm' - Fo')] and non-photochemical [NPQ = (Fm -
Fm’)/Fm’] quenching, and electron transport rate (ETR = ®PSII x PPFD x 0.5 x 0.84) (BILGER
et al., 1995).

6.2.3 Measurement of osmotic potential

For determination of osmotic potential (‘¥'s), the sap was extracted from 350 mg of maize
leaves expanded newly harvested by pressing the plant material with the aid of a disposable
syringe. Then the obtained liquid (extract) was centrifuged at 6,000g for 5 min, and the
supernatant used to determine the Ws using the osmometer (VAPRO 5520, Wescor, Utah, USA)
(CALLISTER et al., 2006).

6.2.4 Photosynthetic pigments contents

Contents of chlorophyll a (Chl a), b (Chl b), and total (Chl fotal), and carotenoids (Car)
were determined from leaf discs of 1 cm?, a total fresh mass of approximately 0.25 g, obtained
from the middle third of fully expanded leaves. For pigments extraction, tubes containing the
leaf discs were incubating in dimethyl sulfoxide saturated with CaCOs3, during 48 h at room
temperature. After, the tubes were kept in the dark for 24 h and then incubated in a 65 °C water
bath for 30 min. Photosynthetic pigments were spectrophotometrically measured by reading the
absorbance at A4go, As49, and Aess. The concentrations were calculated through the following
equations: Chl a = 12.47a665 — 3.624649, Chl b = 25.06649 — 6.50a665, Chl fotal = 7.15a665 +
18.71 649, and Car = (1000a480 — 1.29 Chl @ — 53.78 Chl 5)/220 (WELLBURN, 1994).
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6.2.5 ROS contents

The leaf extracts used for the determination of H>O» contents were prepared according
to methods of Cheeseman (2006), with some modifications. Approximately 0.5 g of fresh tissue
from fully expanded leaves was macerated with liquid nitrogen, followed by homogenization
at 4 ° C with 100 mM potassium phosphate buffer solution, pH 6.3. The homogenate was
centrifuged at 12,000g at 4 °C for 15 min, and the supernatant immediately evaluated. The
reaction for H,O, determination consisted of 350 pL plant extract; 350uL 12 mM phenol; 100
pL 0.5 mM 4-aminoantipyrine; 350 uL 84 mM phosphate buffer (pH 7.0) and 40 uL 1 U mL"!
HRP (horseradish peroxidase) diluted in 100 mM phosphate buffer pH 6.0. The reaction
mixture was shaken and heated at 37 °C for 30 min. The H>O> concentration of the reaction
medium was determined by reading at 505 nm and comparing with a standard curve obtained
from increasing H>O> concentrations as standard according to methods of Fernando and Soysa
(2015).

The determination of superoxide radical (‘O2") content was performed according to
Klein et al. (2018) with some modifications. The fresh leaf tissue (0.25 g) macerated in liquid
nitrogen was homogenized at 4 °C in 65 mM potassium phosphate buffer pH 7.8. The
homogenate was centrifuged at 10,000g for 10 min at 4 °C, and the supernatant used
immediately. The reaction occurred by the addition of 250 pL extract to a mixture composed
of 65 mM phosphate buffer (pH 7.8) and 50 pL 10 mM hydroxylamine. The tubes were shaken
and incubated at 25 °C for one hour. Next, 1000 pL of the mixture from 58 mM sulfanilamide
and 7 mM N-naphthyl ethylenediamine (1:1) were added. Finally, 1000 pL ethyl ether was
added to the tubes. The "O” concentration was determined by absorbance of pink aqueous phase

at 530 nm and based on a standard curve obtained from increasing NaNO; concentrations.

6.2.6 Phosphoenolpyruvate carboxylase activity

Extracts for determination of phosphoenolpyruvate carboxylase activity (PEPcase, EC
4.1.1.31) were prepared according to Echevarria et al. (1994), with some modifications.
Initially, approximately 0.25 g of fresh material from fully expanded leaves were macerated
with liquid nitrogen and homogenized with 1.0 mL 100 mM Tris-HCI buffer (pH 7.5)
containing 5% glycerol, 10 mM MgClz, 1.0 mM EDTA, 1.0 mM Na3VOg4, 5.0 mM dithiothreitol
(DTT), 2% polyvinylpyrrolidone (PVP), and ImM phenylmethanesulfonyl fluoride (PMSF).
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The homogenate was centrifuged at 15,000¢g for 2 min, and the supernatant used immediately
in the enzymatic assay. All extraction steps were performed at 4 °C.

PEPcase activity was estimated by NADH oxidation kinetics in the presence of malate
dehydrogenase (MDH). The 100 ul extract was added to reaction medium composed by 100
mM HEPES-KOH buffer (pH 8.0) containing 5 mM MgCl,, 2.5 mM phosphoenolpyruvate
(PEP), 1 mM NaHCOs3, 0.2 mM NADH, and 5 U mL"! malate dehydrogenase enzyme (MDH)
at 30 °C. The reaction was monitored by absorbance decay at 340 nm. For each mol of malate
produced is oxidized 1 mol of NADH, so the results were expressed as nmol NADH h™! mg’!
protein, using the NADH molar extinction coefficient (6.22 mM™' cm™). Protein concentrations
were determined by the Bradford method (Bradford, 1976) by absorbance readings at 595 nm

and using bovine serum albumin (Sigma-Aldrich, USA) as standard.

6.2.7 Chloroplast ultrastructure

For chloroplast ultrastructure, approximately 2 mm? leaf fragments from fully expanded
leaves were fixed for 24 h in 50 mM phosphate buffer (pH 7.2) containing 2.5% glutaraldehyde
and 4% paraformaldehyde. Subsequently, the material was rinsed three times in buffer and 45
min apart for each wash. Posteriorly, the samples were post-fixed with 1% osmium tetroxide
(OsO4) in 50 mM phosphate buffer for 60 min and then rinsed again in the same buffer. The
samples were then dehydrated with increasing series of 50%, 70%, 90% and 100% acetone for
45 min each step, and after infiltrated in epoxy resin (EMbed 812) according to the methodology
described by Yamane et al. (2012), with some modifications. The resin polymerization was
performed at 60 °C. Ultrathin sections (70 nm) were placed on copper grids (300 mesh) and
stained with 2% uranyl acetate for 40 min, followed by 0.5% lead citrate for 5 min. Finally, to
generate chloroplast ultrastructure images, the sections were analyzed using a transmission

electron microscope (JEOL JEM 1011) at 100 kV.

6.2.8 Metabolomic analysis

Extraction and derivatization of metabolites were performed as described by Lisec et al.
(2006) with adjustments. Approximately 50 mg of fully expanded leaf tissue (frozen) was
macerated using liquid N> and homogenized with 100% methanol (HPLC grade) containing
ribitol (0.2 mg mL") as a quantitative internal standard. The homogenate was incubated at 70

°C for 15 min under constant shaking. Then, the samples extracts were centrifuged at 12,000g
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for 10 min, and the supernatants were transferred to microtubes containing 100% chloroform
and ultrapure H>O at 1:2 (v/v) ratio to separate polar and nonpolar phases inside the tubes. After
vigorous vortexing, new centrifugation was conducted at 2,200 g for 10 min. A 150 uL of the
upper polar phase was carefully collected and transferred to another microtube. Samples were
dehydrated and concentrated in vacuo system (SpeedVac Concentrator, Eppendorf, Hamburg,
Germany), then stored at -80 °C. The metabolites were derivatized using 20 pL methoxyamine
hydrochloride (20 mg mL! pyridin) for two hours at 37 °C. Subsequently with 35 pL N-methyl-
N- (trimethylsilyl)trifluoroacetamide for 30 min at 37 °C.

Separation and identification of metabolites were performed according to Roessner et
al. (2001). Samples were analyzed by a gas chromatography system coupled to mass
spectrometry (GC-MS, QP-PLUS-2010, Shimadzu, Tokyo, Japan), using an RTX-5MS
capillary column (30.0 m x 0.25 mm x 0.25 pm). A volume of 1 pL of each derivatized sample
was injected with a split ratio of 1:5. The injection temperature was 250 °C, and helium carrier
gas was at 1.2 mL min™! constant flow rate. The temperature programming was as follows: 2
min at 80 °C, 10 °C min™' ramp to 315 °C, and then held at 315 °C for 8 min. The transfer line
and ion source were heated at 230 °C and 250 °C, respectively. lonization was performed in an
electron impact at 70 eV. The spectra in full scan mode were acquired from m/z 40 to 700. The
solvent delay time was 3 min. Blank samples containing only derivatizing were done to identify
possible contaminants.

Both chromatogram and mass spectral analysis were analyzed using the Xcalibur™ 2.1
software (Thermo Fisher Scientific, Waltham, MA, USA). All compounds were identified
based on their retention times and mass spectrum fragmentation in comparison with an internal
library composed by a mix of standards and its mass spectra previously identified based on the
Golm Metabolome Database (GMD). The relative value of each metabolite was determined by
the division of their respective peak areas by internal standard peak area (ribitol) and, after

divided by the fresh weight of the sample.

6.2.9 Experimental design and statistical analysis

The experimental design was completely randomized, with a 2 x 2 factorial scheme. It
was composed of two saline conditions [non-salt conditions (0 mM NaCl) and salt stress (80
mM NaCl)], and two leaf pretreatments [water-pretreated (0 mM H»0O») and H>O»-pretreated

(10 mM H0.)]. Each treatment was composed of four replicates consisting of two plants each.
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The physiological and biochemical data were submitted to a two-way analysis of variance
(ANOVA), and the main values were compared by F-test (p < 0.05). Statistical analyses were
performed using the Sisvar® 5.3 software. Also, these data were divided by the standard
deviation of each variable (Autoscaling) for chemometrics analysis [PCA (Principal

Component Analysis)] by MetabolAnalyst 4.0 (https://www.metaboanalyst.ca).

The relative values of metabolites were normalized by the control treatment and
converted to logy values to generate a Heatmap by MultiExperiment Viewer (MeV) 4.9
software. Besides, multivariate analysis was conducted log-transformed data by MetaboAnalyst
4.0. The transformed metabolic data were submitted to chemometrics analysis [PLS-DA
(Partial Least Squares Discriminant Analysis)] and Variable Importance in Projection (VIP)
scores, based on the first component of the PLS-DA model, was performed to identify potential
biomarkers. Those metabolites with VIP > 1.3 were considered essential for treatment
separation (SINELNIKOV et al., 2015). They were also submitted to a one-way ANOVA, and
mean treatment values were separated by Tukey's test (p < 0.05). Besides, the log-transformed
physiological, biochemical, and metabolic data were submitted to correlation analysis [Pearson

correlation (p < 0.05)] by MetabolAnalyst 4.0.

6.3 Results

6.3.1 Gas exchange and Chlorophyll parameters

H>O» priming did not affect any gas exchange parameters of maize leaves in the absence
of NaCl (Figure 1). Conversely, salinity significantly reduced all gas exchange parameters of
water-pretreated plants except for 4/Ci, which increased by 20%. Thus, 4, E, and g rates
decreased by 24%, 21%, and 48%, respectively. However, foliar H,O> priming was able to

prevent damage caused by salt stress on 4 and E, although it did not attenuate the gs reduction
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Figure 1. Gas exchange measurements in the leaves of maize cv. BR 5011 water-pretreated (white bars) or H,O»-
pretreated (gray bars) under non-salt conditions or salt stress conditions for twelve days. Rates of CO, assimilation
(4, a), transpiration (£, b), stomatal conductance (gs, ¢), and Rubisco carboxylation efficiency (4/Ci, d). For each
variable, the capital letters and lowercase letters compare the H,O, pretreatments and salinity treatments,
respectively, according to F-test (p < 0.05). Error bars represent + standard error and means represent n = 5.

(Figure la-c). Also, H2O> priming increased the A/Ci ratio by 20% under salt conditions (Figure
1d). Salinity did not reduce the ®PSII and ETR values; H,O> priming nevertheless slightly
increased these parameters under non-saline conditions (Table 1). Additionally, the salt stress
reduced the Fv/Fm values by 18%, but H2O; priming decreased this reduction to 12%. In
contrast, salt stress increased NPQ by 115%, and H>O> primed plants under salt stress increased
it more by 61%, in comparison to only salt-stress treatment. While H,O, priming and salinity
single treatments equally increased qP values; however, no change occurred by the combined
action of both treatments. Also, no significant difference in the photosynthetic pigments
analyzed was perceived by H20O: priming either in non-saline or saline conditions (Table 1). On
the other hand, Chl a, Chl b, and Chl fotal contents decreased by 21, 58, and 42%, respectively,
under salt stress. Differently, carotenoid content was increased by 30% under salt stress. Also,
H>0» priming did not significantly alter photosynthetic pigments under non-saline and saline
conditions, except for an increase under non-saline conditions in the carotenoid content similar

to that produced by saline stress.
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Table 1. Chlorophyll a fluorescence parameters and photosynthetic pigments in leaves of maize cv. BR 5011
water-pretreated (C) or H>O»-pretreated (H) under non-salt conditions and water-pretreated (S) or H,O,-pretreated

(HS) under salt stress conditions for twelve days. Values represent the means (n = 5) £ standard error

Chlorophyll a fluorescence variables *

Treatments
®PSII ° Fv/Fm " NPQ"® qP P ETR

C 0.34+0.01 Ba 0.61+0.01 Aa 0.55+0.08 Bb 0.56+0.03 Bb 192.74+9.07Ba
H 0.39+0.01 Aa 0.58+0.01 Aa 0.70+0.02 Ab 0.67+0.01 Aa 204.444+3.31Aa
S 0.36+0.00 Aa 0.50+0.01 Bb 1.18+0.03 Ba 0.71+0.02 Aa 182.63+2.52Aa
HS 0.36+0.02 Ab 0.54+0.01 Ab 1.90+0.08 Aa 0.67+0.03 Aa 190.70+£3.08 Ab

Photosynthetic pigments contents (ug g! DM) ?
Treatments

Chla Chl b Chl total Car®
C 373.7+17.1 Aa 503.4+29.8 Aa 877.1+31.8 Aa 46.8+4.9 Ab
H 385.6 £ 16.5 Aa 498.6 + 14.7 Aa 884.2 + 38.1 Aa 55.8+5.5 Aa
S 294.4+17.8 Ab 210.7+ 11.1 Ab 5059+ 17.5 Ab 60.8+1.7 Aa
HS 255.1+11.2 Ab 313.8+3.7 Ab 538.9+23.2 Ab 493+33 Aa

2 For each variable, the capital letters and lowercase letters compare the H>O, pretreatments and salinity treatments,
respectively, according to F-test (p < 0.05). ® Significant interaction between treatments (p < 0.05).

6.3.2 Osmotic potential and reactive oxygen species

The H20: priming did not modify the W¥s of leaves under non-saline conditions, and the
salinity reduced the s by 32% (Figure 2a). However, H2O2 priming under salinity induced a
further 24% reduction of this value, in comparison to salt treatment alone. The H>O> priming
promoted an increase of 33% in the ‘O™ content but did not change H,O; contents under non-
saline conditions (Figure 2b, c), and salinity promoted the growth of 26 and 36% of ‘O> and
H>O:> contents in water-pretreated plants, respectively. In contrast, H>O> priming significantly
reduced ‘O2" and H>O> contents in plants under salinity, making the values similar to those of
water-pretreated plants without salt stress. The ‘Oz and H2O; reductions stimulated by H20:

priming under salinity were 17 and 26%, respectively, when compared to single salt treatment.
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Figure 2. Osmotic potential and reactive oxygen species in the leaves of maize cv. BR 5011 water-pretreated (white
bars) or H,O»-pretreated (gray bars) under non-salt conditions or salt stress conditions for twelve days. Osmotic
potential (a), and contents of superoxide radical (b) and hydrogen peroxide (c). For each variable, the capital letters
and lowercase letters compare the H,O; pretreatments and salinity treatments, respectively, according to F-test (p
< 0.05). Error bars represent = standard error and means represent n = 5.

6.7.3 PEPcase activity and chloroplast ultrastructure
H>O> priming reduced PEPcase activity in both the absence and presence of NaCl
(Figure 3). In contrast, salt treatment remarkably enhanced the enzyme activity, with an increase

of 123% in water-pretreated plants. However, H>O; priming promoted a 52% reduction of
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PEPcase activity under salinity. This decrease reached the value of PEPcase activity observed
for water-pretreated plants without salinity. Also, the salinity caused damage in the mesophyll
cells of maize leaves. In the absence of salinity, chloroplast ultrastructure exhibited a typical
regular arrangement, characterized by well-stacked thylakoids and well-developed grana
(Figure 4a, e). The application of H>O; priming subtly reduced the thylakoid stacking under
non-salt conditions (Figure 4b, f). Besides, salinity treatment promoted the unstacking and
ripple in the thylakoid membranes (Figure 4c¢, g). In contrast, the chloroplast of HoO»-pretreated
plants under salt stress seemed to be like those of the water-pretreated plants under non-salt
conditions, since it showed no abnormalities in their ultrastructure, as well as well-stacked

thylakoid membranes (Figure 4d, h).
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Figure 3. Phosphoenolpyruvate carboxylase (PEPcase) activity in the leaves of maize cv. BR 5011 water-pretreated
(white bars) or H,Os-pretreated (gray bars) under non-salt conditions or salt stress conditions for twelve days.
The capital letters and lowercase letters compare the H,O» pretreatments and salinity treatments, respectively,
according to F-test (p < 0.05). Error bars represent + standard error and means represent n = 5.
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Figure 4. Chloroplast ultrastructure by transmission electron microscopy in the mesophyll cells of maize cv. BR
5011 water-pretreated (a, ) or H,O»-pretreated (b, f) under non-salt conditions and water-pretreated (c, g) or H>O»-
pretreated (d, h) under salt stress conditions for twelve days. Bars: 1 pm (a-d) and bars: 0.5 pm (e-h). G — grana;
P — plastoglobule; ST — stromal thylakoids.

6.3.4 PCA of physiological and biochemical data

According to PCA analysis gathering physiological and biochemical data, there was a
clear separation between H>O»-pretreated and water-pretreated plants under both saline and
non-saline conditions (Figure 5a). However, the most evident separation was between the
groups water-pretreated (S), and H>O»-pretreated (HS) plants both under salt stress. Also,
between these two groups and the other two rest groups, water-pretreated (C) and H>O»-
pretreated (H) plants both under non-salt conditions. The PCA showed that the first two
components accounted for 72.8% of the total variability. Loading plots showed the variation of
each physiological and biochemical parameters (Figure 5b). The first component (PC1) was
positively influenced by 8 of 17 parameters, and it was negatively affected by 9 of 17 parameters
(Figure 5b). Meanwhile, the second component (PC2) was positively impacted by 10 of 17

parameters, and it was negatively affected by 7 of 17 parameters.
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Figure 5. Principal component analysis (PCA) of physiological and biochemical parameters in maize cv. BR 5011
water-pretreated (C) or H,O»-pretreated (H) under non-salt conditions and water-pretreated (S) or H,O,-pretreated
(HS) under salt stress conditions for twelve days. Scores plot (a) and loading plot (b) of the first and second
components (PC 1 and PC 2) indicating the clustering of samples into four groups. Paraments list: 1 4, 2 g5, 3 E,
4 A/Ci, 5 ®PSII, 6 NPQ, 7 qP, 8 Fv/Fm', 9 ETR, 10 Ws, 11 H,0», 12 O, 13 PEPcase, 14 Chl @, 15 Chl b, 16 Chl
total, 17 Car.
6.3.5 Metabolomic profiling

Fifty-one compounds were identified in maize leaves (Tables 2 and 3). A heatmap also
was built, showing the profile of each treatment normalized by the relative intensity values of
the metabolites of water-pretreated plants under non-salt conditions, group C (Figure 6).
Carbohydrates, organic acids, and amino acids were the major compound groups classified.
Twenty sugars and derivatives were detected, including erythritol, arabitol, ribulose-5-
phosphate, galactinol, and raffinose, among others. Fourteen organic acids, including pyruvic
acid, succinic acid, citric acid, and glyceric acid, among others, comprised the second major
group. Ten amino acids and derivates were identified, including valine, serine, proline,
asparagine, and tyrosine, among others. Finally, five phenolic compounds (shikimic acid,
quinic acid, cinnamic acid, caffeic acid, and caffeoylquinic acid), and two nitrogenous
compounds (uracil and spermine) were detected. In relative intensity terms, sucrose was the
most predominant metabolite identified, followed by maleic acid, malonic acid, valine, and

xylose. While aconitic acid, spermine, maltitol, uracil, and fumaric acid were among the five

less predominant identified metabolites (Table 2).
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Table 2. Metabolites identified and retention time reached in leaves of maize plants cv. BR 5011 by GC-MS. For
details of treatments and metabolites, see Table 3.

Retention time

Retention time

Metabolites . Metabolites .

(min) (min)
Pyruvic acid 5.15 Arabitol 16.86
Valine 5.92 Tyrosine 16.94
Uracil 7.17 Xylitol 17.36
Serine 8.34 Threitol 18.63
Proline 8.91 Butyric acid 19.43
Glycine 9.07 Ribose-5-phosphate 19.51
Succinic acid 9.13 Glucopyranoside 20.42
Glyceric acid 9.45 Glucose 20.64
Alanine 9.87 Ribulose-5-phosphate 20.80
Hexanoic acid 10.72 Glucoheptonic acid 21.14
Malonic acid 11.64 Spermine 21.74
Glutaric acid 11.73 Melezitose 22.22
Aspartic acid 12.05 Lactic acid 22.58
Pyroglutamic acid 12.10 Sucrose 23.49
Fumaric acid 12.63 Palatinose 24.97
Aconitic acid 13.53 Maltotriose 25.15
Itaconic acid 13.78 Maltitol 25.81
Asparagine 13.94 Galactinol 26.11
Erythritol 14.68 Trehalose 26.56
Maleic acid 14.81 Cinnamic acid 26.82
Shikimic acid 15.51 Caffeic acid, trans 26.94
Citric acid 15.69 Isomaltose 27.07
Dehydroascorbic acid 16.07 Caffeoylquinic acid 27.55
Quinic acid 16.22 Oxalic acid 29.77
Xylose 16.37 Raffinose 30.06
Lyxose 16.48

Table 3. Relative intensity values of metabolites in leaves of maize plants cv. 5011 under no-salinity and no-
pretreated (Control), H,O,-pretreated (H>O), 80 mM NaCl and no-pretreated (80 mM NacCl), and H,O,-pretreated
under salinity (H,O» + NaCl) conditions for twelve days. Values represent the means of four repetitions + standard
error.

Relative intensity * P

Metabolites

Control H202 80 mM NaCl H:0: + NaCl
Sugars and derivates
Erythritol 16.01 £0.72 Aa 14.94+130Aa 14.79+1.18 Aa 9.50+0.61 Bb
Xylose 30.12+£0.27 Aa 27.59+£0.71 Aa 28.50+£0.99 Aa 29.70+ 1.14 Aa
Lyxose 20.60 £ 0.54 Aa 18.35+0.88 Ab 19.80+£0.84 Aa 2242+ 1.39 Aa
Arabitol 375+ 0.08 Aa  3.52+0.13Ab 3.75+£0.19Ba 4.87+0.37 Aa
Xylitol 1.45+0.13 Aa  0.88+0.10Ba 1.46+0.03Aa 0.62+0.04 Ba
Threitol 2027+147Aa 17.23+1.83 Aa 17.84+1.14 Aa 1448+ 1.34 Aa
Ribose-5-phosphate 1.02+0.06 Aa 141+£023Aa 1.36+0.06 Aa 1.03+£0.14 Aa
Glucopyranoside 094+0.10 Aa 1.13+£0.01 Aa  0.62+0.05Ab 0.69+0.04 Ab
Glucose 6.12+036 Ab 4.59+024 Ab 1548+2.14Ba 25.77+4.75 Aa
Ribulose-5-phosphate  0.34 +0.05 Ab  0.33+0.03 Ab  0.61+0.02 Aa  0.55+0.06 Aa
Glucoheptonic acid 299+033Aa  2.82+022Aa 1.69+023Ab 1.28+0.08 Ab
Melezitose 447+£0.79Ba 10.23+1.53 Aa 651 +t1.14Aa 548+0.39 Ab
Sucrose 178.2+10.6 Aa 200.7+4.9 Aa 200.5+16.7 Aa 152.2+10.7Bb

Palatinose

15.75+2.43 Aa

16.63 +0.73 Aa

2195+ 1.64 Aa

16.39+1.99 Aa
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Maltotriose 1.06+0.17Aa 0.75+0.07Aa 141+0.19Aa 0.85+0.14Ba
Maltitol 0.18+0.03Ab 046+0.09Aa 0.73+0.17Aa 0.68+£0.04 Aa
Galactinol 1.23+0.13Ab 2.06+0.16 Aa 393+0.70 Aa 2.82+0.36 Aa
Trehalose 1.32+0.18Ab 1.17+0.10Aa 243+024Aa 125+0.09Ba
Isomaltose 9.14+£0.50Bb 21.61+1.37Aa 21.39+243 Aa 15.38+0.64Bb
Raffinose 1.53+£0.19Ab 347+043Ab 19.26+1.61 Aa 8.13+1.39Ba
Organic acids

Pyruvic acid 567+033Aa 538+042Aa 6.10+049Aa 2.64+0.30Bb
Succinic acid 285+038Ba 461 +068Aa 394+041Aa 4.11+0.47 Aa
Glyceric acid 393+037Aa 322+030Aa 1.60+x0.13Ab 0.92=+0.03 Ab
Hexanoic acid 488+044Aa 337+0.77Aa 576+0.89 Aa 248+0.10Ba
Malonic acid 4736 +3.75Aa 5447+9.44 Aa  28.59+1.21 Ab 23.74+0.92 Ab
Fumaric acid 0.17+0.02Aa 0.14+0.02Aa 0.13+0.02Aa 0.15+£0.01 Aa
Aconitic acid 042+0.01Aa 050+007Aa 0.17+0.00Ab 0.14+0.01 Ab
Itaconic acid 147+0.11 Aa  1.86+026Ab 142+030Ba 2.48+0.05Aa
Maleic acid 1225+3.0Aa 108.7+11.9Aa 519+6.0Ab 37.4+2.1Ab
Citric acid 388+023Aa 4.8+0.86Aa 257+037Aa 2.65+0.33 Ab
Dehydroascorbic acid 2.58+0.37Ba  3.80+0.15Aa 2.61+0.30Aa 1.84+0.22 Ab
Butyric acid 445+0.56 Aa 536+086Aa 560+0.75Aa 5.1840.44 Aa
Lactic acid 338+0.52Ba  7.74+091 Aa 493+0.66 Aa 3.30x0.25Ab
Oxalic acid 271+029Aa 251+040Aa 288+047Aa 144+0.05Ba
Amino acids and derivates

Valine 3095+2.11 Aa 38.42+580Aa 43.42+322Aa 30.08+0.90Ba
Serine 350+020Ab 247+027Aa 477+044Aa 295+0.43Ba
Proline 1.76 £ 0.15Aa 138+022Aa 198+029Aa 1.21+0.12Ba
Glycine 1398+2.26Aa 19.13+3.12Aa 6.26+0.72Ab 8.54+0.95 Ab
Alanine 479+049 Aa 478+0.74Aa 454+055Aa 2.62+0.26Ba
Aspartic acid 4.17+0.72Aa  5.06£090Aa 290+042Ba 5.23+0.62 Aa
Pyroglutamic acid 2629+ 121 Aa 26.79+1.62 Aa 18.69+1.80 Ab 12.66+0.81 Bb
Glutaric acid 1436 £1.99Aa 735+148Ba 758+059Ab 7.06+0.79 Aa
Asparagine 0.99+0.10Bb 527+0.68Ab 6.53+£0.82Ba 9.39+£0.92 Aa
Tyrosine 292+022Aa 2.88+026Aa 125+0.05Bb 2.78+0.40 Aa
Phenolic compounds

Shikimic acid 399+0.19Aa 538+088Aa 134+0.08Ab 1.50+0.14 Ab
Quinic acid 11.80+0.50Ba 20.26+1.92Aa 4.77+034 Ab 3.00+0.04 Ab
Cinnamic acid 546+£059Ab 635+1.10Ab 11.94+1.16 Aa 13.61+1.66 Aa
Caffeic acid 1222+ 1.61 Aa 957+089Ab 1686=+1.13 Aa 17.34+3.10 Aa
Caffeoylquinic acid 472046 Aa  9.08+242Aa 5.19+0.86Aa 1.30+0.29 Ab
Nitrogenous compounds

Uracil 0.17+0.01 Aa 0.09+001Ba 0.13+0.02Ab 0.09+0.01 Ba
Spermine 027+002Ab 032+0.02Aa 041+001Aa 0.31=+0.04Ba

*The capital letters and lowercase letters compare the H,O, pre-treatments and salinity treatments, respectively, according to F-test (p < 0.05).
b Ratio of metabolite peak area to ribitol peak area

In the absence of NaCl, H>O» priming promoted a significant increase of six metabolites
(maltitol, isomaltose, raffinose, lactic acid, asparagine, and quinic acid) and reduction three
metabolites (xylitol, glutaric acid, and uracil) (Figure 6; Table 2). Also, the salinity increased
the relative intensity values of eight metabolites (glucose, ribulose-5-phosphate, maltitol,

galactinol, trehalose, raffinose, asparagine, and cinnamic acid), but it reduced other eleven
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Figure 6. Heat map of normalized values of metabolites in leaves of maize cv. BR 5011 water-pretreated (C) or
H,0;-pretreated (H) under non-salt conditions and water-pretreated (S) or HoO,-pretreated (HS) under salt stress
conditions for twelve days. The Heat map shows a high (green scale) or low (red scale) relative amount of each
metabolite in comparison to control plants (uncolored scale). Each square represents the mean of four biological
replicates, and the statistical difference was obtained according to F-test (p < 0.05). For more details, see Table 2.
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metabolites (glucopyranoside, glucoheptonic acid, glyceric acid, malonic acid, aconitic acid,
maleic acid, glycine, pyroglutamic acid, tyrosine, shikimic acid, and quinic acid) (Figure 6;
Table 2). Moreover, H,O; priming altered the metabolic profile of maize leaves under salinity,
increasing the relative intensity values of four metabolites (arabitol, glucose, asparagine, and
tyrosine) when compared to water-pretreated plants under salinity (Figure 6; Table 2).
Conversely, H>O> priming reduced other eleven metabolites, including sugars and derivates
(erythritol, xylitol, trehalose, and raffinose), organic acids (pyruvic acid, glyceric acid, hexanoic
acid, and oxalic acid), amino acid derivative (pyroglutamic acid), and phenolic compounds
(quinic acid and caffeoylquinic acid).

The PLS-DA showed that the first two components accounted for 65.8% of the total
variability in maize leaves (Figure 7a). Loading plots generated show the variation of individual
metabolites in the experiment validates the PLS-DA (Figure 7b). Besides, a cross-validation
and permutation test (p < 0.05) allowed us to use PLS-DA instead of PCA analysis (Figure 7c),
which is more efficient to discriminate against the groups. It indicated a distinct separation of
the four groups based only on the metabolic profiling of the treatments (Figure 7a). Although
the metabolite profile of water-pretreated and H,O;-pretreated plants without salinity showed
proximity, they presented very distant of metabolite profile under salt stress, as shown by two-
dimensional PLS-DA scores plot graph (Figure 7a). Also, the loading plot graph showed
metabolites responsible for the separation between groups observed in PLS-DA (Figure 7b).
The most positive contributing metabolites for the first component were raffinose, asparagine,
glucose, maltitol cinnamic acid, and galactinol. In contrast, the most positive contributing
metabolites for the second component were caffeoylquinic acid, lactic acid, pyruvic acid, and
quinic acid (Figure 7b). Besides, the variable importance in projection (VIP) scores graph
displayed the most important metabolites for differentiating the treatments by the abundance of
metabolites in each treatment (Fig. 8). VIP plot showed eleven metabolites of more than 1.3
VIP scores, in ascending order of VIP score they are: cinnamic acid, galactinol, maleic acid,
aconitic acid, glyceric acid, glucose, shikimic acid, maltitol, quinic acid, asparagine, and
raffinose. (Figure 8). Besides, among the 68 analyzed parameters, there are 71 positive
correlations and 45 negative correlations with the Pearson coefficient greater than 0.8 (Data not

shown).
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Figure. 7. Partial least squares - discriminant analysis (PLS-DA) of metabolic profiles in leaves of maize cv. BR
5011 water-pretreated (C) or H,O,-pretreated (H) under non-salt conditions and water-pretreated (S) or H,O»-
pretreated (HS) under salt stress conditions for twelve days. Scores plot (a), loading plot (b), and PLS-DA cross-
validation and permutation test (c) of the first and second components indicating the clustering of samples into
four groups. Metabolites list: 1 Aconitic acid, 2 Alanine, 3 Arabitol, 4 Asparagine, 5 Aspartic acid, 6 Butyric acid,
7 Caffeic acid, 8 Caffeoylquinic acid, 9 Cinnamic acid, 10 Citric acid, 11 Dehydroascorbic acid, 12 Erythritol, 13
Fumaric acid, 14 Galactinol, 15 Glucoheptonic acid, 16 Glucopyranoside, 17 Glucose, 18 Glutaric acid, 19
Glyceric acid, 20 Glycine, 21 Hexanoic acid, 22 Isomaltose, 23 Itaconic acid, 24 Lactic acid, 25 Lyxose, 26 Maleic
acid, 27 Malonic acid, 28 Maltitol, 29 Maltotriose, 30 Melezitose, 31 Oxalic acid, 32 Palatinose, 33 Proline, 34
Pyroglutamic acid, 35 Pyruvic acid, 36 Quinic acid, 37 Raffinose, 38 Ribose-5-phosphate, 39 Ribulose-5-
phosphate, 40 Serine, 41 Shikimic acid, 42 Spermine, 43 Succinic acid, 44 Sucrose, 45 Threitol, 46 Trehalose, 47
Tyrosine, 48 Uracil, 49 Valine, 50 Xylitol, 51 Xylose.
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Figure 8. VIP scores plot of metabolites in leaves of maize cv. BR 5011 water-pretreated (C) or H,O,-pretreated
(H) under non-salt conditions and water-pretreated (S) or H,O»-pretreated (HS) under salt stress conditions for
twelve days. The selected metabolites were those with a VIP score of greater than 1.0. Red or green squares on the
right indicate the high and low abundance of the corresponding metabolite in each treatment, respectively. VIP
score was based on the first component of the PLS-DA model.

6.4 Discussion

6.4.1 H:0: priming protects chloroplast ultrastructure and enhances photosynthetic
machinery efficiency of maize leaves under salt stress

CO, assimilation is crucial for plant growth and development. It requires a
photosynthetic apparatus that is particularly prepared to adjust to changes in environmental
conditions. Therefore, simultaneous investigations of photosynthesis-related parameters from
stomata to chloroplast allow a better understanding of salt effects and the priming action to
minimize the damage involving environmental, biochemical, and morphological modulations
(KALAIJT et al., 2016). Salt-stressed plants decrease their carbon assimilation capacity by
displaying a reduction in gas exchange parameters and severe loss of photosynthetic pigments
(MIRANDA et al., 2014; SOZHARAJAN et al., 2016). Our experimental results showed that

salinity significantly reduced the gas exchange parameters, but there was an increase in 4/Ci
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(Figure 1). Despite the losses of carbon assimilation, the maize plant improves its carboxylation
efficiency taking better advantage of the low concentration of CO; caused by stomatal closure
by increasing the activity of PEPcase (Figure 3). Besides, the salinity reduced Fv/Fm and an
increase in NPQ and P, indicating that the amount of energy absorbed not adequately
transferred to reaction centers (Table 1). Indeed, the increase in NPQ was associated with heat
dissipation in sunflower varieties sensitive to salinity even though it may not be sufficient to
avoid damages (ARAUJO et al., 2018).

The C4 plants use PEPcase in the CO» assimilation, improving photosynthetic
performance, especially in a warm climate with high irradiance and low water availability,
which can be significant benefits under other stress conditions too (SAGE, 2004;
DOUBNEROVA; RYSLAVA, 2011). Also, the PEPcase has a non-photosynthetic role of
replenishes intermediates of the citric acid cycle to nitrogen assimilation and multiple
biosynthetic pathways (SHI et al., 2015; WASSEM, AHMAD, 2019). In this way, an increased
PEPcase activity in response to abiotic stresses by an anaplerotic flow is expected (HYSKOVA
et al., 2014). It acts on defense and repair processes, such as biocompatible osmolytes
biosynthesis and ROS detoxification (WANG et al., 2016). Remarkably, maize plants invested
in high PEPcase activity (Figure 3), which reflected in the accumulation of sugars such as
glucose, maltitol, raffinose, among others, in addition to the notable increase in asparagine
(Figure 6; Table 2). In contrast, the decrease of PEPcase activity in H>O> pretreated plants under
salinity led to levels close to those of control plants (Figure 3). The H>O; priming reduced the
need for high PEPcase activity by re-calibrating PEPcase functions, allowing greater CO2
assimilation and preserving high concentrations of ribulose-5-phosphate and glucose observed
in maize leaves under salinity (Figures. 1, 6; Table 2).

The H>O> priming improved Fv/Fm, as well as contributed to most of the excitation
energy was dissipated in the form of NPQ without harming qP (Table 1). These effects of H>O»
priming can contribute to the normalization of 4 and £ even under low gy observed under salt
stress, taking as reference water-pretreated plants under non-salt conditions (Figure 1). Besides,
the higher dissipation in the form of NPQ can contribute to less generation of ROS, mainly
singlet oxygen (MULLER; NIYOGI, 2001). Admittedly, the reduction of "0, and H,0: in the
leaves of H>O»-pretreated under salt conditions were notable (Figure 2a). Thus, H2O> priming
improved the light energy conversion efficiency of PSII and carboxylation efficiency as well

as minimized excess energy in PSII, which results in the improved photosynthetic performance
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of maize plants under salt stress (Figure 1d, Table 1). Similar results were observed in mustard
(Brassica juncea L.) seedlings, where the application of low concentrations of H>O; increased
photosynthesis due to an increase in Rubisco activity and PSII efficiency under abiotic stress
(KHAN et al., 2015).

Furthermore, the Panax ginseng and Brassica napus seedlings treated with exogenous
H>0, showed enhanced salinity tolerance due to decreasing of endogenous ROS contents,
including both H20> and "O2" (SATHIYARAI et al., 2014; HASANUZZAMAN et al., 2017).
Besides, salinity cause damages in the whole chloroplast ultrastructure, which is a reliable stress
marker for plants during abiotic stress states (ZECHMANN, 2019). Here, the structural changes
were particularly prominent in thylakoids, that exhibited membrane undulations and granal
unstacking (Figure 4c, g). However, the exogenous H>0» attenuated the effects of salt stress in
maize chloroplast ultrastructure by reducing the oxidative stress generated by salinity by
reducing of H202 and ‘Oz, so that practically no damage was observed in its ultrastructure
(Figures. 2b, ¢ and 4d, h). Thus, our results reinforce the biochemical benefit of exogenous
H>0: in maize plants under salinity to alleviate salt-induced oxidative stress and protect the
chloroplast structure against severe damage [SHEN et al., 2019]. In this study, H2O2 priming,
in addition to regulating the ROS scavenging under salt stress, also induced metabolites of
different metabolic and regulatory pathways like glucose, organic acids, amino acids, and

polyphenols biosynthesis (Figure 6, Table 2).

6.4.2 Metabolomic profiling of H,0:-primed maize leaves reveals metabolites related to relief
harmful effects of salt-stress

The metabolomic approach used in this study allowed us to identify leaf metabolites
modulated by maize plants in response to both H2O» priming and salinity. Here, 42 metabolites
among a total of 51 remained unchanged in H,O»-pretreated plants under non-salt conditions
(Table 2), which was supported by a very similar physiological response profile influenced
particularly by 4, E, gy, and photosynthetic pigments (Figure 5). Recently, sprayed leaves with
active priming compounds, such as jasmonates, salicylic acid, and methionine, were related to
defense responses by the modulation of primary and secondary metabolite profiles to reduced
plant water loss (BATISTA et al., 2019; HASSINI et al., 2019). Although exogenous H>O»
slightly modified the metabolic profile of maize in the absence of salt, the accumulation of a

few metabolites was noticeable (Table 2). Among them, the accumulation of quinic acid, a



54

phenolic compound, biosynthesized by the shikimate pathway, in part, may contribute to
adjusting H>O» levels (Figuress. 2c, 6). In fact, several priming compounds were all found to
trigger the accumulation of quinic acids in tobacco cells (MHLONGO et al., 2016), and it plays
a role as an antioxidant agent acting in plant defense mechanisms and ROS scavenge (ISAH,
2019). Conversely, the presence of NaCl promoted considerable changes in the leaf metabolic
profile of maize as increased in cinnamic acid previously reported in Thymus species in
response to salinity (BISTGANI ez al., 2019). However, the presence of salt negatively affected
the accumulation of other endogenous phenolic compounds, as shikimic acid and quinic acid,
which contribute reduce the antioxidant potential of plants increasing to the harmful effects
observed (SHARMA et al., 2019). Although, the beneficial of leaves pretreated with H>O»
under salinity could not link to these phenolic compounds identified here (Table 2).

In plants, carbohydrate metabolism is involved in crucial processes in response to
abiotic stresses as well, playing a critical role in carbon storage, osmotic homeostasis,
osmoprotectant, and free radicals elimination (GANGOLA; RAMADOSS, 2018]. Our results
showed that salinity increased six sugars and polyols (Figure 6; Table 2). The hydroxyl groups
of polyols can be replaced by water molecules and maintain hydrophilic interactions in plant
cells, which are crucial for stabilizing macromolecules and membrane structure (GANGOLA;
RAMADOSS, 2018]. Indeed, carbohydrate stores are quickly mobilized, releasing soluble
sugars that act as compatible solutes under stress (BORRELI et al., 2018). Which, in part,
supports the high levels of trehalose and raffinose under saline conditions. Such mechanism
seems to be elicited in H2O»-pretreated plants under salt stress since the reduction of Ws was
accompanied by an increase in glucose and a significant decrease in these two polyols (Figure
6; Table 2). Concurrently, the reduction of raffinose in the leaves can also be related to carbon
export (SENGUPTA et al., 2015). Furthermore, H2O2 priming also increased arabitol content,
as well as in salt-tolerant soy plants (JIAO et al., 2018), and the gluconeogenesis process may
be intensified by H>O; priming since glucose values increased, and pyruvate values decreased
(Figure 6; Table 2) contributing to the mitigation of osmotic stress, which is a common
phenomenon to promote tolerance to salt stress (GUO et al., 2017; POOR et al., 2019). Another
highlight is the increase of ribulose-5-phosphate under salinity conditions independently H2O-
priming (Figure 6). It is a precursor on the ribulose-1,5-bisphosphate regeneration pathway,
which does not necessarily indicate an inhibition of the carboxylation reaction as pointed out

in C3 plants (HOSSAIN et al.,2017). Once that H>O»-pretreated plants under salt stress showed
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recovery of 4 and high A/Ci in addition to normalization of PEPcase activity (Figures. 1a, d;
3).

Overall, the results here showed a decrease in some organic acids under salinity and
H>O; priming, particularly for some Krebs cycle intermediates and their precursors (aconitic
acid and maleic acid), as well as glyceric acid, a metabolite involved in the glycolysis pathway.
Such depletion is a remarkable metabolic characteristic observed in other plant species under
salinity (SANCHEZ et al. 2007; RICHTER et al., 2015). Besides, increased levels of the amino
acid may be attributed to the induction of secondary metabolisms with increased levels of
aromatic amino acids, such as tyrosine (Zhang et al., 2011). In this hand, an increase of
asparagine is related to their role in transporting and storing nitrogen, as well as acts as a
regulatory and signaling molecule of stress tolerance in plants (GAUFICHON et al., 2010).
Also, the increases in asparagine in sunflower leaves (Helianthus annuus L.) were related to
mitigating the excess energy promoted by salinity (ARAUJO et al., 2018).

Thus, plants under salt stress treatment only, and H,O: pretreated plants under salinity
presented differences in the modulation of sugars, as well as distinct adaptation mechanisms,
displaying the complexity of carbohydrates in salinity tolerance. However, H2O: priming
provides a crucial role in minimizing the harmful effects of salt, because pretreated plants
showed higher photosynthetic rates, maintenance of chloroplast ultrastructure, and reduced

ROS even under salinity (Figures 1 to 4).

6.5 Conclusion

Our study revealed some mechanisms alleviate harmful by salt stress by H2O2 priming.
Also, it shows the four best salt stress biomarkers in maize leaves positively elicited by H20x:
raffinose, asparagine, quinic acid, and maltitol. The H2O priming was beneficial mainly by (i)
inducing more efficient mechanisms to avoid salinity-induced energy excess, that could be
attributed to maintaining high levels of photosynthetic pigments, elevated parameters of
photochemical efficiency (Fv/Fm and NPQ), and regular PEPcase activity recovered; (ii)
preserving the chloroplast ultrastructure by decrease both endogenous H>O2 and "O;" contents;
and (ii1) regulate metabolites to the reestablishment of osmotic homeostasis and the scavenging

of ROS.



56

Acknowledgments

This work was supported by the Conselho Nacional de Desenvolvimento Cientifico e
Tecnologico (CNPq), the Coodenacdo de Aperfeicoamento de Pessoal de Nivel Superior
(CAPES), the Fundagdo Cearense de Apoio ao Desenvolvimento Cientifico e Tecnoldgico
(FUNCAP) and Central Analitica-UFC/CT-INFRA/MCTI-SISANO/Pro-Equipamentos
CAPES.

7 H20: priming induces proteomic responses to defense against salt stress in maize

(Artigo publicado no perioddico Plant Molecular Biology)

Gyedre dos Santos Aratijo!, Lineker de Sousa Lopes!, Stelamaris de Oliveira Paula-Marinho!,
Rosilene Oliveira Mesquita®, Celso Shiniti Nagano®, Fabio Roger Vasconcelos*, Humberto
Henrique de Carvalho!, Arlindo de Alencar Araripe Noronha Moura®, Elton Camelo Marques',

Enéas Gomes-Filho!"

! Department of Biochemistry and Molecular Biology, Federal University of Cear4, Fortaleza,
CE, Brazil

2 Department of Phytotechnis, Federal University of Ceara, Fortaleza, CE, Brazil

3 Department of Fishing Engineering, Federal University of Ceara, Fortaleza, CE, Brazil

% Federal Institute of Education, Science and Technology of Ceara (IFCE), Boa Viagem, CE,
Brazil

> Department of Zootechnics, Federal University of Ceara, Fortaleza, CE, Brazil

Key message
H>O> priming reprograms essential proteins expression to help plants survive, promoting

responsive and unresponsive proteins adjustment to salt stress.

Abstract
Priming is a powerful strategy to enhance abiotic stress tolerance in plants. Despite this, there

is scarce information about the mechanisms induced by H>O: priming for salt stress tolerance,
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particularly on proteome modulation. Improving maize cultivation in areas subject to salinity
is imperative for the local economy and food security. Thereby, this study aimed to investigate
physiological changes linked with post-translational protein events induced by foliar H>O»
priming of Zea mays plants under salt stress. As expected, only salt treatment promoted a
considerable accumulation of Na ion. It drastically affected growth parameters and relative
water content, as well as promoted adverse alteration in the proteome profile, when compared
to the absence of salt conditions. Conversely, HoO> priming was beneficial via specific
proteome reprogramming, which prepared the maize plants to respond more effectively to salt
stress. The identified proteins were associated with photosynthesis and redox homeostasis,
critical metabolic pathways for helping plants survive in saline stress by the protection of
chloroplasts organization and carbon fixation, as well as state redox. This research provides
new proteomic data to improve understanding and forward identifying biotechnological

strategies to promote salt stress tolerance.

Keywords: Acclimation, hydrogen peroxide, Na* ion toxic, protein modulation, salt tolerance,

Zea mays.

7.1 Introduction

Plants are exposed to a diversity of environmental pressures, such as abiotic stresses that
unfavorably affect the growth and developmental stages of economically important crops
(AHMED et al., 2020). Among them, salt excess represents one of the significant abiotic
stresses that impact agriculture, and consequently, it is a limiting factor that threatens crop
productivity worldwide (ISAYENKOV; MAATHUIS, 2019). Salinity disturbs both osmotic
and ionic balance in plants. On this hand, osmotic stress can cause cellular turgor limitation and
even cell membrane disorder, while ionic stress disrupts plants’ mineral relations. Together,
these damages lead to water uptake reduction, cell elongation inhibition, enzyme functionality
disruption, inhibition of photosynthesis, and, consequently, premature senescence (SHELKE et
al. 2017).

Acclimation to salt stress or any adverse conditions became essential for survival,
growth, and reproduction. In acclimation occurs changes in plants by internal adjustments

within tissues and cells, enabling cell metabolism to proceed even under these undesired
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conditions (LOPES et al., 2020; OLIVEIRA et al., 2020). It has been widely recognized that
the prior application of some compounds or elicitors triggers the activation of defense response,
a technique called priming (GONZALEZ-BOSCH, 2018; LOPES et al., 2018). The process of
priming is a tool used to reach salt stress acclimation. It involves prior exposure of seeds, leaves,
or roots to an eliciting factor, inducing the accumulation of signaling proteins or transcription
factors in an inactive form, improving plant tolerance in front of future stress exposure
(GONDIM et al. 2013; SAVVIDES et al. 2016). Thereby, H>O» acts as an acclimation inducer
to environmental stresses by modulating various physiological and biochemical processes. It
leads to higher antioxidant enzyme activities, protection of cellular organelles, and satisfactory
photosynthetic efficiency of plants, among others (HOSSAIN et al., 2015; HOU et al., 2018;
BAGHERI et al., 2019).

The proteome is the entire set of proteins produced by a living organism, including
information on their abundances, variations, and modifications. In this field, proteomics rises
as one of the main tools of “omics” to identify some of those proteins. It has been used in several
species to understand the cellular activities changes at the protein function level (BUDAK et
al.,2013; FRUKH et al., 2019). Thus, the proteomic strategy has provided successfully insights
about salt stress responses in a wide range of crops (OLIVEIRA et al., 2020; SUN et al., 2017)
as well as potential solutions once different priming compounds applied in plants upon stressful
conditions induce remarkable changes of proteome profiles. Therefore, it can be valuable to
distinguish essential proteins and establish signaling pathways involved in mitigating the effects
of stress (LONG et al., 2018; BERTINI et al., 2019).

Although the salinity problem be well studied and the agronomic and ecological
importance of priming be evident, improving biochemical and physiological plant traits, little
is known about the molecular mechanisms of H>O> priming under salinity in maize (Zea mays
L.) at the protein profile level. This crop not only constitutes the major cereal for both humans
and animals but has also become a critical resource for industrial use and bio-energy production
in the world (FAO 2008; MOURTZINIS et al., 2016). Maize is highly productive under suitable
growth conditions. However, in many world regions, this C4 plant is mainly grown in semi-
arid environments characterized by adverse conditions besides areas many subjects to salinity.

In this present study, we induced acclimation to salt stress by H>O> priming. Also, we
performed a comparative proteomic approach composed of two-dimensional electrophoresis

(2-DE) and, subsequently, mass spectrometry (ESI-Q-TOF) analysis to assess differentially
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synthesized proteins in integration with physiological parameters of salt-sensitive maize plants.
The findings here help advance our understanding of the molecular mechanisms involved in the
benefic effect of H,O» priming in plants submitted to salt stress, also to enrich the research
content in mediating of salinity acclimation in maize. Thus, we provide several differential
proteins that play a fundamental role in plant cell metabolism and biological processes that may

support future studies.

7.2 Material and methods

7.2.1 Plant growth and experimental conditions

Maize seeds (Zea mays L.) genotype BR 5011, considered sensitive to salinity
(AZEVEDO-NETO et al., 2004), were surface-sterilized in 1% NaClO solution for 10 min and
subsequently washed. They were sown in plastic containers holding distilled water-moistened
vermiculite. After seven days of sowing, the seedlings were transferred to a hydroponic system
containing half-strength Hoagland’s nutrient solution to acclimation for five days
(HOAGLAND; ARNON, 1950). Then, the plants were subjected to pretreatment by spraying
15 mL/plant of 10 mM H:0O- solution or distilled water, both containing 0.025% Tween 20
detergent, to break water surface tension and facilitate H,O» diffusion into the leaves (GONDIM
et al.,2012). It was performed at 6:00 am, and again after 24 h. After 48 h of the first spraying,
the plants were subjected to saline treatment by the addition of NaCl. Only in the first
application of the salt treatment, the NaCl concentration was increased daily by 40mM until
reaching the final concentration of 80 mM to avoid osmotic shock (OLIVEIRA et al., 2020).
The nutritional solutions were renewed every three days. Also, the pH was corrected to 5.8 with
1.0 M KOH and daily monitored. The plants were cultivated for twelve days after saline
treatment. The experiment, therefore, had four treatments: no-pretreated (C) and pretreated (H)
plants with H,O; under no-saline condition, and no-pretreated (S) and pretreated (HS) plants
with H,O; under salt stress. It was conducted in a greenhouse under a mean temperature of 32.2

+ 4 °C and relative humidity of 63.4 + 15.9%.

7.2.2 Growth parameters
The samples were collected twelve days after the application of salt stress. The plant

material was divided into shoots (leaves + stems) and roots. The leaf area (LA) was measured
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using a leaf area meter (LI-3100, Li-COR, Inc., Lincoln, NE, USA), being the results expressed
in cm? plant!. After measuring the fresh mass, the material was dried in a forced-air oven at 60
°C for 48 h for determining the shoot (SDM), root (RDM), and total (TDM) dry mass. The

results were expressed as g plant™.

7.2.3 Relative water content

Relative water content (RWC) was performed as described by Catsky (1960). Ten leaf
discs (1.0 cm in diameter) were weighed to determine fresh mass (FM). After, the leaf discs
remained immersed in distilled water for three hours until reaching the turgid mass (TM).
Finally, the turgid discs were dried for 72 h at 60 °C and weighed to determine dry mass (DM).
The data obtained were calculated by the following formula: RWC (%) = [(FM-DM) / (TM-
DM)] x 100.

7.2.4 Determination of Na* and K*

Na" and K" ions were extracted from leaves, according to Cataldo et al. (1975). For this,
50 mg of the dry mass was finely powered and homogenized with 5.0 mL of deionized water
for one hour at 40 °C. The tubes containing the homogenate were vigorously shaken every 15
min and then centrifuged at 3,000 x g for 10 min. The obtained supernatant was filtered on filter
paper and stored at -20 °C. Then, it was used for ions determination using flame photometry
(Micronal®, model B462, Brazil), according to the methodology described by Malavolta ef al.,

1989, being carried out one read for each ion. The data were expressed as umol g'! of DM.

7.2.5 Proteomic analysis

Protein extraction was performed as described by Mesquita ef al. (2012), with some
modifications. Approximately 500 mg of leaf samples were homogenized with 200 mg
polyvinylpolypyrrolidone (PVPP) in 10 mL 40 mM Tris-HCL extraction buffer (pH 7.5),
containing 250 mM sucrose, 10 mM EDTA, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1
mM dithiothreitol (DTT), 1% Triton-X 100 and 2% pB-mercaptoethanol (v/v). After
homogenization, the samples were shaken for 1h at 4 °C and centrifuged at 6.000 x g for 15
min at 4 °C. The supernatant was collected and precipitated with 15 mL of 10% trichloroacetic
acid in cold acetone for 12h at -20 °C. After new centrifugation at 6,000 x g for 10 min at 4 °C,

the supernatant was discarded, and the precipitate was washed successively with cold acetone
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and subsequently with 80% ethanol (v/v). The resulting pellet was vacuum dried and then
solubilized in 400 pL of a solution containing 7 M urea, 2 M thiourea, 2% CHAPS, 2% IPG
buffer 4-7, and 1% DTT and shaken for one hour. Subsequently, the samples were centrifuged
at 10,000 x g for 10 min at 25 °C. The suspension was collected, and protein extracts were
quantified using bovine serum albumin (Sigma-Aldrich, USA) as the standard (Bradford 1976).
Isoelectric focusing (IEF) was performed on immobilized pH gradient gel strips (Immobiline®
DryStrip, 13 cm, pH 4-7, GE-Healthcare). The IPG strips were overnight rehydrated with
approximately 1 mg of leaf protein solubilized in rehydration solution (8 M urea, 2% IPG buffer
4-7, 2% CHAPS, 0.3% DTT, and 0.002% bromophenol blue) at room temperature. After
rehydration, the isoelectric separation was conducted by an Ettan ™ [PGPhor ™ 3 system (GE
Healthcare) at 20 °C using the following settings: 200 V for one hour (Stp); 500 V by 500 Vxh
(Stp); 1000 V by 800 Vxh (Grd); 8000 V by 11300 Vxh (Grd); 8000 V by 6500 Vxh (Grd); 500
V for two hours (Stp). After IEF, the protein in the strips was denatured for 15 min with
equilibration buffer [50 mM Tris-HCI, (pH 8.8), 6 M urea, 30% glycerol, 2% SDS and
bromophenol blue] with 1% DTT for 20 min and thereafter with 2.5% iodoacetamide for 20
min. The second dimension (SDS-PAGE) was performed using a SE 600 Ruby vertical
electrophoresis unit (GE-Healthcare: Life sciences, USA). Strips were placed on the top of
SDS-PAGE gels (12.5%) and then sealed with 0.5% agarose solution and bromophenol blue.
The protein separation run was composed of two steps: 10 mA/gel for 60 min and 40 mA/gel
until the indicator (bromophenol blue) tracking dye ran off the gel. 2-D gels electrophoresis
were fixed with a solution containing 10% acetic acid and 40% ethanol and then stained with
0.1% colloidal Coomassie Blue G-250 solution for 48 h (NEUHOFF et al. 1988).

The 2-D gels were scanned at 300 dpi using a DS-6000 densitometer (Loccus, Cotia,
SP, Brazil) and analyzed by the ImageMaster™ 2D Platinum software (version 7.05, GE Life
Sciences, USA). For this analysis, was used at least three gels of each treatment employed. The
gels were compared in separate groups (one group for each treatment), and a master gel was
generated based on a representative gel chosen for each group. Also, the comparisons of the
master gels of each treatment allowed the visualization of differentially synthesized spots. Thus,
three comparisons of the treatments were analyzed: C x H, C x S, and S x HS. In the
comparisons, the gels had their same spots linked by landmarks and identified by numbers. The

gel images were also analyzed by PDQuest® software (version 7.3.0; Bio-Rad®, USA) to
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elaborate a synthetic gel or master gel containing the complete proteomic profile of maize
leaves.

Selected protein spots as differentials were excised from acrylamide gels, and trypsin
digested peptides, as proposed by Shevchenko et al. (2007), with modifications. The pieces of
gels (about 1.0 mm?®) containing the spots were excised and destained by three consecutive
washes in 25 mM ammonium bicarbonate solution in 50% acetonitrile (v/v), pH 8.8. After
washes, the gel pieces were dehydrated by two consecutive washes with 100% acetonitrile for
5 min. At the end of this process, acetonitrile was removed, and the gels were vacuum dried
(SpeedVac Concentrator®, Eppendorf, Hamburg, Germany). The gel fragments were then
reduced and alkylated with the 65 mM DTT solutions in 100 mM ammonium bicarbonate and
200 mM iodoacetamide in 100 mM ammonium bicarbonate, respectively. The gel pieces were
washed with 100 mM ammonium bicarbonate solution, dehydrated with 100% acetonitrile, and
vacuum dried. Finally, they were rehydrated with a 50 mM ammonium bicarbonate solution
containing 25 ng pL!' trypsin (Sequencing Grade Modified Trypsin, Promega). The
protein/peptide digestion was performed at 37 °C in a water bath for 20 h and extracted from
the gel pieces with 5% formic acid solution in 50% acetonitrile in three repetitive steps. The
samples were transferred to new microtubes, concentrated in vacuo, and stored at -80 °C for
further mass spectrometry analysis.

Tryptic peptides were separated in BEH300 C18 columns (100 x 100 mm) using the
nanoAcquity™ (Waters Corp., Milford, USA) system and eluted at 600 uL min™' with an
acetonitrile gradient (5%—-85%) containing 0.1% of formic acid. The liquid chromatography
system was connected to a nanoelectrospray mass spectrometer source (SYNAPT HDMS
system, Waters Corp.). The mass spectrometer was operated in positive mode using a source
temperature of 90°C and a capillary voltage of 3.5 kV. The instrument was calibrated with
fragments of the double protonated ion phosphoric acid (m/z 686.8461), and the lock mass used
during the acquisition was the intact ion. The liquid chromatography-tandem mass spectrometry
(ESI-Q-TOF) procedure was performed according to the data-dependent acquisition (DDA)
method, selecting MS/MS doubly or triply charged precursor ions. Ions were fragmented by
collision-induced dissociation using argon as the collision gas and ramp collision energy that
varied according to the charge state of the selected precursor ion. Data acquisition was
performed at an m/z range of 300-2.100 for the MS survey (1 scan/s), and at an m/z range of

50-2.500 for MS/MS. Data were collected with MassLynx 4.1 software and processed using
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the Protein Lynx Global Server 2.4 (Waters Corp.) and were converted to peak list text files for
database searching.

Data were sent to a Mascot server (Matrix Science, London, UK, v. 2.6,
www.matrixscience.com) to search the NCBIprot (National Center for Biotechnology
Information) and SwissProt databases. The searches were performed according to the following
criteria: maximum one trypsin cleavage loss, +1, +2, and +3 charged monoisotopic peptides
with variable modification of oxidized methionine residues and fixed variation of
carbamidomethylated cysteine residues using MS/MS ion search mode, both limited to the
Viridiplantae group. The biological functions of the identified proteins were researched in the
protein knowledgebase (UniProtKB) and Mercator - MapMan pipeline. Besides, Plant-Ploc,
TargetP, and CELLO programs were used as tools to inform the subcellular localization of

proteins.

7.2.6 Statistical analysis

The experimental design was completely randomized, in a 2 x 2 factorial arrangement.
It was composed of two foliar pretreatments (non-pretreated or pretreated with H>O;) and two
growth conditions (absence or presence of 80 mM NaCl). Each treatment consisted of five
repetitions, and the experimental unit consisted of two plants. The results were submitted to
analysis of variance (ANOVA) and means compared by F-test (p < 0.05). Statistical analyses
were performed using the Sisvar® 5.3 software. For gel analyses, the proteins/polypeptides in a
2-D gel differentially synthesized were selected by analyzing the images of three gels for each
treatment. Significance of abundance protein spot differences was assessed by Student’s t-test
using the ImageMaster™ 2-D Platinum software. The spots considered differential presented

percentage volume rate (% vol) > 1.5 (p < 0.05).

7.3 Results

7.3.1 Growth analysis

The H>O» priming under no-salt conditions (H treatment) did not change growth
parameters, except RDM, which had a 26% increase (Figure 9). The salinity promoted
reductions of 41%, 45%, 20%, and 32% in the values of LA, SDM, RDM, and TDM of maize

plants no-pretreatment with H>Oz, respectively. Conversely, H2O2 priming was able to attenuate
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the effect of salt on growth, except for RDM. The increases observed in LA, SDM, and TDM
scores were 16%, 61%, and 32%, respectively, compared to saline treatment. Phenotypically,
the H,O»-pretreated plants under salinity (HS treatment) had a healthier appearance than the
no-pretreated (S treatment) and have shown to be like plants grown under C treatment (Figure

10).
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Figure 9. Growth analysis in maize plants no-pretreated (white bars) or pretreated (grey bars) with H O, under
no-saline or saline (80 mM NaCl) conditions for twelve days. a Leaf area, b shoot, ¢ root, and d total dry mass.
The capital letters and lowercase letters compare the H,O, and salinity treatments, respectively, according to F-
test (p < 0.05). Error bars represent + standard error and means represent n = 5.
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Figure 10. Phenotypic appearance of maize plants no-pretreated (C) and pretreated (H) with H>O, under no-saline
conditions, and no-pretreated (S) and pretreated (HS) with H,O» under saline conditions for twelve days.

7.3.2 Leaf Na* and K" contents and RWC

There was no significant difference in Na® content between plants of C and H
treatments, although there was a 13% reduction in K content (Table 4). As expected, the salt
stress remarkably increased the values of Na* and decreased K* by 31%, promoting a substantial
increase of Na'/K' ratio. However, H,O-pretreated plants under salt stress showed a 17%
reduction of leaf Na" content compared to S treatment, although there was no difference in K*
content noticed here. Moreover, the RWC was significantly decreased by 9% under saline
conditions. However, the H>O» priming provided a significant increase of RWC in plants under

saline stress, recovering the RWC as recorded in non-saline conditions (Figure 11).

7.3.3 Proteomic analysis

The comparative proteomic analysis investigated responsive leaf proteins to H>O»
priming and salinity. The study focused on three 2-D gel comparisons between every two
treatments [(C x H), (C x S), and (S x HS)] allowing the visualization of differential spots in
the gel imagens (Figure 12). In the C x H comparison, 22 spots with 23 proteins were identified
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Table 4. Accumulation of Na* and K* ions, and Na*/K* ratio in the maize leaves no-pretreated (C) and H;0»-
pretreated (H) under no-saline conditions, and no-pretreated (S) and H,O»-pretreated (HS) under saline conditions
for twelve days.

Na*2 K*
Treatments Nat/K*
(umol g'de DM)  (umol g de DM)
C 98.67+0.21 Ab 868.25+39,85 Aa 0.115+0,00 Ab
H 91.24+£2.93 Ab 759.28 £ 14,16 Ba 0.120 + 0,00 Ab
S 1183.85+43.19 Aa 596.51 £35,22 Ab 2.013+0,17 Aa

HS 088.269 +£28.54 Ba 590.94 + 29,24 Ab 1.680 + 0,06 Ba

?For each variable, the capital letters and lowercase letters compare the H,O, pre-treatments and salinity treatments,
respectively, according to F-test (p < 0.05). Values represent the means of five repetitions + standard error.
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Figure 11. Relative water content in leaves of maize plants no-pretreated (white bars) or pretreated (grey bars)
with H>O, under no-saline or saline (80 mM NaCl) conditions for twelve days. The capital letters and lowercase
letters compare the H,O; and salinity treatments, respectively, according to F-test (p < 0.05). Error bars represent
+ standard error and means represent n = 5.



67

kDa kDa . C
2 — 7 T = - 7
. 451 1 = 451
442 > 42 107
a2 oo k4 - o e o
66— 7 e 66— RS i 6
- .!!'!. ‘ = - Fo o rasgl s
45 |'= —w.... S s e B —1—”5-...1 ¥ )
341 N, T e T 341 T g A
st » H “le .. o ‘9
2 - 284 B- 3 2§
s R : AT B ‘ s 1
)

30 |- - 2477 4 30— ' ; 2 ™ 8 8
e -H“s o - e %‘ e
-2 v ; 497 P . “egd v : 67
500”_ 1319’ 1118 . “ 13‘3 13-%‘ 2 ‘
, . 2 1
20 : 10&87* ; 20 ' l(ﬁ_ ' !
ol B e g )
144 o DAl 10 14 oy el nghd'
486 33". " i * > i H
b C H
4 pl »7 P pH v
kDa KDa
C
97 4
97 +— B —
Jhe 434 311 | K337

45 +—

30

20 —

C
VP —— pH »7 4 pH 7
kDa
7 — 074 S
1 AR D g
.- | B il 4 N N ! r.(.—F 3o ;.,}.
N r "0 “T Jge-—ye Foa vy
a7 3l Lot 3
30 < . L‘?.'.'-v T . . . | t l
a8 BF gy % 6 ¥s
g easo 5% 170 a0 . J' a6 185 432
Bl . 3 ¥ ﬂl 148
101 ’ 424131 2
" . d _
20 idedl % k 107 ‘.“-7,._ B
20+ o ¢
14 : g8 HS
S HS

Figure 12. 2-D gels and Venn diagram of leaf proteins of maize plants no-pretreated (C) and pretreated (H) with
H,0, under no-saline conditions, and no-pretreated (S) and pretreated (HS) with H>O, under saline conditions for
twelve days. The 2-D gels comparisons were a C x H, b Cx S, and ¢ S x HS. The proteins (1 mg) were separated
in 13 cm IPG strips with pH 4-7 gradient in isoelectric focusing, and 12.5% polyacrylamide gels on the SDS-
PAGE. The gels were visualized after staining with Coomassie Blue G-250. Differentially modulated protein spots
(intensity > 1.5-fold) were numbered. In 2-D gels, the gray arrows indicate the reference gel’s spots that presented
differential protein regulation, while blue and red arrows indicate spots of proteins that were significantly
upregulated and downregulated, respectively. Also, the orange arrows designate spots with exclusive proteins,
thus, represented suppressed or de novo synthesized proteins by the imposed treatment. The red asterisks next to
the spot number in the gel indicate a spot with two differentially regulated proteins. Spots identified are statistically
different by Student’s t-test (p < 0.05) using biological and analytical replicates (n = 3). In the Venn diagram, the
values next to the up arrows and blue indicate upregulated proteins while the next down arrows and red indicate



68

downregulated proteins. Values outside the intersection point indicate the number of unique proteins for each
treatment. For more details, see Table 6.

as differentially modulated in response to H-O» priming. Eight proteins were upregulated, eight
were downregulated, six were repressed, and one was de novo synthesized as represented in the
Venn diagram (Figure 12a). Also, in the C x S comparison, 36 spots with 38 proteins were
marked as differentially modulated in salinity response. Among them, 11 proteins were
upregulated, 16 were downregulated, ten were repressed, and one was de novo synthesized
(Figure 12b). On the other hand, in the S x HS comparison, only 14 spots with 14 proteins were
characterized as differentially modulated in response to H>O2 priming under salt conditions,
including six upregulated proteins, five downregulated, one repressed, and two de novo
synthesized (Figure 12c¢).

The complete proteomic profile of maize leaves represented in a synthetic gel of all
spots detected in the three comparisons provided great understanding and visualization (Figure
13a). In general, 55 spots differentially identified were excised from 2-D gels, they were in-gel
digested using trypsin, and subjected to mass spectrometry analysis. In three spots were
identified two different overlapped proteins: spot 19’ (ATP synthase subunit alpha and DNA -
directed RNA polymerase subunit beta), spot 30’ (fructose-bisphosphate aldolase 2 and ATP
synthase subunit alpha). Thus, a total of 58 differentially regulated proteins were identified,
which are shown in the Table 5 together with the accession number, biological process
involved, molecular weight, and other properties. These proteins were arranged into seven
categories based on their functions: energy metabolism, photosynthesis/carbon metabolism,
response to stresses, synthesis protein, redox homeostasis, RNA metabolism, and other or
uncharacterized proteins according to NCBI and Swissprot databases. (Figure 13b). The C x H
comparison revealed that most of the differentially regulated proteins by H2O: priming without
salinity were related to photosynthesis/carbon metabolism (26%), energy metabolism (39%),
and stress response (18%). The C x S comparison showed that salinity induced the most
significant number of changes in the protein profile. The majority was also related to
photosynthesis/carbon metabolism (34%), energy metabolism (21%), and stress response
(18%). Finally, the S x HS comparison exhibited that most of the differentially regulated
proteins by H>O» priming under salinity were linked to energy metabolism (29%), redox
homeostasis (29%), stress response (14%), and photosynthesis/carbon metabolism (14%). Each
protein’s regulation level differently modulated by H>O; priming and salt stress was provided

in table 2, including the exclusives proteins of each treatment in each comparison.
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In C x H comparison (Table 6), chlorophyll a-b binding protein 8 (spots 18’ and 20’)
and fructose-bisphosphate aldolase (spot 21°), three proteins related to photosynthesis/carbon
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Figure 13. The 55 differentially regulated protein spots plotted in a a synthetic gel image and b functional
characterization of the 58 differentially proteins identified in leaves of maize plants no-pretreated (C) and
pretreated (H) with H,O» under no-saline conditions, and no-pretreated (S) and pretreated (HS) with H,O, under
saline conditions for twelve days for the comparisons C x H, C x S, and S x HS. The proteomic profile of leaves
from maize was elaborated by PDQuest® software, and red circles represent the spot position of all three
comparisons evaluated. Three differentially regulated protein spots (19°, 30°, and 41°) represent two overlapped
proteins. The seven categories were created according to NCBI and Swissprot databases.

metabolism, were repressed by H,O» priming, as well ATP synthase subunit alpha (spot 19°),
phosphoglycerate kinase (spot 22°), both proteins related to energy metabolism, and DNA-
directed RNA polymerase subunit beta (spot 19°), related to RNA metabolism. Interestingly,
NAD(P)-binding Rossmann-fold superfamily protein (spot 17”), related to response stress, was
synthesized de novo in response to H>O> priming, whereas others were upregulated, e.g.,
lipoxygenase (spot 15°) and FtsH6 - Zea mays FtsH protease (spot 1°), and chaperonin 60
subunit beta 2 (spot 12’) was downregulated. Additionally, the exogenous H>O> upregulated
the glycine cleavage complex P-protein (spot 16’), a protein related to carbon metabolism, as
well as some proteins related to energy metabolisms such as 3-phosphoglycerate kinase (spot
9’), phosphoenolpyruvate carboxykinase (ATP) (spot 13”), malate dehydrogenase 2 (spot 2°),
and PAPS synthetase 2 (spot 10”), besides uncharacterized protein LOC100194135 (Natterin-
4, spot 11°). At the same time, it downregulated two proteins related to photosynthesis/carbon

metabolism, rubisco large subunit (spot 3) and pyruvate phosphate dikinase 1 (spot 14°); three
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proteins related to energy metabolism, ATP synthase subunit beta (spots 4’ and 5°) and arginine
decarboxylase (spot 8); and one protein related to response to stress, ferredoxin (spot 6’ and

7’) (Table 6, C x H comparison).
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Table 5. Additional information on differentially regulated proteins identified by 2-D gels and mass spectrometry ESI-Q-TOF in maize leaves. Spot synthetic numbers refer to those shown in
Figure 13.

Spot
synthetic

Accession number
(NCBI/SwissProt)

Protein (Species)

Localization

Biological
process

Theor.
MW (kDa)/pI

Experim.
MW(kDa)/pl
b

MS/M  Sequenc

S

protein covered

score

€

(%)

Matched peptides

Ton
scor
e

m/z°

1°

ACG33555.1

FtsH6 - Zea mays FtsH
protease [Zea mays)

Chloroplast

Photoinhibition,
oxygen and
reactive oxygen
species
metabolic
process,
thylakoid
membrane
organization,
and PSII
associated light-
harvesting
complex II
catabolic
process

72.72/5.78

70/5.2

136

(612)QLSDEAYEIALR(623)

(652)ATLSEFAEIPVENR(665)

61

75

704,3622

794,4275

2°

AQK92335.1

Malate dehydrogenase 2

[Zea mays]

Mitochondrion

Malate
metabolic
process

26.44/8.81

29/6.1

89

12

(48)LNPLVSSLSLYDIAGTPGVAADVSHINSPALVK(80)

1106,931
8

3’

AAN63285.1

Ribulose-1,5-bisphosphate
carboxylase/oxygenase
large subunit, partial
[Pauridiantha afzelii]

Chloroplast

Ribulose-
bisphosphate
carboxylase
activity and
carbon fixation

50.12/5.66

7/53

66

(121)CSQGPPHGIQVER(133)

66

489,2522

4°

ATPB_MAIZE

ATP synthase subunit beta

[Zea mays]

Chloroplast

ATP synthesis
coupled proton
transport

54.06/5.31

14/6.2

77

(88)GMEVIDTGTPLSVPVGGATLGR(109)

77

1072,054
6

CAB65458.1

ATP synthase beta subunit,
partial [Scabiosa sp.

Albach]

Chloroplast and
Mitochondrion

ATP synthesis
coupled proton
transport

28.86/5.87

20/5.0

221

(130)VGLTALTMAEYFR(142)
(159)MVQAGSEVSALLGR(172)
(159)FVQAGSEVSALLGR(172)

70
74
83

744,3799
717,3849
717,3849

6’

NP_001336742.1

Ferredoxin [Zea mays]

Chloroplast

Oxidation-
reduction
process

39.64/8.53

25/6.0

(135)LYSIASSAIGDFGDSK(150)

95

815,8967

7°

NP_001336742.1

Ferredoxin [Zea mays)

Chloroplast

Oxidation-
reduction
process

39.64/8.53

25/5.7

85

(135)LYSIASSAIGDFGDSK(150)

85

815,9017
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Table 2 continue

MS/M  Sequenc

Spot Accession number Biological Theor. Experim. S e Ton z
synthetic (NCBI/SwissProt) Protein (Species) Localization process fIiV[W(kDa)/pI bMW(kDa)/pI protein covered Matched peptides Zcor m/z 4
score (%)
1017,843
(35)WTEPGQEIDVHSVIVEALATQPNDSTSK(62) 58 5 3
(79)IETLHNAFNSAMESTGYTSR(98) 63 7490119 3
(161)DADYIALALSAR(172) 74 639,8391 2
(211)KFEPVIGIR(219) 71 529,8206 2
Arginine (240)FGMLADQIYEVAETLGK(256) 75 9429831 2
Areinine decarboxul catabolic q (240)FGMLADQIYEVAETLGK(256) 85 950,98 2
8  ACG41098.1 e POWISE Chloroplast  PIO* 4F 71.05/5.18  31/5.6 643 23 1013.479
[Zea mays] spermidine (302)WLATLDCGGGLGVDYDGTR(320) 107 ’ 2
biosynthetic 6
process (321)SGDSDMSVAYGIQEYASAVVQAVR(344) 86 8350656 3
(321)SGDSDMSVAYGIQEYASAVVQAVR(344) 82 8403956 3
(321)SGDSDMSVAYGIQEYASAVVQAVR(344) 126 é260’106 2
(345)LKCDYNGVAHPVVCTESGR(363) 59 7213416 3
(345)LKCDYNGVAHPVVCTESGR(363) 59 721,669 3
9 AA032643.1 3-phosphoglycerate kinase, - o) Glycolytic 31.66/501  35/5.8 84 6 (64)LASVADLYVNDAFGTAHR(81) 84  640,6531 3
partial [Zea mays] process
(290)NPILLLHPLGGYTK(303) 80 7684559 2
Bifunctional 3- (319)VLEDGVLDPETTIVSIFPSPMHY AGPTEVQWHAK(
hosphoadenosine 5- Sulfate 352) 64 945,7232 4
10° NP_001147427.1 p Mitochondrion S 52.49/830  36/5.1 289 16
- phosphosulfate synthetase assimilation (355)INAGANFYIVGR(366) 39 647.85 P
2 [Zea mays] ’
(441)TGENPPDGFMCPGGWK(456) 59 8833754 2
(125)SPNWIWCDTDDTSTDNRDTLFEVVR(149) 126 ;014’795 3
Uncharacterized protein (150)VGDDADAVYGLR(161) 94 6258045 2
1° NP_001132659.1 LOC100194135 (Natterin- - - 4229/653 39/6.6 341 18
4) [Zea mays] (196)IEEAVLLR(203) 63 471,7812 2
(320)ILATQGTCQVPFSYTQEDILTTGEK(344) 57 934,1342 3
. . Protein folding (97)IVNDGVTVAR(106) 71 5222965 2
122 AQLO2522.1 Chaperonin 60 subunit ool and protein 6336/535  47/49 155 3
beta 2 [Zea mays] (154)VVAAGANPVQITR(166) 84  6.483.745 2

refolding
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Table 2 continue

MS/M

Sequenc

Spot Accession number Biological Theor. Experim. S e lon z
synthetic (NCBI/SwissProt) Protein (Species) Localization process l\’[W(kDa)/pl hMW(kDa)/pl protein covered Matched peptides Zcor m/z a
score (%)
Phosphoenolpyruvate Gluconeogencsi
13’ PCKA MAIZE carboxykinase (ATP) [Zea Cytosol s & 73.78/6.57 81/6.2 65 2 (166)GSFITSTGALATLSGAK(182) 67 791,4275 2
mays)
(211)FLDMFGNVVMDIPR(224) 76 8274162 2
(211)FLDMFGNVVMDIPR(224) 88 8354175 2
Photosynthesis (423)IAVDMVNEGLVEPR(436) 112 779,4057 2
14 PPDKI MAIZE Pyruvate, phosphate Chloroplast ~ 2ndPYrwvate 3 55 /594 89/50 438 (503)AETSPEDVGGMHAAVGILTER(523) 61 714016 3
dikinase 1 [Zea mays] metabolic
process (503) AETSPEDVGGMHAAVGILTER(523) 77 719,3473 3
(610)VLANADTPDDALTAR(624) 76 771,8959 2
(746)LGISYPELTEMQAR(759) 62 8044164 2
Circadian (109)TLLLELVSSELDAK(122) 91 7659387 2
rhythm, green
leaf volatile (380)LVEDTTDHVLR(390) 76 433,2248 3
15 ABC59693.1 Lipoxygenase [Zea mays] ~ Chloroplast glrgiz‘;;hf;; 10248 /6.11  94/45 305 5 (380)LVEDTTDHVLR(390) 82 6493427 2
response to (435)LDPEVYGPAESAITK(449) 67 7954116 2
stress abiotic
and biotic (699)SDEAVAADPELR(710) 65 6368073 2
Glycine cleavage complex Glycine
16’ AAL33595.1 P-protein, partial [Zea Mitochondrion metabolic 40.45/5.91 96/6.5 77 4 (63)LGTVTVQDLPFFDTVR(78) 77 904,4908 2
mays) process
NAD(P)-binding (104)DPESIAPAIEGIDALIILTSAVPK(127) 77 8117896 3
17 NP_001132564.1 Rossmann-fold Chloroplast ~ Defense to 3191/9.11  16/6.7 201 13 (202)KAEQYLADSGLPYTIIR(218) 65  646,6812 3
superfamily protein [Zea abiotic stress
mays] (203)AEQYLADSGLPYTIIR(218) 59 905,4815 2
) (100)YAMLGAVGAIAPEIFGK(116) 69 8544669 2
Chlorophyll a-b binding Photosynthesis
18 NP_001148598.2 ; Chloroplast and light 28.96/894  6/4.9 136 11 (117)MGIIPPETALPWFK(130) 59 800,4401 2
protein 8 [Zea mays] harvesting
(117)MGIIPPETALPWFK(130) 67 8084367 2
. ATP synthesis
19 ATPA_MAIZE ATP synthase subunit Chloroplast ~ coupled proton ~ 55.73/5.87  19/52 80 2 (256)HTLITY DDLSK(266) 80 6593565 2
alpha [Zea mays]
transport
DNA-directed RNA Transcription
ONM62969.1 polymerase subunit beta Chloroplast and DNA- 26.62/5.98 80 0 (2096)HTLITYDDLSK(2106) 80 659,3565 2
[Zea mays] templated
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Table 2 continue
Spot Accession number P in (Speci Localizati Biological ;‘/[heo:(.D /ol f:pel;(ig' /ol g/[S/M Sequenc Match . lon izt z
synthetic (NCBI/SwissProt) rotein (Species) ocalization process ! W(kDa)/p ! W(kDa)/p protein covered atched peptides scor Z d
score (%) ¢
Chlorophyll a-b binding Photosynthesis
20° NP_001148598.2 - Chloroplast and light 28.96/894 7/ 5.6 68 6 (100)YAMLGAVGAIAPEIFGK(116) 68 862,4522 2
protein 8 [Zea mays] h .
arvesting
. Gluconeogenesi 73)LASIGLENTEANR(85 69 6.943.619 2
2 ACG36798.1 Fructose-bisphosphate - Cytosoland 7 y'or orvic 41.92/7.63  25/5.9 138 7 7 ®
aldolase [Zea mays] chloroplast process (122)IVDILVEQGIVPGIK(136) 69 7.969.834 2
Gluconeogenesi
s, glycolytic
Phosphoglycerate kinase process, and
22° AQK86959.1 (Zea mays] Cytosol positive 49.98/6.29 50/52 75 2 (253)ELDYLVGAVSSPK(265) 75 689,3683 2
: regulation of
oxidative
phosphorylation
Oxygen-evolving enhancer Photosynthetic
23 AQK66518.1 e & Chloroplast electron 39.34/557  7/6.0 68 5 (258)QLVATGKPDSFGGPFLVPSYR(278) 68 746,0575 3
protein 1-1 [Zea mays] .
transport chain
Cell redox (197)EGVIQHSTINNLAIGR(212) 72 5746458 3
homeostasis,
. . hydrogen
24 ACG35092.1 fziff ”‘l’aemx”edoxm BASL ™ Chioroplast peroxide 28.30/581 8/45 72 6
8] catabolic, and (197)EGVIQHSTINNLAIGR(212) 72 5749774 3
response to
oxidative stress
Sterile alpha motif (SAM)
25° ONM22161.1 domain-containing protein  Chloroplast Protein folding  19.73/9.69 11/5.1 73 6 (119)TAGGLLLTQATK(130) 73 587,3458 2
[Zea mays]
PREDICTED: FRIGIDA-
26’ XP_004151190.1 like protein 5 isoform X1~ Nucleous - 13.29/6.37 13/5.7 68 0 (96)NELSELNR(103) 70 487,2659 2
[Cucumis sativus]
Fruit protein pKIWI502 Oxidation-
27 OEL16006.1 [Dichanthelium Mitochondrion  reduction 29.94/690 16/4.6 69 4 (204)IIPVLSQPDDSWK(216) 69 749,397 2
oligosanthes] process
RNA
Hypothetical protein modification
28’ PAN10940.1 PAHAL B01754 Chloroplast and innate 32.47/457 24/39 69 4 (216)[YVGNLPWQVDDSR(219) 69 831,4138 2
[Panicum hallii] immune
response
Cysteine
29°  CYSK MAIZE Cysteine synthase [Zea  Mitochondrion  biosynthesisand 3 59 /591 57,6 95 5 (176)IDGLVSGIGTGGTITGTGR(194) 95 8664685 2
mays| and cytosol response to salt
stress
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Table 2 continue

MS/M  Sequenc

Spot Accession number Protein (Species) Localization Biological ﬂl\fVo(ll‘(.Da)/ 1 I]E/;‘Vp&ll.(ilr)na;)/ 1 N ¢ Matched peptides :(c)(l)lr m/z° z
synthetic (NCBI/SwissProt) P process a p b p protein covered pep e d
score (%)
(58)GILAMDESNATCGK(71) 91 741,8268 2
Fructose-bisphosphat Gluconeogenesi (73)LASIGLENTEANR(85) 102 6943564 2
ructose-bisphosphate .
ACG36798.1 aldolase [Zea mays] Chloroplast ;zﬁiycolyﬂc 41.92/7.63 29/5.5 346 18 (122)IVDILVEQGIVPGIK(136) 68 7969819 2
(201)Y AAISQDNGLVPIVEPEILLDGEHGIER(228) 86 é016,520 3
(125)SIPSAEDEDFNYR(137) 69 771,8348 2
30°
(170)IPLSAQLPGNMVYIK(184) 72 8304599 2
Photosystem II (212)AAVQETVSATLNR(224) 80 680,3605 2
XP_008648857.1 stability/assembly factor Chloroplast Photosynthesis ~ 43.04/8.71 378 18
HCF136 [Zea mays] (307)GTGITEDFEEVQVQSR(322) 84 897,9262 2
(307)GTGITEDFEEVQVQSR(322) 69 897,9284 2
(333)SQEEAWAAGGSGVLLK(348) 73 801,9085 2
Gluconeogenesi
s, glycolytic
Phosphoglycerate kinase process, and
3r AQKS86959.1 [Zearr)na gs]y cytosol positive 49.98/6.29 31/48 69 2 (253)ELDYLVGAVSSPK(265) 69 689,3637 2
4 regulation of
oxidative
phosphorylation
Phosphoribulokinase Reductive
32 KPPR_SPIOL R Chloroplast pentose- 4532/582  32/47 73 3 (76)LTSVFGGAAEPPK(88) 73 637,3395 2
[Spinacia oleracea)]
phosphate cycle
. . (235 ALEALMVNPALK(246) 74 643,3604 2
Mitochondrial
Elongation factor Tu [Zea translational (306)IGDTVDIVGIR(316) 77 579,3261 2
33 ACG35888.1 ‘(:]’, Chloroplast elongation; 50.95/6.06 36/5.5 221 7
mays translational (306)IGDTVDIVGIR(316) 74 5793276 2
elongation (320)NCTVTGVEMFQK(331) 69 7153243 2
mRNA
, Eukaryotic initiation factor processing,
34 IF4AA_MAIZE Nucleous mRNA splicing, 46.85/5.38  38/5)5 68 3 (182)MFVLDEADEMLSR(194) 68 7943499 2
4A [Zea mays]
and mRNA
transport
Ribulose-1,5-bisphosphate Ribulose-
35 ADD09775.1 i phosp Chloroplast bisphosphate 18.49/5.89  42/5,0 72 7 (129)TMQGPPHGIQVER(141) 74 489,2485 3

carboxylase/oxygenase

carboxylase
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large subunit, partial
[Ceratodon purpureus)

activity and
carbon fixation

Ribulose-1,5-bisphosphate t}}lblﬁoseh
carboxylase/oxygenase isphosphate
36’ AGJ75817.1 Jarge subunit, partial Chloroplast carboxylase 23.75/535 42/50 67 6 (127)TMQGPPHGIQVER(139) 69 489,2494 3
s i .. activity and
[Pauridiantha afzelii] carbon fixation
Oxidation
reduction and
37 AHM26656.1 ilfiggenf;iy]dmgenase Mitochondrion  aldehyde 59.77/6.69  43/6,5 83 2 (289)IAFTGSTDTGK(299) 83 5492756 2
y metabolic
process
Reductive
38 TKTC_MAIZE Transketolase [Zea mays]  Chloroplast pentose- 73.35/547 46/5.8 88 1 (257)VTTTIGFGSPNK(268) 88 611,33 2
phosphate cycle
s Chaperonin 60 subunit Protein fqldmg
39 AQL02522.1 beta 2 [Zea mays] Chloroplast and protein 63.36/5.35 53/5.0 82 2 (155)VVAAGANPVQITR(166) 82 648,3722 2
Y refolding
(129)LIESPAPGIISR(140) 86 626,838 2
(129)LIESPAPGIISR(140) 95 626,8614 2
(142)SVYEPLQTGLIAIDSMIPIGR(162) 85 1137,112 2
(142)SVYEPLQTGLIAIDSMIPIGR(162) 76 él“s 104,
(177)TAVATDTILNQK(188) 74 6378471 2
AP svnhes (256)HTLITY DDLSK(266) 73 6593382 2
s ATP synthase subunit synthesis 1159.581
40 ATPA_MAIZE alpha [Zea mays] Chloroplast coupled proton  55.73/5.87  51/6.1 715 24 (423)QSQSNPLPVEEQVATIYTGTR(443) 87 s 2
transport
(423)QSQSNPLPVEEQVATIYTGTR(443) 87 ;160’069 2
(423)QSQSNPLPVEEQVATIYTGTR(443) 64 1160,073 2
(444)GYLDSLEIEQVK(455) 72 6973608 2
(467)DTKPQFQEIISSSK(480) 91 8044121 2
(481)TFTEQAETLLK(491) 67  640,8303 2
(492)EAIQEQLER(500) 71 5582805 2
protein foldi (107)EVELEDPVENIGAK(120) 71 7713838 2
. . rotein foldinga
41° AQL02522.1 g;zp;r[}‘;‘;zgyssu]b“““ Chloroplast and protein 63.36/535 5752 257 7 (154)VVAAGANPVQITR(166) 81 6483712 2
foldi
reloding (333)TQYLDDIAILTGATVIR(349) 105 932,014 2
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ATP synthase subunit ATP synthesis
ATPA MAIZE alpha Chloroplast coupled proton ~ 55.73/5.87 5752 74 3 (42)IIGLGEIMSGELVEFAEGTR(61) 74 1.061,06 2
transport
Photoinhibition,
reactive oxygen
species
metabolic
process,
thylakoid
42’ AQKS81560.1 Filamentation temperature- oo membrane 4928/6.16  68/52 82 2 (385)LAEDIDSAVK(394) 82 5307757 2
sensitive H 2B [Zea mays] organization,
PSII associated
light-harvesting
complex II
catabolic
process, and
photosystem II
Protein folding
43 HSP70_MAIZE Heat shock 70 kDa protein 1o and response (o g 07597 765 81 1 (306)FEELNMDLFR(315) 81 6653138 2
[Zea mays] stress abiotic
and biotic
Protein folding
a4 ONM07983.1 Heat shock 70 kDa protein oo ¢ andresponseto oo o4 /591 g4/47 80 2 (174)IINEPTAASLAYGFEK(194) 80 8624517 2
6 [Zea mays] stress abiotic
and biotic
LOC1 00283964 (Malony1 Fatty acid
45’ NP_001150334.1 . . Chloroplast biosynthetic 38.82/5.64 26/4.7 78 2 (281)LESALAATEIR(291) 78 587,3248 2
CoA-acyl carrier protein
transacylase) [Zea mays] process
Ribulose- (138)TFQGPPHGIQVER(150) 71 489,25 3
Ribulose 1,5-bisphosphate bisphosphate
46’ CAC04365.1 carboxylase, partial Chloroplast carboxylase 51.39/632  44/6.7 154 5
[Polyosma cunninghamii] activity and (277)DNGILLHIHR(286) 82 396,5516 3
carbon fixation
Uncharacterized protein
47 NP_001132659.1 LOC100194135 (Natterin- - - 4229/6.53  40/6.9 98 3 (150)VGDDADAVYGLR(161) 98 625,8005 2
4) [Zea mays]
(124)VIACVGETLEER(135) 88 688346 2
(136)EAGSTMDVVAAQTK(149) 70 7123364 2
Triosephosphate isomerase Gluconeogenesi (176)VATPAQAQEVHASLR(190) 71 526,6102 3
48’ ACG31393.1 Cytosol s and glycolytic 26.91/5.12  13/5.2 373 26
[Zea mays] process (195)INVSPEVSESTR(206) 71 6593323 2
(195)INVSPEVSESTR(206) 71 659,335 2
(207)ITYGGSVTAANCK(219) 73 677,3417 2
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49’

AQK43989.1

Putative plastid-lipid-
associated protein 2 [Zea
mays|

Chloroplast

Structural
molecule
activity

33.65/5.89

22/4.6

77

(248)GIFSSIENAASSVAK(262)

80

740,8836

50

ACG36184.1

Malate dehydrogenase
[Zea mays]

Mitochondrion

Carbohydrate
metabolic
process, malate
metabolic
process, and
tricarboxylic
acid cycle

35.66/7.63

29/6.5

72

(168)LFGVTTLDVVR(178)

72

610,3538

51

AQKS51681.1

Ribonucleoprotein [Zea
mays]

Chloroplast

RNA
modification,
RNA
processing, and
innate immune
response

31.27/4.69

11/4.0

70

(204)AYVGNLPWQVDDSR(217)

70

810,392

52°

NP_001336742.1

Ferredoxin [Zea mays]

Chloroplast

Oxidation-
reduction
process

39.64/8.53

25/5.4

99

(135)LYSIASSAIGDFGDSK(150)

99

815,9017

53

ACG32614.1

S-adenosylmethionine
synthetase 1 [Zea mays]

Cytosol

Methionine
adenosyl
biosynthetic
process,
response to salt
stress, and
ethylene
biosynthetic
process

42.98/5.50

37/5.8

67

(240)FVIGGPHGDAGLTGR(254)

67

485,2517

54

XP_002463468.1

Rubisco large subunit-
binding protein subunit
alpha [Sorghum bicolor]

Chloroplast

Protein folding
and chloroplast
organization

60.97/5.2

80

(145)LGMLSITSGANPVSVK(160)

80

795,4318

55°

ATPB_MAIZE

ATP synthase subunit beta
[Zea mays]

Chloroplast

ATP synthesis
coupled proton
transport

54.06/5.31

43/6.5

70

(76)AVAMSATEGLMR(87)

70

634,8059

*Theor. MW (kDa)/pl - Theoretical molecular weight (kDa)/isoelectrical point (pI)
®Experim. MW (kDa)/pl - Experimental molecular weight (kDa)/isoelectrical point

®D

°m/z - mass to charge ratio of peptides
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Table 6. Identification and regulation level of proteomic profile in maize leaves no-pretreated (C) and pretreated
(H) with H202 under no-saline conditions, and no-pretreated (S) and pretreated (HS) with H202 under saline
conditions for twelve days. Numbers highlighted in blue bars indicate higher protein abundance, and numbers
highlighted in red bars denote lower protein abundance between comparisons in response to H202 priming or
salinity (80 mM NaCl). The values indicate how many times the protein was upregulated or downregulated. Yellow
cells indicate proteins exclusive of a specific treatment in each comparison, being repressed or de novo
synthesized. For each comparison, only significant differences in relative abundance intensity > 1.5-fold (p < 0.05)
were considered. Also, C treatment was taken as a reference for comparisons C x H and C x S, while S for S x HS.
For more details of proteins, see Table 5.

Spot 1D Spot Accession n® i Regulation level
synthetic CxH CxS SxHS CxH CxS SxHS
Photosynthesis/Carbon boli.

23’ - 23 - AQK66518.1 Oxygen-evolving enhancer protein 1-1 I 168
30’ - 171 - XP_008648857.1 Photosystem II stability/assembly factor HCF136 I 158
18 486 493 - NP_001148598.2 Chlorophyll a-b binding protein 8 C C
207 489 501 - NP_001148598.2 Chlorophyll a-b binding protein 8 C C
16’ 451 595 - AAL33595.1 Glycine cleavage complex P-protein, partial | 1,59 C
3 33 24 - AAN63285.1 Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit, partial I 1,50 I 1,94
36° - 274 - AGJ75817.1 Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit, partial I 152
46° - 593 310 CAC04365.1 Ribulose 1,5-bisphosphate carboxylase, partial W8os [ 155
35 - 273 ADDO09775.1 Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit, partial I 1,68
54’ - - 318 XP_002463468.1 Rubisco large subunit-binding protein subunit alpha | 1,54
21 497 134 - ACG36798.1 Fructose-bisphosphate aldolase C C
30° - 171 - ACG36798.1 Fructose-bisphosphate aldolase I 158
38 - 301 - TKTC_MAIZE  Transketolase I 168
32’ - 202 - KPPR_SPIOL  Phosphoribulokinase I 164
14’ 427 - - PPDK1_MAIZE Pyruvate, phosphate dikinase 1 I 1,56
Energy metabolism
19° 487 - - ATPA MAIZE  ATP synthase subunit alpha C
40° - 312 - ATPA MAIZE  ATP synthase subunit alpha I 1,76
41° - 319 - ATPA MAIZE  ATP synthase subunit alpha | 2,11
5 100 - - CAB65458.1 ATP synthase beta subunit, partial I 1,86
4 80 - - ATPB_MAIZE  ATP synthase subunit beta I 165
55° - 525 - ATPB_MAIZE  ATP synthase subunit beta I 150
9’ 233 - 237 AA032643.1 3-phosphoglycerate kinase, partial | 1,55 I 1,50
22’ 500 518 - AQK86959.1 Phosphoglycerate kinase C C
31° - 197 - AQKB86959.1 Phosphoglycerate kinase I 167
48’ - - 77 ACG31393.1 Triosephosphate isomerase 1,62
37 - 289 - AHM26656.1 Aldehyde dehydrogenase 2-1 I 1,83
13> 418 - - PCKA_MAIZE Phosphoenolpyruvate carboxykinase (ATP) | 1,83
2’ 6 596 432 AQK92335.1 Malate dehydrogenase 2 | 1,72 C HS
50’ - - 185 ACG36184.1 Malate dehydrogenase I 1,76
10° 247 - - NP_001147427.1 Bifunctional 3-phosphoadenosine 5-phosphosulfate synthetase 2 | 1,51
8 207 522 - ACG41098.1 Arginine decarboxylase I 161 ©
Redox homeostasis
6 138 137 498 NP_001336742.1 Ferredoxin E 341l 156 s
7 139 - 148 NP _001336742.1 Ferredoxin I 224 I 220
52’ - - 150 NP_001336742.1 Ferredoxin [ 165
27 - 90 101 OEL16006.1 Fruit protein pKIWIS02 [ 156f 172
24’ - 34 - ACG35092.1 2-cys peroxiredoxin BAS1 I 2,92
Response to stress
53 - - 261  ACG32614.1 S-adenosylmethionine synthetase 1 | 1,50
127 341 592 - AQL02522.1 Chaperonin 60 subunit beta 2 I 1,55 C
39’ - 311 - AQL02522.1 Chaperonin 60 subunit beta 2 | 1,72
41° - 319 - AQL02522.1 Chaperonin 60 subunit beta 2 | 2,11
29° - 159 176 CYSK MAIZE Cysteine synthase I 163 156
15’ 442 - - ABC59693.1 Lipoxygenase [ 157
43> - 360 - HSP70_MAIZE Heat shock 70 kDa protein I 5,60
44° - 434 - ONMO07983.1 Heat shock 70 kDa protein 6 S
17 458 - - NP_001132564.1 NAD(P)-binding Rossmann-fold superfamily protein H
42’ - 337 - AQKS81560.1 Filamentation temperature-sensitive H 2B [Zea mays] | 1,72
1’ 0 - - ACG33555.1 FtsH6 - Zea mays FtsH protease [Zea mays] | 2,06
RNA metabolism
19° 487 - - ONM62969.1 DNA-directed RNA polymerase subunit beta C
28’ - 130 - PAN10940.1 Hypothetical protein PAHAL _B01754 I 237
51° - - 424  AQKS51681.1 Ribonucleoprotein HS
Protein synthesis
34’ - 249 - IF4AA_MAIZE Eukaryotic initiation factor 4A | 1,95
33 - 236 - ACG35888.1 Elongation factor Tu I 19
26’ - 71 - XP_004151190.1 PREDICTED: FRIGIDA-like protein 5 isoform X1 I 157
257 - 53 - ONM22161.1 Sterile alpha motif (SAM) domain-containing protein | 1,57
Other protein
49’ - - 131 AQK43989.1 Putative plastid-lipid-associated protein 2 [ 1,54
11’ 284 - - NP_001132659.1 Uncharacterized protein LOC100194135 (Natterin-4) I 197
47’ - 594 - NP_001132659.1 Uncharacterized protein LOC100194135 (Natterin-4) C
45 - 514 - NP_001150334.1 Uncharacterized protein LOC100283964 C
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Salinity considerably affected protein modulation (Table 6). In C x S comparison, the salt stress
repressed four proteins related to photosynthesis/carbon metabolism: chlorophyll a-b binding
protein 8 (spots 18 and 20’), glycine cleavage complex P-protein (spot 16’), fructose-
bisphosphate aldolase (spot 21°); three proteins related to energy metabolism: phosphoglycerate
kinase (spot 22°), malate dehydrogenase 2 (spot 2’), arginine decarboxylase (spot 8); a protein
related to response to stress, chaperonin 60 subunit beta 2 (spot 12°); and two uncharacterized
proteins: LOC100194135 (Natterin-4, spot 47°), and LOC100283964 (spot 45°). Also, the
salinity downregulated much proteins-related to photosynthesis/carbon metabolism as the
oxygen-evolving enhancer protein 1-1 (spot 23), photosystem II stability/assembly factor
HCF136 (spot 30’), rubisco large subunit (spots 3°, 35°, 36°, and 46’), fructose-bisphosphate
aldolase (spot 30’), transketolase (spot 38”), and phosphoribulokinase (spot 32°), as well as four
protein related to energy metabolism: ATP synthase subunit alpha (spot 40”), ATP synthase
subunit beta (spot 55°), phosphoglycerate kinase (spot 31°), aldehyde dehydrogenase 2-1(spot
37’); and three proteins related to redox homeostasis: ferredoxin (spot 6’), fruit protein
pKIWI502 (spot 27°), and 2-cys peroxiredoxin BAS1 (spot 24’). Otherwise, the salinity
upregulated ATP synthase subunit alpha (spot 41°), a protein related to energy metabolism, and,
as expected, it also upregulated several stress-responsive proteins like chaperonin 60 subunit
beta 2 (spots 39’ and 41°), cysteine synthase (spot 29°), heat shock 70 kDa protein (spot 43°),
and filamentation temperature-sensitive H 2B [Zea mays] (spot 42). The hypothetical protein
PAHAL BO01754 (spot 28°), a protein related to RNA metabolism, as well as eukaryotic
initiation factor 4A (spot 34°), elongation factor Tu (spot 33”), PREDICTED: FRIGIDA-like
protein 5 isoform X1 (spot 26°), sterile alpha motif (SAM) domain-containing protein (spot
25’), all related to protein synthesis, were also upregulated by salt stress. Additionally, the heat
shock 70 kDa protein 6 (spot 44°), a stress-responsive protein, was synthesized de novo by
salinity.

In the S x HS comparison, there was an upregulation of two proteins related to
photosynthesis/carbon metabolism: rubisco large subunit (spot 46’) and rubisco large subunit-
binding protein subunit alpha (spot 54’); two proteins related to redox homeostasis: ferredoxin
(spot 52) and fruit protein pKIWIS502 (spot 27°); as well as S-adenosylmethionine synthetase
1 (spot 53°), a responsive stress protein, and putative plastid-lipid-associated protein 2 (spot
49’) (Table 6). In contrast, three proteins related to energy metabolism [3-phosphoglycerate
kinase (spot 9°), triosephosphate isomerase (spot 48°), malate dehydrogenase (spot 50°)], a
protein related to redox homeostasis [ferredoxin (spot 7°)], and a responsive stress protein

[cysteine synthase (spot 29°)] were downregulated. The H>O> priming prompted a de novo
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synthesis of malate dehydrogenase 2 (spot 2’) and ribonucleoprotein (spot 51°), and repression
of ferredoxin (spot 6°) under salt stress.

The diagram shown in figure 14 highlights the benefits of H>O» priming on the
physiology and proteome of maize leaves under salinity. HoO> priming not only reduced
damage on growth, CO; assimilation (data not shown), and RWC, and favored less Na*
accumulation in maize leaves, but also adjusted nine proteins not changed by salt stress and
adjusted five proteins of the 38 proteins altered by salinity. The H>O» priming upregulated two
proteins [rubisco large subunit (spot 46°) and fruit protein (spot 27°)] previously downregulated
by salinity; also, it downregulated the cysteine synthase (spot 29°), a stress-responsive protein,
beforehand upregulated by salinity. The H,O» priming suppressed ferredoxin (spot 6’), a redox
homeostasis protein already downregulated by salt stress, and de novo synthesized the malate

dehydrogenase 2, an energy metabolism protein previously suppressed by salt stress.

Proteins changed by salinity but non adjusted by H,0, S x HS Proteins non changed by salinity but adjusted by H,0,

o Y (st b g Gl e 1] « 547 Rubisco large subunit-binding protein subunit
+ 30’ Photosystem II stability/assembly factor TICT136 ulpha
* Y 3-phosphoglycerate kinase, partial
« 48" ‘I'rioscphosphate isomerase
» 3, 35", 36" Rubisco large subunit, partial * 50’ Malate dehydrogenase
* 7" Ferredoxin
Growth Growth * 52’ Ferredoxin
l CO, assimilation I CO, assimilation « 53’ S adenosylmethionine synthetase 1
RWC RWC + 51’ Ribonuclcoprotein

* 30’ Fructose-bisphosphate aldolase
= 38’ Trunsketolase
* 32’ Phosphoribulokinase

- 40", 55° ATP synthase subunit alpha * 49" Putative plastid-lipid-associated protein 2

- 41' ATP synthase subunit alpha
Nat content Na* content

= 31’ Phosphoglycerate kinase Proteins changed by salinity but adjusted by H,0,

= 37" Aldchyde dehydrogenase 2-1
Maize planis under salinidy = 46’ Rubisco large subunit, partial

+ 24 2-cys peroxiredoxin BAST -  2' Malate dehydrogenase 2

= 39'_41° Chaperonin 60 subunit beta 2 - ~ * 27" Fruit protcin pKIWIS02
+ 43’ Heat shock 70 kDa protein S + 29 Cysteine synthase

* 44’ lLcat shock 70 kDa protein 6

+ 42’ Filamentation temperature-sensitive H 2B [Zea mays]

= 28’ ITypathetical protein PATTAT,_B01754

= 34’ Eukaryotic initiation factor 4A

= 33’ Elongation factor Tu

= 26" PREDICTED: FRIGIDAlike profcin § isoform X1

= 25" Sterile alpha motif (SAM) domain-containing protein No H,0, priming 0,0, priming

Figure 14. Diagram of impacts of H>O, priming on the physiology, biochemistry, and proteomic profile of leaves
from maize plants under salinity based on comparisons C x S and S x HS. The yellow text frames relate to the C
x S comparison and highlight the salinity effects, while the green text frames relate to the S x HS comparison and
highlight the H,O» priming effects under salt conditions. The protein names in blue and red were significantly
upregulated and downregulated, respectively. Also, the protein names in orange and green designate exclusive
proteins that were suppressed and de novo synthesized, respectively. For more details, see Table 6.

7.4 Discussion

In this current study, salt stress caused drastic changes in maize plants, as shown by
significant reductions in the leaf area, dry mass, RWC, and a remarkable increase in the Na"/K*
ratio (Figures 9, 11, and Table 4). However, there is evidence at H2O> priming can mitigate

such deleterious salt effects acting as a salinity acclimation inducer in maize and sunflower
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(GONDIM et al. 2013; SILVA et al. 2019). Indeed, plants sprayed with H>O> showed increases
in RWC and reduced toxic Na" accumulation, followed by healthier phenotype and growth
improvement under saline conditions compared to those plants without H>O» priming (Figure
2). In another study, these same maize plants pretreated with H>O> maintain normal levels of
CO; assimilation even with low conductance in saline conditions (data not shown). Based on
the beneficial effect of H2O2 priming in maize plants under salinity, the protein profiles and
comparative analysis of the C, H, S, and HS treatments were performed to identify traits and
regulatory mechanisms related to salt stress acclimation in maize plants. The C x H, C x S, and
S x HS comparations showed 58 differentially synthesized proteins linked to diverse metabolic

processes further discussed below (Figure 12 and Table 5).

7.4.1 Responsive proteins to H;0; priming

H>0» priming can produce a small oxidative burst that activates signaling networks in
plants, and this allows the accumulation of latent defense proteins, which results in a primed
state and induce protection to subsequent stresses (HOSSAIN et al., 2015). Indeed, H20>
priming under no-saline conditions upregulated two proteins responsive to stress, lipoxygenase
(spot 15”) and FtsH6 - Zea mays FtsH protease (spot 1’) in maize leaves, as well as synthesized
de novo the NAD(P)-binding Rossmann-fold superfamily protein (spot 17°) (Table 6, C x H
comparison). These chloroplast proteins play an essential role in plant tolerance to multiple
abiotic stressors and reflect a mechanism helping the plant cell to attenuate the detrimental
effects of Na" on the photosynthetic machinery (Babenko et al. 2017). The increase of enzyme
activities of lipoxygenase (spot 15°) and FtsH6 - Zea mays FtsH protease (spot 1’) has been
correlated with rapid reactive oxygen species (ROS) scavenging and activation of defense-
related marker genes (Zhao et al. 2016; Upadhyay et al. 2019). On the other hand, the NAD(P)-
binding Rossmann-fold superfamily protein (spot 17°), that was synthesized de novo, can
produce coenzyme NAD(P)" that is vital for proton transfer and energy reception in respiration
that can reduce toxic substances accumulation (CHENG et al., 2016).

Proteins related to energy metabolism, such as phosphoenolpyruvate carboxykinase
(spot 13”) and malate dehydrogenase 2 (spot 2”), showed increased abundance by H>O» priming
in leaves from maize plants under no-saline conditions (Table 6, C x H comparison). These
enzymes catalyze the conversion of oxaloacetate into phosphoenolpyruvate and CO», a critical
step in the regulation of the metabolic flux toward gluconeogenesis, which provides an essential
balance of reducing equivalents in the cytosol (SHAMEER et al., 2019). Interestingly, H20:

priming also upregulated a glycine cleavage complex P-protein (spot 16°) important to C3
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plants through the photorespiration process. The glycine cleavage complex plays a critical role
in the photorespiratory cycle by catalyzing two glycine molecules’ conversion into serine
(MAURINO; PETERHANSEL, 2010). This reaction releases CO», an essential and regulatory
step of photorespiration and photosynthesis (TIMM et al. 2016; GIULIANI et al. 2019).
Although the photorespiration in organisms with carbon-concentration mechanisms may be
insignificant, C4 plants studies showed that photorespiration is essential for maintaining high
photosynthesis (LEVEY et al., 2019). In which, mutants deficient of the photorespiratory
enzymes, including maize plants, displayed a typical photorespiratory phenotype, exhibiting
accelerated leaf senescence even under high CO». Thus, the photorespiratory pathway is
essential in C4 plants as C3 plants. So, although the role of glycine cleavage complex P-protein
(spot 16’) needs to be better explored in plants C4, our results suggest that this protein’s
upregulation can be involved in priming action by H20: in maize plants.

Conversely, the H202 priming induced some similar proteomic changes the salinity
without damage to growth such as to repress the proteins chlorophyll a-b binding protein 8
(spots 18’ and 20’), fructose-bisphosphate aldolase (spot 21°), phosphoglycerate kinase (spot
227), or downregulated others proteins negatively affected by salinity as rubisco large subunit
(spot 3’), arginine decarboxylase (spot 8’), ferredoxin (spot 6’), chaperonin 60 subunit beta 2
(spot 12’) (Table 6, C x H and C x S comparisons). Besides, the accumulation of crucial
proteins, as stress-responsive protein, indicates that H>O» priming may act as a stress elicitor in
maize leaves, which is not surprising since H>O: acts in signaling biotic and abiotic stimuli and
mediating phytohormones action (CERNY et al., 2018). Nevertheless, H>O» priming positively
affects metabolic pathways to preserve carbon fixation, energy metabolism, and oxidative stress

defense without impacting plant growth despite negatively adjusting some proteins.

7.4.2 Salt stress restraints diverse proteins related to carbon and energy metabolism and
redox homeostasis

Salinity severely affects photosynthesis/carbon metabolism that has critical importance
for plant growth and development in many species (HOSSEINI et al. 2015; XIONG et al. 2017).
Indeed, our results showed a decrease in plant growth and mass accumulation (Figures 1 and
2). The salt stress promoted a reduction of proteins related to the photosynthetic machinery such
as oxygen-evolving enhancer protein (spot 23”) and photosystem II stability/assembly factor
HCF136 (spot 30”) (Table 6, C x S comparison). Collectively, these proteins act as auxiliary
components of photosystem II (PS II) and maintain their stability (LU, 2016). The dissociation

of PSII complex reduces protein activities involved in the Calvin cycle, including isoforms of
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rubisco large subunit (spots 3°, 35°, 36, and 46°), fructose-bisphosphate aldolase (spots 21’ and
30’), transketolase (spot 38”) and phosphoribulokinase (spot 32°) which are insufficient to
maintain CO; assimilation in leaves. Thus, the significant damage of salinity on photosynthesis,
with a 24% reduction (data not shown), may due to the downregulation of PSII proteins that
decrease carbon assimilation and impact maize growth and development, as also demonstrated
by other studies with maize plants under salinity (ABREU et al., 2014; NOURI et al., 2015).

Salinity also provoked an alteration in proteins involved in energy metabolism,
including reduction of alpha (spot 40°) and beta (spot 55°) ATP synthase subunits, and aldehyde
dehydrogenase (spot 37°) (Table 6, C x S comparison). The decrease of ATP synthase
compounds impairs the generation of a proton gradient across the thylakoid membranes, once
its activity is strongly repressed, the linear electron flow is highly restricted, and excess electron
in the photosynthetic electron transport chain can lead to the production of ROS, and
subsequently cause photodamage (KANAZAWA et al., 2017; TAKAGI et al., 2017). The
reduction in aldehyde dehydrogenases negatively affects the removal of toxic aldehydes since
these proteins function as aldehyde scavengers and thus play essential roles in stress responses
on redox homeostasis (GUO et al., 2017; ZHAO et al., 2017). The salt stress repressed arginine
decarboxylase (spot 8’) and glycine cleavage complex P-protein (spot 16°). Arginine
decarboxylase is involved in polyamine biosynthesis by putrescine production through direct
decarboxylation of arginine. Polyamines, regulatory compounds in plant physiology, are
involved in the stress-signaling scheme (WANG et al., 2019). Indeed, the accumulation of
polyamines in maize and sorghum plants in salt conditions is genotype-dependent, in which the
total polyamine content of the salt-tolerant genotype is higher than the salt-sensitive genotype
(DU et al., 2018), mainly spermidine and spermine, suggesting that a decrease of polyamines
precursors may defeat plant stress tolerance (FREITAS et al., 2018; OLIVEIRA et al., 2020).
Further, the downregulation of the ferredoxin (spot 6°), a soluble protein that operates as
electrons donor to different metabolic reactions, and the 2-cys peroxiredoxin (spot 24°), a
protein that plays a crucial role in cellular ROS scavenging and participates in the transduction
of redox signals, corroborates with the disruption of the redox state of maize plants in saline
conditions (KAPOOR et al., 2015; CALDERON et al., 2017). Also, the downregulation of fruit
protein PKIWI502 (spot 27°), whose functions are related to FAD-dependent oxidoreduction,
endorses the redox state’s imbalance since this protein usually is upregulated in stress abiotic
conditions (CHEN et al., 2014; KIM et al., 2014).

Conversely, salt stress induces different stress-responsive biomolecules as a part of their

regulation in stressful environments. The cysteine synthase (spot 29’), a crucial enzyme for
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mediating abiotic response by producing antioxidants and metal chelators, such as glutathione
metallothionein and phytochelatin that protect the cellular environment from oxidative stress,
was upregulated (LIU et al. 2016) (Table 6, C x S comparison). Additionally, chaperonins 60
subunit beta 2 (spots 39’ and 41°)] and heat shock protein (spots 43”), that were upregulated,
and heat shock 70 kDa protein 6 (spot 44°), that was de novo synthesized, act in the stabilization
of proteins and membranes, and can assist in protein refolding under stress conditions (JACOB
et al.,2017; CHEN et al., 2018). Also, filamentation temperature-sensitive H 2B protein (spot
42’), a metalloprotease that functions in thylakoid membrane biogenesis and participates in the
repair of PSII following damaged incurred during photoinhibition, was upregulated (KATO et
al.,2012).

Some identified proteins in maize plants were attributed to protein synthesis, among
them, initiation [eucaryotic initiation factor 4A (spot 34’)] and elongation [elongation factor Tu
(spot 33’)] factors, sterile alpha motif (SAM) domain-containing protein (spot 25°), and
PREDICTED: FRIGIDA-like protein 5 isoform X1 (spot 26”) (Table 2). The upregulation of
these proteins potentially gives the plants the ability to cope with salt stress by accelerating
protein synthesis. Cellular response to environmental stress often leads to a change in cell state,
explaining the enhanced biosynthesis or repair of salt-stressed proteins (AREFIAN et al. 2019).
However, the protein biogenesis and degradation suggest that a complicated mechanism is
involved in controlling protein metabolism under salinity. Overall, it was unable to mitigate the
effects of salt stress in maize plants since these proteins’ upregulation did not prevent Na*
toxicity impairing the cell metabolism, photosynthetic and energetic processes. High Na*
content in the cytosol can not only cause K* reduction, but it also affects various enzymatic
processes that impose an energetic burden on the cell owing to the requirement of organic solute

synthesis to compensate for the toxic ion exclusion for an osmotic adjustment (WU, 2018).

7.4.3 H>0; priming regulates crucial proteins and reduces the damage of salt stress in maize
plants

The proteins that participate in CO; assimilation, such as ribulose 1,5-bisphosphate
carboxylase (spot 46’) and rubisco large subunit-binding protein subunit alpha (spot 54°), were
upregulated by H>O» priming in plants exposed to salinity (Table 6, S x HS comparison). The
upregulation of these proteins in maize plants was accompanied by the improvement of
photosynthesis (data not shown) and, consequently, higher growth (Figures 9 and 10),
minimizing the damage of salinity (SALESSE-SMITH et al., 2018). The plants pretreated with

H>0: also showed an adjustment in proteins of redox homeostasis once fruit protein pKIWI502
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(spot 27°) was upregulated, and adjustments were made on ferredoxin isoforms with the
upregulation of the ferredoxin (spot 52°), the downregulation of the ferredoxin (spots 7°), and
the repression of the ferredoxin (spots 6’). Moreover, H>O; priming kept almost all proteins
upregulated by salinity, downregulating only the cysteine synthase (spot 29°) and upregulating
another stress response protein, S-adenosylmethionine synthetase 1 (spot 53°), an essential
enzyme to the synthesis of S-adenosylmethionine from methionine and ATP. It acts as a
precursor for polyamine synthesis and as well as in the regulation of responses to abiotic
stresses (SAHA et al., 2015). In agreement, overexpression of the S-adenosylmethionine
synthetase gene has been directly related to enhanced salt tolerance by allowing high
photosynthetic rates and biomass accumulation (MA et al., 2017). Furthermore, the
ribonucleoprotein (spot 51°) de novo synthesized can contribute a better response to
environmental stress since it comprises a large family of RNA-binding proteins associated with
mRNA metabolism, as well as a wide range of functions such as DNA repair, chromatin
remodeling, telomere biogenesis, cell signaling, and development regulation (CIUZAN et al.
2015). Also, putative plastid-lipid-associated protein 2 (spot 49°), which was upregulated, can
protect plants under stress conditions, preventing oxidation of thylakoid membranes
(TAMBURINO et al., 2017).

The H>O; priming in maize plants under salinity induced the downregulation of the 3-
phosphoglycerate kinase (spot 9°) and triosephosphate isomerase (spot 48”), proteins associated
the glycolytic and metabolic processes, for adjusting energy metabolism (Table 6, S x HS
comparison). Similar, plants that also abiotic stress-tolerant accumulated less protein related to
energy metabolism than sensitive plants, which require the production of a large amount of
ATP for stress tolerance (CHENG et al., 2016). Also, despite the downregulation of malate
dehydrogenase (spot 50°), the malate dehydrogenase 2 (spot 2’), a mitochondrial isoenzyme,
was synthesized de novo in the HS treatment, indicating a recovery from the repression caused
by the salinity to this enzyme. Its activity is essential for mitochondrial redox state, which might
regulate tricarboxylic acid cycle turnover. As observed in the C x S comparison (Table 6), the
salt stress-induced repression of malate dehydrogenase 2 (spot 2°) can promote photorespiratory
perturbation resulting in the redox imbalance (LINDEN et al., 2016). So, the H2O> priming
alleviated the effects deleterious of salinity by improving proteins involved in carbon

assimilation, save energy, and maintain homeostasis redox in maize plants.
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7.5 Conclusion

Although salinity increased stress-related proteins, it severely impacted several proteins
related to energy and carbon metabolisms (Figure 14, left side). On the other hand, HS treatment
recovered few proteins previously changed by salinity and up- and down-regulated some
proteins that play a notable role in the face of salt stress (Figure 14, right side). H>O» priming
induced the proteome reprogramming, in which 14 proteins were relevant to improving
adaptive tolerance mechanisms alleviating salt toxicity such as Na’ reduction, growth
preservation, and RWC increase. Among these, nine proteins were detected as new, and five
were previously identified in the single salt treatment. However, all of them were adjusted by
H>O pre-treatment, revealing an essential strategy to respond to salt stress efficiently.
Highlighting malate dehydrogenase 2 (spot 2’), fruit protein pKIWI502 (spot 27’), putative
plastid-lipid-associated protein 2 (spot 49”), and S-adenosylmethionine synthetase 1 (spot 53°)
that are related to the regulation of the tricarboxylic acid cycle, the redox homeostasis, the
conservation of thylakoid membranes, and the biosynthesis of polyamines, the target molecules
of different research on plant stress, respectively. This research provides new proteomic
highlights to improve understanding and forward identifying biotechnological strategies to

promote salt stress tolerance.
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8 CONSIDERACOES FINAIS

A analise dos resultados fisiologicos, bioquimicos, estruturais, metabolomicos e
protedmicos permitem revelar alguns mecanismos que as plantas de milho pré-tratadas com
H>0O; usam para mitigar os efeitos prejudiciais do estresse salino. Reducao do excesso de
energia na maquinaria fotossintética e preservacao da ultraestrutura dos cloroplastos foram
essenciais para melhorar o desempenho fotossintético em plantas pré-tratadas sob salinidade.
Adicionalmente, a modulacdo positiva de metabolitos, principalmente os envolvidos com o

metabolismo de agucares e aminoacidos, fornecem informagdes importantes relacionadas ao
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restabelecimento da homeostase osmética e redugdo do estresse oxidativo e, consequentemente,
alivia os efeitos nocivos da salinidade. Por fim, redugdes no aciimulo de ions Na' e a regulagio
de proteinas que participam de vias metabolicas associadas a fotossintese € homeostase redox,
que contribuem com o aumento do crescimento de plantas de pré-tratadas sob condigdes salinas.

O uso do pré-tratamento com H>O» mostrou ser eficiente para aumentar a tolerancia de
plantas de milho a salinidade. Os resultados do presente estudo esclarecem informagdes sobre
as respostas de defesa de plantas de milho pré-tratadas ao estresse salino, além disso, os dados
encontrados poderdo auxiliar na selecdo de biomarcadores envolvidos na aclimatagao dessas
plantas a salinidade, os quais serdo uteis para os programas de melhoramento genético dessa

espécie.
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